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Abstract
Objectives We evaluated the relationship between the maximum slope (MS) based on ultrafast breast DCE-MRI sequences, and
the clinical parameters and routine prognostic factors of breast cancer.
Methods 210 lesions were retrospectively evaluated: 150 malignant (30 each of luminal A invasive carcinoma, luminal B
invasive carcinoma, HER2 overexpression (HER2), triple negative (TN), invasive lobular carcinoma (ILC)), and 60 benign.
For each lesion, theMSwas obtainedwith an ultrafast sequence and semi-quantitative curves were classified into three types with
a conventional DCE sequence. The correlation betweenMS and age, bodymass index (BMI), menopause, and routine prognostic
factors were analyzed.
Results A MS cut-off at 6.5%/s could discriminate benign from malignant lesions, with sensitivity and specificity of 84% and
90%, respectively, whereas analysis of semi-quantitative curves showed sensitivity and specificity of 89.3% and 55%, respec-
tively. In multivariate analysis, MS values decreased with BMI increasing (p = 0.035), postmenopausal status (p < 0.001), and
positive ER status (p < 0.001) and increased with tumor size (p < 0.001). The MS was significantly lower for the pooled luminal
A + ILC group than for the pooled luminal B + HER2 + TN group featuring tumors with poorer prognoses (p < 0.001). With a
threshold of 11%/s, the sensitivity and specificity to identify invasive carcinoma subtypes with poorer prognoses were 71% and
68%, respectively.
Conclusion The MS allows better tumor characterization and identifies factors of poor prognosis for breast cancer.
Key Points
• Maximum slope calculated from ultrafast breast DCE-MRI differentiates benign from malignant breast lesions better than
semi-quantitative curves of conventional DCE-MRI.

• Maximum slope calculated from ultrafast breast DCE-MRI identifies breast cancers with poor prognoses.
• In the case of multiple lesions, the most aggressive may be identified and targeted by measuring the maximum slope.
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Abbreviations
AUC Area under the curve
BMI Body mass index

CI Confidence interval
ER Estrogen receptor
HER2 HER2 overexpression
ILC Invasive lobular carcinoma
IQR Interquartile range
LNI Lymph node invasion
LVI Lymphovascular involvement
MS Maximum slope
PR Progesterone receptor
SBR Scarff–Bloom–Richardson
TN Triple negative
TWIST Time-resolved angiography with interleaved sto-

chastic trajectories
VIBE Volumetric interpolated breath–hold examination
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Introduction

MRI is the most sensitive technique for breast cancer diagno-
sis. Its sensitivity is reported to be between 87 and 99%, and
its specificity between 72 and 81% [1–3].

Morphological analysis of lesions prevails over analysis of
enhancement kinetics for the determination of BI-RADS
(breast imaging reporting and database system) categories
[4–7]. Enhancement analysis is a complementary method to
improve specificity, especially in the case of lesions that are
classified as indeterminate or probably benign by morpholog-
ical analysis.

The first studies that indicated early enhancement rate (in
the first 2 min) to be related to cancer, reported limited spec-
ificity [8–11]. Kuhl et al reported in 1999 the utility of a semi-
quantitative analysis using enhancement curves obtained from
DCE sequences, with a total acquisition duration of 7 min.
Considering type 2 and type 3 (plateau and wash-out time
courses) as diagnostic criteria of cancer and type 1 (steady
enhancement) suggestive of benign lesion, the specificity
was 83% versus 37% for enhancement rate alone [12]. In this
study, the limitations of semi-quantitative study were
highlighted; 17% of benign lesions presented enhancement
of type 2 and 3 curves, and 8.9% of cancers presented en-
hancement of type 1 [12].

The recent introduction of new ultrafast dynamic sequences
of the entire breast volume enables analysis of the early en-
hancement (wash-in) [13–15].

The application of ultrafast sequences to breast imaging was
first reported by Hermann in 2011 [16] and its application in
lesion characterization was reported byMann et al in 2014 [14].

The maximum slope (MS) of enhancement obtained during
the first minute expressed in percentage of signal per second
has been reported to be among the parameters that more ac-
curately predict malignancy.

Mann reported a sensitivity of 90% and a specificity of
67% with a MS threshold of 6.4%/s, and a specificity of
85% for a sensitivity of 65% with a MS threshold of 13.3%/
s [14].

The aim of the present study was to investigate the diag-
nostic performance of the MS based on an ultrafast DCE-MRI
sequence in breast malignant and benign lesions from a pop-
ulation diagnosed with breast cancer. The correlations be-
tween the MS and clinical and prognostic factors were
analyzed.

Materials and methods

Type of study

This single-center, retrospective observational study was con-
ducted in a comprehensive cancer center.

Population

The institutional review board of our institution approved this
observational study and consent was waived for all subjects.

