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Simple Summary: Confirming whether a breast lesion is benign or malignant usually involves an
invasive tissue sample with an image-guided breast biopsy, which may cause substantial inconvenience
to the patient. The purpose of this study was to investigate whether imaging biomarkers obtained from
noninvasive dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) of the breast can
help differentiate benign from malignant lesions and characterize breast cancers to the same extent as a
biopsy. In a sample of 37 patients with suspicious findings on mammography or ultrasound, we found
that the radiologists’ diagnostic accuracy was improved when subjective Breast Imaging-Reporting
and Data System (BI-RADS) evaluation was augmented with the use of pharmacokinetic markers.
This study serves as a starting point for future collaborative research with the potential of providing
valuable noninvasive tools for improved breast cancer diagnosis.

Abstract: The purpose of this study was to investigate whether ultra-high-field dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI) of the breast at 7T using quantitative
pharmacokinetic (PK) analysis can differentiate between benign and malignant breast tumors
for improved breast cancer diagnosis and to predict molecular subtypes, histologic grade, and
proliferation rate in breast cancer. In this prospective study, 37 patients with 43 lesions suspicious
on mammography or ultrasound underwent bilateral DCE-MRI of the breast at 7T. PK parameters
(KTrans, kep, Ve) were evaluated with two region of interest (ROI) approaches (2D whole-tumor
ROI or 2D 10 mm standardized ROI) manually drawn by two readers (senior reader, R1, and R2)
independently. Histopathology served as the reference standard. PK parameters differentiated
benign and malignant lesions (n = 16, 27, respectively) with good accuracy (AUCs = 0.655–0.762).
The addition of quantitative PK analysis to subjective BI-RADS classification improved breast cancer
detection from 88.4% to 97.7% for R1 and 86.04% to 97.67% for R2. Different ROI approaches did not
influence diagnostic accuracy for both readers. Except for KTrans for whole-tumor ROI for R2, none of
the PK parameters were valuable to predict molecular subtypes, histologic grade, or proliferation rate
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in breast cancer. In conclusion, PK-enhanced BI-RADS is promising for the noninvasive differentiation
of benign and malignant breast tumors.

Keywords: breast cancer; ultra-high-field magnetic resonance imaging; quantitative pharmacokinetics;
immunohistochemistry; molecular subtypes; proliferation rate; histologic grade

1. Introduction

Magnetic resonance imaging (MRI) of the breast is known for its excellent sensitivity and good
specificity [1–6]. It has been shown that high-resolution dynamic contrast-enhanced (DCE) magnetic
resonance imaging (MRI) protocols at 3T and the use of parallel imaging increase diagnostic accuracy [7,8].
However, due to restrictions in the signal-to-noise ratio (SNR), the achievable temporal and spatial
resolution at field strengths of ≤3T are limited, and the accurate assessment of very small lesions and
non-mass-like enhancing lesions (NME) is challenging [9–11]. Ultra-high-field MR systems, operating
at a field strength of >7T, allow a further increase in intrinsic SNR, which can be translated into an even
higher spatial resolution [7] or functional imaging [6,12], in comparison to 1.5T and 3T systems.

Pharmacokinetic (PK) modeling allows the analysis and quantification of the distribution of
contrast agents in relation to the vascularity of breast tumors [13,14]. Tofts et al. proposed a
two-compartment model to analyze contrast medium uptake from blood to tumor (Ktrans, min−1),
contrast medium transfer from tumor back to blood (kep, min−1), and leakage from the extravascular
extracellular space into the plasma compartment (Ve, %) [15–17]. The PKs of breast tumors have
been investigated at 1.5 and 3T. It was found that high permeability and low extravascular fraction
are signatures of malignancy [18–20] and thus PK analysis may differentiate between benign and
malignant breast tumors and aid in breast cancer characterization [21,22].

However, the potential of high-resolution dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) at 7T has not been explored in this context. Thus, the aim of this feasibility study was to
investigate whether the PKs of ultra-high-field DCE-MRI of the breast at 7T can differentiate between
benign and malignant breast tumors. We assessed if the addition of PK analysis to subjective radiologist
review using the Breast Imaging-Reporting and Data System (BI-RADS) classification would improve
breast cancer detection and if the selection of a different region of interest (ROI) measurement approach
(2D whole vs. standardized 2D 10 mm ROI) would influence diagnostic accuracy. In addition,
we evaluated whether the PKs of ultra-high-field DCE-MRI of the breast at 7T would serve to predict
molecular subtypes, histologic grade, and proliferation rate in breast cancer.