We carried out retrospective recruitment from a population
of 1963 patients who had undergone breast MRI in our insti-
tution in the context of breast cancer on a single MRI scanner
using the same examination protocol, from July 2015 to
December 2018. Inclusion criteria were histology of invasive
ductal carcinoma not otherwise specified (IDC NOS) or inva-
sive lobular carcinoma (ILC), and an acquisition protocol in-
cluding ultrafast TWIST (time-resolved angiography with in-
terleaved stochastic trajectories)-VIBE (volumetric interpolat-
ed breath–hold examination) (TWIST-VIBE) sequences and
dynamic gradient-echo VIBE sequences. Benign lesions se-
lected in the study were only masses, excluding non-mass
enhancements. Benignity was defined as benign histology,
or the absence of cancer at 2 years checked with any imaging
modality in the absence of histological verification.

Collection of data

Individuals were included in order of creation of the medical
files until we reached 150 cases of malignant lesions, com-
prising: 30 IDC NOS of luminal A subtype (luminal A), 30
IDC NOS of luminal B subtype (luminal B), 30 IDC NOS
with HER2 (HER 2), 30 TN IDC NOS (TN), and 30 ILC. The
benign lesions were selected from imaging reports, in order of
creation of the files until 60 lesions were obtained. Fifty-five
lesions were selected in concomitant contralateral breast can-
cer and 1 in homolateral (proved to correspond to an
adenofibroma). Four benign lesions were selected in patient
followed-up after treatment. Among these, 23 were histolog-
ically verified, revealing 13 fibroadenomas, 4 inflammatory
cysts, 1 area of dystrophy and ductal ecstasy, 2 intramammary
lymph nodes, 1 area of adenoma, and 2 without specific
histology.

Clinical data and antecedents

Data collected from the medical record were age, BMI, men-
opausal status, family history of breast cancer (at least one
first-degree relative), and genetic family risk of breast cancer.
Moderate and high risk corresponded to a lifetime risk of
breast cancer determined by oncogenetic investigation >
12% and > 20% respectively.

Lesion size and pathological data

For operated lesions, the lesion size was determined by
anatomo-pathological analysis. For lesions treated with neo-
adjuvant chemotherapy, the lesion size was determined by
imaging work-up. Pathological data (after resection or biopsy)
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included the immunophenotype: hormone receptor status
(percentage of cells positive for ER and PR), HER2 status
(positive or negative), ki67-index value, SBR grading, pres-
ence of lymphovascular involvement (LVI), and presence of
lymph node invasion (LNI).

Tumors were classified by molecular and histological sub-
type. We retained the European positivity threshold of 10% of
tumor cells for determining the status of hormone receptors:
luminal A: ER ≥ 10%, PR ≥ 10%/ HER2 negative, Ki67 ≤
15% IDC NOS; luminal B: ER ≥ 10%, PR ≥ 10%, or < 10%,
HER2 negative, Ki67 > 15% IDC NOS; HER2: HER2 rated
3+ or 2+ amplified IDC NOS; TN: ER < 10%, PR < 10%,
HER2 negative ≤ IDC NOS.

The MS was evaluated for each category, and for pooled
cancers with good prognoses (luminal A + ILC) and for pooled
cancers with poor prognoses (luminal B + HER 2 + TN).

Imaging data

Acquisition parameters are listed in Supplementary Table 1.
All breast MRIs were performed on a single clinical 1.5-Tesla
(T) scanner (MAGNETOM Aera, Siemens Healthcare) with
the patient in the prone position with a dedicated 18-channel
phased-array breast coil for signal reception. The MRI proto-
col before contrast injection included the following sequences:
axial T2TSE, first phase of gradient-echoT1 VIBE with
SPAIR (spectral attenuated inversion recovery) fat suppres-
sion (used as a mask for T1 VIBE subtraction), first phase of
ultrafast TWIST-VIBE with Dixon fat suppression (Fig. 1).
The injected contrast agent was gadoterate dimeglumine
(Dotarem, Guerbet) intravenously infused in an antebrachial
vein with a power injector (Spectris Solaris EP, MEDRAD) at
a dose of 0.1 mmol/kg and at a rate of 2 ml/s, followed by a
20-ml saline flush. The ultrafast TWIST-VIBE sequence
consisted of 9 phases with a first coding phase of 20.85 s
followed by 8 phases with a temporal resolution of 7.1 s.
The total acquisition time was 78 s. The TWIST technique
allows high acceleration of 3D dynamic acquisition using a
view-sharing technique and by alternating the acquisition of
two k-space regions: a central k-space region “A” (related to
overall image contrast) and a peripheral k-space region “B”
(related image details). In this study, the TWIST k-space
view-sharing parameters were 15% for region A and 25%
for region B. Injection started at the end of the first coding
phase. The VIBE sequence consisted of a pre-injection phase
(mask) and 5 post-injection phases starting after the TWIST
sequence, each lasting 1 min 20 s (Fig. 1). Subtraction and
sagittal reconstruction were performed.

Image analysis

The examinations were interpreted on a SYNGO.VIA
VAB11 image processing workstation (Siemens Healthcare).

For each lesion selected, the enhancement curves from the
TWIST-VIBE images and the VIBE images were obtained
by using a 10-mm2 minimum ROI manually positioned on
the most intense color-coded maximum enhancement area.
For TWIST-VIBE data, the measured parameter was the MS

Table 1 Demographic, clinical, and histological characteristics of the
patients with malignant lesions

Characteristics Malignant (n = 150)

Age (years), median (IQR) 51.0 (43–65)

BMI (kg/m2) , median (IQR) 25.1 (22.0–29.7)

Hormonal status, n (%)

Postmenopausal 65/150 (43.3%)

Premenopausal 85/150 (56.7%)

Familial history, n (%)

No 115/150 (76.7%)

Yes 35/150 (23.3%)

Genetic risk, n (%)

Standard 112/150 (74.7%)

Moderate 17/150 (11.3%)

High 21/150 (14%)

Histologic type, n/total n (%)

Luminal A 30/150 (20%)

Luminal B 30/150 (20%)

HER2 30/150 (20%)

TN 30/150 (20%)

ILC 30/150 (20%)

Ki67, median (IQR) 0.3 (0.1–0.5)

ER, n/total n (%)

+ 108/150 (72.0%)

− 42/150 (28.0%)

PR, n/total n (%)

+ 85/150 (56.7%)

− 65/150 (43.3%)

SBR grade, n/total n (%)

I 21/150 (14%)

II 85/150 (56.7%)

III 44/150 (29.3%)

Tumor size (mm), median (IQR) 25 (15–45)

LNI, n/total n (%)

N + 77/150 (51.3)

N− 73/150 (48.7)

LVIa, n/total n (%)

No 69/89 (77.5%)

Yes 20/89 (22.5%)

Abbreviations. BMI, body mass index; LNI, lymph node invasion; LVI,
lymphovascular involvement; ER, estrogen receptor; PR, progesterone
receptor; HER 2, HER2 overexpression; SBR, Scarff–Bloom–
Richardson; TN, triple negative; ILC, invasive lobular carcinoma; IQR,
interquartile range
a In the 89 cases of surgery as the first therapeutic step
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as defined byMann et al in 2014 [14], based on the percentage
variation in signal enhancement between two successive 7.1-s
phases and expressed in percentage per second.

For the VIBE sequence, the semi-quantitative enhancement
curves were performed as described by Kuhl et al and classified
as 1 of 3 types [12]: type 1: progressive enhancement with signal
increased by more than 10% between the early and late phase;
type 2: intense enhancement with variation of the signal in abso-
lute value < 10% between the early and late phase considered as
a plateau; type 3: a decrease of more than 10% between the early
and late phase. To compare semi-quantitative enhancement
curves and measurement of the MS, we pooled type 2 and 3
curves in a category of suspicion of cancer, the type 1 curve
being assimilated to a high probability of benignity.

Reproducibility study

Analysis of semi-quantitative curves obtained on VIBE se-
quences comprised one reading by a junior radiologist, and one
reading by a senior radiologist with 22 years of experience.

Inter-observer agreement was assessed on the type of en-
hancement curve.

Statistical analysis

Quantitative parameters were described as median and inter-
quartile range (IQR) due to a non-normal distribution, and
qualitative parameters as frequency and percentage.

Inter-observer agreement was investigated with the Kappa
value and its 95% confidence interval (95% CI). A value of >
0.6 was considered as strong agreement, and a value of > 0.8
as very strong agreement.

MS values of malignant and benign lesions were compared
using a Mann–Whitney test. The discriminating power of the
MS to predict malignant lesions was estimated with the AUC.
The threshold was set according to the Youden Index to opti-
mize both sensitivity and specificity. Results of the AUC,
sensitivity, and specificity were expressed with 95% CIs.
The same analysis was performed for the pooled luminal A
+ ILC group and for the pooled luminal B + HER 2 + TN
group. The comparisons of sensitivities and specificities be-
tween MS and semi-quantitative curve analysis were per-
formed by Mac Nemar test within the malignant lesions for
sensitivities and within benign lesions for specificities.

The relationship between MS values and tumor character-
istics was investigated with the Spearman correlation coeffi-
cient for quantitative parameters and with the Mann–Whitney
test or Kruskal–Wallis test for qualitative parameters. All pa-
rameters with a p value less than 0.1 were introduced in a full
multivariate linear regression. In the case of collinearity be-
tween two or more parameters, the most clinically relevant
was chosen. In order to avoid overfitting, a simplification of
this full model was performed by backward selection. The
stability of the final model was investigated by the Bootstrap
resampling method. The normality of the residuals was veri-
fied by a Q–Q normal plot. R2 value was computed to

Fig. 1 Breast MR protocol and
enhancement curves from
ultrafast TWIST-VIBE and con-
ventional VIBE sequences.
Abbreviations: T2, T2-weighted
turbo spin-echo sequence; T1
VIBE+CM, 3DT1-weighted gra-
dient-echo sequence with contrast
medium injection; TWIST, ultra-
fast 3DT1 gradient
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understand the proportion of variation in the MS explained by
the included variables.

Agreement between the classification according to
MS threshold values and that according to histological
subcategories was quantified with weighted kappa and
95% CI. For analysis of discrepancies, quantitative pa-
rameters were compared using the Kruskal–Wallis test
in the pooled luminal A + ILC group and with the
Mann–Whitney test in the pooled luminal B + HER 2
+ TN group. Qualitative parameters were compared with
the chi-squared test or Fisher exact test. For luminal B
+ HER 2 + TN group, a multivariate analysis was per-
formed. The log-linearity assumption of the logistic
model was first checked. When this assumption was
not verified, the quantitative parameter was transformed
into binary variable according to clinical relevance or
the median value. All parameters with a p value less
than 0.1 in bivariate analyses were introduced in a full
multivariate logistic regression model. In the case of
collinearity between two or more parameters, the most
clinically relevant was chosen. In order to avoid
overfitting, a simplification of this full model was per-
formed by backward selection. The stability of the final
model was investigated by Bootstrap resampling meth-
od. The discriminative performance of the final model
was assessed by the AUC and was considered as good
when AUC > 0.8. Results were expressed as odds ratio
and 95% confidence interval.

For all bivariate analyses, in case of significant results on
the comparison of MS between more than 2 characteristics,
MS values were compared two-to-two by post hoc tests with
Bonferroni correction.

Statistical analyses were performed using SAS software,
version 9.4 (SAS Institute Inc.). p < 0.05 was considered sta-
tistically significant.

Results

Patient cohort

The 150 malignant lesions and the 60 benign lesions were
observed in 169 patients with a median age of 49 years
(IQR, 43–64). Flowchart is reported in Fig. 2.

Characteristics of the patients with malignant lesions are
reported in Table 1.

Distinguishing benign from malignant lesions

The MS was significantly higher in malignant than in benign
lesions (median 11.6, IQR (8.7–14.1) vs 3.6, IQR (2.7–4.7), p
< 0.001). The area under the ROC curve was 0.94 (95% CI
0.91; 0.97) (Supplementary Figure 1). With a threshold of
6.5%/s, the sensitivity was 84% (95% CI 78%; 90%), and
the specificity 90% (95% CI 82%; 97%).

1963 MRI examina�ons for breast cancer

30 Luminal  A
30 Luminal B

30 HER 2
30 TN
30 ILC

60 benign lesions

Excluded = 1794
Bilateral cancer
Other than IDC NOS or ILC
Previously treated cancer
Required number of case obtained for 
each   category

Fig. 2 Flow chart. Abbreviations:
IDC NOS, invasive ductal
carcinoma non-otherwise speci-
fied; HER2, HER2 overexpres-
sion; TN, triple negative; ILC,
invasive lobular carcinoma
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Semi-quantitative curve analysis showed a sensitivity of
89% (95% CI 84%; 94%) and a specificity of 55% (95% CI
42%; 68%). Inter-observer agreement was very strong with a
kappa of 0.81 (95% CI 0.75; 0.88). There was a significant
difference between MS and semi-quantitative curve analysis
for specificity (p < 0.001) but not for sensitivity (p = 0.117).

MS and clinical parameters, family history, genetic
risk, and prognostic factors of breast cancer

Out of the 150 malignant lesions, the slope of enhancement in
percentage per second was inversely correlated with age (p <
0.001) and BMI (p = 0.025), and was lower in postmenopausal
women (p < 0.001) (Table 2). There was no correlation between
theMS and family history (p = 0.124) or genetic risk (p = 0.181).
TheMS increased with tumor size (p < 0.001), value of the ki67-
index (p < 0.001), absence of ER (p < 0.001), absence of PR (p <
0.001), SBR grading (p < 0.001), presence of LVI (p < 0.001),
and presence of lymph node metastases (p < 0.001) (Table 2). In
finalmultivariate analysis (Table 3), four independent parameters
significantly explained MS value (R2 = 0.32): MS values de-
creased with BMI increasing (p = 0.035), postmenopausal status
(p < 0.001) and positive ER status (p < 0.001) and increased with
tumor size (p < 0.001).

MS and histological subcategories

MS was significantly different according to histological
type (p < 0.001, Table 3). Luminal A had a significant-
ly lower MS than TN (p = 0.04) and ILC had lower
MS values than luminal B (p = 0.03), HER2 (p < 0.01),
and TN (p < 0.01) (Supplementary Figure 2). MS was
significantly lower for the pooled luminal A + ILC
group than for the pooled luminal B + HER2 + TN
group featuring tumors with poorer prognoses (8.9,
IQR (5.5–12.1) compared to 12.9, IQR (10.6–15.7), p
< 0.001). The AUC was 0.76 (95% CI 0.68; 0.84)
(Supplementary Figure 3). With a threshold of 11%/s,
the sensitivity to identify invasive carcinoma subtypes
with poorer prognoses was 71% (95% CI 62%; 80%),
and the specificity 68% (95% CI 57%; 80%).

The first cut-off of 6.5%/s to distinguish benign from ma-
lignant lesions and the second cut-off of 11%/s to distinguish
good from poor prognosis groups showed strong agreement
with histologic categories, with a weighted Kappa at 0.61
(95% CI 0.53; 0.69) (Supplementary Material eTable2).

Analysis of discrepancies between classification of
lesions according to MS values and histological
subcategories

Table 4 details all lesion characteristics according to MS classi-
fication. In the luminal A + ILC group, lesions withMS< 6.5%/s

were significantly smaller (p < 0.001). After Bonferroni correc-
tion, Tsize was significantly lower for lesions with MS < 6.5%/s
comparatively to lesions with MS from 6.5%/s to < 11%/s (p =

Table 2 Relationship between patient characteristics, prognostic
factors, and maximum slope of enhancement in percentage per second
in the patients with malignant lesions

MS in percentage per second p value

Age, ρ [95% CI] ρ = -0.37 [−0.51; −0.23] < 0.001

BMI, ρ [95% CI] ρ = −0.18 [−0.33; −0.02] 0.025

Hormonal status, median (IQR) < 0.001
Postmenopausal 10.0 (6.2–12.7)

Premenopausal 12.5 (10.2–15.7)

Familial cancer, median (IQR) 0.124
Yes 11.9 (9.5–14.1)

No 10.3 (8.2–13.6)

Genetic risk, median (IQR) 0.181
Standard 11.0 (7.6–13.8)

Moderate 11.9 (11.2–14.1)

High 12.3 (10.3–15.5)

Histological type, median (IQR) < 0.001
Luminal A 9.5 (5.5–13.2)

Luminal B 11.6 (9.5–13.8)

HER 2 13.1 (10.9–18)

TN 13.3 (11.6–15.7)

ILC 8.4 (5.7–10.8)

Ki67, ρ [95% CI] ρ = 0.29 [0.14; 0.44] < 0.001

ER, median (IQR) < 0.001
+ 10.5 (7–13.2)

− 13.3 (11.6–18)

PR, median (IQR) < 0.001
+ 10.6 (7.2–13.1)

− 13.2 (10.4–16.4)

SBR grade, median (IQR) < 0.001
I 8.2 (5.4–10.2)

II 11.5 (7.3–14)

III 13.2 (11.1–16.1)

LNI, median (IQR) < 0.001
N+ 12.6 (10.7−16)
N− 10.2 (6.4–13.2)

LVIΔ, median (IQR) < 0.001

No 9.5 (5.6–11.5)

Yes 13.1 (10.7–14.8)

Tumor size, ρ [95% CI] ρ = 0.33 [0.18; 0.46] < 0.001

Δ In the 89 cases of surgery as the first therapeutic step

Abbreviations: MS, maximum slope; BMI, body mass index; HER2,
HER2 overexpression; TN, triple negative; ILC, invasive lobular carcino-
ma; ER, estrogen receptor; PR, progesterone receptor; SBR, Scarff–
Bloom–Richardson; LNI, lymph node involvement; LVI, lymphovascular
involvement; IQR, interquartile range; ρ, Spearman correlation coeffi-
cient; CI, confidence interval

9561Eur Radiol  (2021) 31:9556–9566



0.005) and lesions withMS ≥ 11%/s (p = 0.003) but not between
lesions with MS from 6.5%/s to < 11%/s and lesions with MS ≥
11%/s (p = 1). In the luminal B + HER2 + TN group, a signif-
icantly higher number of lesions with a MS of between 6.5%/s
and 11%/s was observed in older and postmenopausal women (p
= 0.009 and p = 0.005, respectively), and in lesions with smaller
size (p = 0.006), lower ki67-index values (p = 0.046), less fre-
quent ER and PR negative status (p = 0.003 and p = 0.001), and
no LVI or LNI (p = 0.024 and p = 0.013). MS classification was
also different according to histological type (p = 0.016) with a
significant difference between luminal B and TN after Bonferroni
correction (p = 0.014). In final multivariate analysis, three inde-
pendent parameters explained a MS < 11%/s: postmenopausal
status (p = 0.005), a tumor size less than 20 mm (p = 0.014) and
positive ER status (p = 0.002) (Table 5). The discriminative
performance of the final model was considered as good (AUC
= 0.82, 95% CI 0.73; 0.91). In this group, two lesions had MS <
6.5%/s and were both luminal B tumors of 1.1 and 1.2 cm with-
out LVI or LNI (Supplementary Material e Table 3).

Discussion

Our study reports that MS cut-off at 6.5%/s could discriminate
benign frommalignant lesions, with sensitivity and specificity
of 84% and 90%, respectively. The MS was inversely corre-
lated with age and BMI, and was lower in postmenopausal
women and increased with tumor size, ki67-index value, ab-
sence of estrogen receptor (ER) and progesterone receptor
(PR), SBR grading, presence of lymphovascular involvement,
and lymph node invasion. The MS appears to be significantly
higher in tumors of luminal B, HER2 and TN subtypes, which
are associated with poorer prognoses, than in tumors of the
luminal A and ILC subtypes. With a threshold of 11%/s, the
sensitivity and specificity to identify invasive carcinoma sub-
types with poorer prognoses were 71% and 68%, respectively.
Considering these results, a first MS threshold of 6.5%/s may
indicate malignancy and a second of 11%/s may show a tumor
with poor prognosis.

The correlation between the MS value expressed and ma-
lignancy of breast lesions was reported by some previous

Table 3 Linear multivariate
models for explaining maximum
slope of enhancement in
percentage per second in the
patients with malignant lesions

Full multivariate modelΔ Final multivariate model‡

Parameter estimate (standard
error)

p value Parameter estimate (standard
error)

p value

Intercept 15.77 (2.19) < 0.001 17.38 (1.97) < 0.001

BMI (kg/m2) −0.15 (0.07) 0.032 −0.15(0.07) 0.035

Hormonal status

Premenopausal 0 - 0

Postmenopausal −2.63 (0.7) < 0.001 −2.72(0.69) < 0.001

Ki67 −0.61 (2.06) 0.769 -

ER

+

−
−2.10 (1.18)
0

0.078

-

−3.18(0.76)
0

< 0.001

PR

+

−
−0.99 (0.97)
0

0.312

-

-

SBR grade

I 0 -

II

III

1.64 (1.11)

1.8 (1.42)

0.14

0.207

-

LNI

N+

N−
1.29 (0.76)

0

0.089

-

-

Tumor size (mm) 0.04 (0.02) 0.013 0.06 (0.01) < 0.001

ΔAge not included since strongly correlated with hormonal status; histological type not included since strongly
correlated with ki67, ER, and PR; lymphovascular involvement not included since only available if surgery as the
first therapeutic step
‡After backward selection and validation of its stability with the Bootstrap resampling method

Abbreviations: BMI, body mass index; ER, estrogen receptor; PR, progesterone receptor; SBR, Scarff–Bloom–
Richardson; LNI, lymph node involvement
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Table 4 Analysis of the discrepancies between the classification of lesions according to the MS and to histological subcategories of breast cancer

Luminal A + ILC

Underestimated

MS < 6.5%/s

Correctly estimated

6.5%/s ≤ MS < 11%/s

Overestimated

MS ≥ 11%/s

p value

Age (years), median (IQR) 65.5 (56–69) 57 (49–67) 54 (42–67) 0.105

BMI, median (IQR) 24.5 (23–28.7) 26.9 (22.9–31.7) 22 (19.6–30) 0.064

Familial cancer, n (%) 6/22 (27.3%) 6/19 (31.6%) 1/19 (5.3%) 0.096

Genetic risk, n (%) 0.632

Standard 20/22 (90.9%) 15/19 (78.9%) 17/19 (89.5%)

Moderate 1/22 (4.55%) 4/19 (21.1%) 2/19 (10.5%)

High 1/22 (4.55%) 0/19 (0%) 0/19 (0%)

Postmenopausal, n (%) 17/22 (77.3%) 10/19 (52.6%) 9/19 (47.4%) 0.109

Ki67, median (IQR) 0.1 (0.1–0.1) 0.1 (0.1–0.1) 0.1 (0.1–0.2) 0.331

T size (mm), median (IQR) 12 (9–16) 26 (16–41) 25 (19–45) < 0.001

LVI, n (%) 1/21 (4.8%) 3/17 (17.6%) 4/16 (25.0%) 0.205

LNI, n (%) 4/22 (18.2%) 9/19 (47.5%) 8/19 (42.1%) 0.109

PR negative, n (%) 7/22 (31.8%) 3/19 (15.8%) 2/19 (10.5%) 0.239

ER negative, n (%) 0/22 (0%) 0/19 (0%) 0/19 (0%) -

SBR grade, n (%) 0.375

I 9/22 (40.9%) 7/19 (36.8%) 4/19 (21.1%)

II 13/22 (59.1%) 11/19 (57.9%) 15/19 (78.9%)

III 0/22 (0%) 1/19 (5.3%) 0/19 (0%)

Histological type, n (%) 0.268

Luminal A 11/22 (50.0%) 7/19 (36.8%) 12/19 (63.2%)

ILC 11/22 (50.0%) 12/19 (63.2%) 7/19 (36.8%)

Luminal B + HER 2 + TN

Underestimated

MS < 11%/s

Correctly estimated

MS ≥ 11%/s

p value

Age (years), median (IQR) 55 (45–67) 45.5 (38.5–53) 0.009

BMI, median (IQR) 27.4 (24.1–31.3) 24.7 (22–28.5) 0.060

Familial cancer, n (%) 9/26 (34.6%) 13/64 (20.3%) 0.152

Genetic risk, n (%) 0.238

Standard 21/26 (80.8%) 39/64 (60.9%)

Moderate 3/26 (11.5%) 13/64 (20.3%)

High 2/26 (7.7%) 12/64 (18.8%)

Postmenopausal, n (%) 14/26 (53.9%) 15/64 (23.4%) 0.005

Ki 67, median (IQR) 0.4 (0.3–0.5) 0.4 (0.3–0.6) 0.046

T size (mm), median (IQR) 20 (16–34) 34 (22–54) 0.006

LVI, n (%) 3/18 (16.7%) 9/17 (52.9%) 0.024

LNI, n (%) 11/26 (42.3%) 45/64 (70.3%) 0.013

PR negative (%) 9/26 (34.6%) 44/64 (68.7%) 0.003

ER negative, n (%) 5/26 (19.2%) 37/64 (57.8%) 0.001

SBR grade, n (%) 0.146

I 1/26 (3.8%) 0/64 (0%)

II 15/26 (57.7%) 31/64 (48.4%)

III 9/26 (34.5%) 33/64 (51.6%)

Histological type, n (%) 0.016

Luminal B 14/26 (53.8%) 16/64 (25.0%)

HER 2 8/26 (30.8%) 22/64 (34.4%)

TN 4/26 (15.4%) 26/64 (40.6%)

Abbreviations: MS, maximum slope; BMI, body mass index; T, tumor; LNI, lymph node involvement; LVI, lymphovascular involvement; ER, estrogen
receptor; PR, progesteron receptor; SBR, Scarff–Bloom–Richardson; HER2, HER2 overexpression; TN, triple negative; ILC, Invasive lobular carcinoma;
IQR, interquartile range
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studies [14, 15, 17–21] and the cut-off of 6.5%/s (here, on a
1.5-T scanner) was similar to findings reported by Mann et al
(6.4%/s) and by Goto et al (7.3%/s) (both on a 3-T scanner)
[14, 15]. The sensitivity of 90% and a specificity of 67% were
reported in the study by Mann [14]. Ohashi et al reported a
discriminant MS threshold of 9.76%/s with a k-space weight-
ed image contrast (KWIC) sequence achieving a sensitivity of
91.1% and a specificity of 62.5% [18]. However, further in-
vestigation is required, as some studies have reported

contrasting results. Shin et al did not observe any correlation
between the MS and the probability of malignancy using a
TWIST-VIBE sequence at 3 T [19], and their reported MS
value was much higher (mean of 127.9%/s in malignancies)
than those reported here and by Mann. Honda et al reported a
MS cut-off of 20.1%/s to distinguish malignant from benign
lesions [17]. MS values could vary depending on parameters
such as the type of sequence used, or the relaxivity of the
contrast agent.

Table 5 Bivariate and multivariate analyses to assessed parameters explaining the underestimation of the classification according to the MS (MS <
11%/s) to classify luminal B + HER2 + TN subcategories of breast cancer

Bivariate analyses Full multivariate model Final multivariate model‡

OR and
95% CI

p value OR and
95% CI

p value OR and
95% CI

p value

Age (years)1

< 60 1 1

≥ 60 3.38 [1.19; 9.54] 0.022 1.22 [0.15; 9.99] 0.856 -

BMI (kg/m2)1

< 25 1 1

≥ 25 3.08 [1.14; 8.33] 0.027 3.38 [0.99; 11.6] 0.052 -

Hormonal status

Premenopausal 1 1 1

Postmenopausal 3.81 [1.45; 9.99] 0.006 4.38 [0.62; 30.84] 0.138 5.27 [1.65; 16.96] 0.005

Ki 672

≤ 0.4 2.89 [1.07; 7.81] 0.037 1.05 [0.28; 4.01] 0.938 -

> 0.4 1 1

T size2 (mm)

≤ 20 4.59 [1.71; 12.2] 0.002 3.6 [1.03; 12.55] 0.045 4.01 [1.33; 12.08] 0.014

> 20 1 1 1

LNI

N+ 1 1

N− 3.23 [1.26; 8.31] 0.015 2.99 [0.9; 9.99] 0.075 -

PR

+ 4.16 [1.58; 10.91] 0.004 0.73 [0.13; 4.01] 0.713 -

- 1 1

ER

+ 5.75 [1.93; 17.19] 0.002 9.51 [1.24; 72.7] 0.030 7.29 [2.05; 25.96] 0.002

− 1 1 1

Histological type3

Luminal B 5.69 [1.59; 20.33] 0.009

HER 2 2.36 [0.63; 8.92] 0.986

TN 1

1Dichotomized according to clinical relevance
2Dichotomized according to median value in the luminal B + HER 2 + TN group
3Not included in the full multivariate model since strongly correlated to ki67, ER, and PR
‡After backward selection and validation of its stability with Bootstrap resampling method

Abbreviations: BMI, body mass index; T, tumor; LNI, lymph node involvement; ER, estrogen receptor; PR, progesteron receptor; HER2, HER2
overexpression; TN, triple negative; ILC, invasive lobular carcinoma; OR, odds ratio; 95% CI, 95% confidence interval
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Using ultrafast sequences andmeasuring theMS increases the
specificity of breast DCE-MRI compared to analysis of semi-
quantitative curves alone. The limitations of semi-quantitative
analysis of enhancement kinetics in curves are known from their
initial description by Kuhl et al in 1999 [12]. It was reported that
17% of benign lesions presented enhancement of type 2 and 3
curves, and 8.9% of cancers exhibited enhancement of type 1
[12]. In addition, analysis of enhancement kinetics by using
semi-quantitative curves requires a longer acquisition time taking
7 to 8 min, which lengthens the MRI examination time. Semi-
quantitative curves could therefore be replaced by measurement
of the MS obtained with ultrafast sequences, as previously re-
ported [14, 17, 18, 20]. If so, it would not be necessary to perform
delayed MRI scans for 7 or 8 min, and examination times could
be shortened.

The relationship between high BMI and lower MS may
indicate hormonal-dependent luminal cancer more often asso-
ciated with obesity and postmenopause [22–24]. The increase
in the relative risk of developing breast cancer was reported to
be 1.1 per 5 BMI units, especially for ER-positive IDC [22].
Lyengar et al reported a 56% increase in the risk of developing
ER-positive breast cancer per 5-kg increase of trunk fat, de-
spite a normal BMI [24].

The correlations between MS and tumor size and histo-
prognostic parameters reported in our study were consistent
with the findings of Goto et al [15]. However, these findings
disagree with those of Shin et al, who found no significant
correlation between MS and histo-prognostical parameters
[19]. Some of our results appear original. Based on the 2
multivariate analyses, we reported that menopausal status, tu-
mor size, and ER status were independent factors explaining
MS value, not only in patients with malignant lesions, but also
in the sub-groups of patients with poorer prognosis. To our
knowledge, these robust and consistent results for these 3
parameters were not reported before.

Our study has certain limitations. First, it is a monocentric
work on a single machine. A study of MS measurements on
different machines and at different magnetic field strengths to
determine the generalizability of our findings has not yet been
performed. A comparison of the measurement of the MS, and
the morphological analysis according to the BI-RADS lexi-
con, and a complete protocol combining morphological se-
quences and dynamic sequences, was not carried out in our
study. The diagnostic accuracy of MS alone in Ohashi’s study
was inferior to morphological analysis. However, it has been
reported that the diagnostic accuracy of the morphological
analysis according to BI-RADS can be improved by the addi-
tion of the MS measurement [15, 20, 25]. Finally, we did not
analyze lesion enhancement time compared to the aorta or
internal mammary vessels described in the literature as im-
proving the specificity of MRI [15, 17, 19, 20, 25, 26]. Our
ultrafast TWIST sequence had repeated phases every 7 s. Mus
et al showed that lesions whose enhancement began less than

10 s after aortic enhancement were more specifically malig-
nant and lesions whose enhancement began more than 15 s
after aortic enhancement were benign. However, the ultrafast
sequence used included repeated phases of 4.3 s in their work
[26]. The insufficient temporal resolution of the sequence
used in our study did not allow us to show significant en-
hancement time differences between the lesions.

Conclusion

TheMS obtained with ultrafast breast DCE-MRI is an emerg-
ing tool in the characterization of breast lesions. Our study at
1.5 T indicates that measurement of the MS not only distin-
guishes benign from malignant lesions but also can distin-
guish between lesions with good and poor prognoses. The
generalizability of the findings needs further investigation in
a larger study.
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