2. Materials and Methods

2.1. Patients

In an 18-month period, 45 consecutive patients who met the following inclusion criteria were
enrolled in this single-center, institutional review board approved study and underwent MRI of the
breast at 7T. Inclusion criteria were: 18 years or older; not pregnant; not breastfeeding; suspicious
imaging abnormality at mammography or breast ultrasound, i.e., BI-RADS assessment category 4–5;
no previous treatment including breast biopsy before MRI and neoadjuvant chemotherapy; and
no contraindications to MRI or MRI contrast agents [3]. Written informed consent was obtained
from all patients prior to MRI at 7T. Three patients had to be excluded due to previously unknown
claustrophobia, and in one patient, the MRI had to be aborted due to magnetic-field-induced severe
nausea. For data analysis, in eight patients, quantitative PK analysis of DCE-MRI data could not be
successfully performed, resulting in a total of 37 patients (mean: 54 years, range: 23–77 years) available
for analysis. These patients have been previously reported in a different context [7,23–26].
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2.2. MRI

All patients underwent high-resolution DCE-MRI of the breast using a 7T MRI scanner (Magnetom,
Siemens Healthcare, Erlangen, Germany) with a dedicated four-channel double-tuned 31P/1H breast
coil (Stark Contrast, MRI Coils Research, Erlangen, Germany). In premenopausal women, MRI
was performed during the second week of the menstrual cycle [27,28]. In all patients, a transversal
T1-weighted time-resolved angiography with stochastic trajectories (TWIST) sequence was acquired
with a spectral fat-saturation, a high spatial resolution of 0.7 mm3 isotropic voxel size, and a temporal
resolution of 14 s. Acquisition parameters were as follows: TR/TEL 4.8 ms/2.5 ms; FOV: 196 × 330 mm2;
176 slices; matrix: 266 × 449; one average; center k-space region with full reacquired: 23%; reacquisition
density of peripheral k-space: 20%; temporal interpolation factor: 2; time of acquisition: 9 min.
All patients were injected with a single dose (0.1 mmol/kg body weight) of gadoterate meglumine
(Gd-DOTA; Dotarem®, Guerbet, France) as the contrast agent, which was injected after three baseline
MRI data acquisitions as a bolus followed by a 20 mL saline flush.

2.3. Data Analysis

MRI data were independently evaluated by two breast radiologists: K.P.D. (Senior Reader 1 (R1)),
with 13 years of experience in breast MRI, and E.O.A. (Reader 2 (R2)), with 4 years of experience in
breast MRI). Readers were aware that all patients had a breast lesion but were not provided with
conventional imaging or histopathological results.

All lesions were evaluated using descriptors defined in the American College of Radiology MRI
BI-RADS lexicon [29]. Lesion size, laterality, and localization were recorded, and all lesions were
classified according to BI-RADS as benign (BI-RADS 2: benign, BI-RADS 3: probably benign) or
malignant (BI-RADS 4: suspicious, BI-RADS 5: highly suggestive of malignancy). In the case of a
disagreement in classification, a consensus decision was reached.

For quantitative PK analysis, OSIRIX software and the DCE-Tool plugin were used [30,31].
A whole-tumor 2D-ROI (wtROI) and a 10 mm2

± 1 mm2 standardized 2D-ROI (sROI) were manually
drawn by the two readers independently in the slice with the maximum lesion diameter and the most
enhancing part of the lesion. Changes in the contrast agent in the vessels were obtained from the series
of images as a continuous variable. This was based on the Tofts model [6,32]. We chose to use the Tofts
model over other possibilities such as model-free parameters as the majority of previously published
papers have utilized the Tofts model to allow comparison to previously published data and to enable
reproduction of our findings by others using the same freeware OSIRIX software and the DCE-Tool
plugin (Pixmeo SARL, Geneva, Switzerland). Quantitative DCE-MRI analysis was performed using
PK modeling according to the Tofts model using the modified Fritz–Hansen arterial input functions
(AIF) [33] in order to calculate the following quantitative kinetic parameters: forward volume transfer
constant (ktrans, min–1), reverse volume transfer constant (kep, min–1), and extravascular extracellular
space volume per unit volume of tissue in % (ve) [6,32]. The modified Fritz–Hansen AIF was used as it
maximizes the utility of quantitative DCE-MRI in breast tissue [33].

2.4. Histopathology

Histopathology was used as the standard of reference in all lesions using either an image-guided
needle biopsy or surgery. An experienced breast pathologist read all cases. In malignant tumors,
modified criteria of the Bloom–Richardson–Elston system were used for grading as follows: 1 (well
differentiated), 2 (moderately differentiated), or 3 (poorly differentiated). Molecular breast cancer
subtypes were derived via immunohistochemistry surrogates [34–37]. Breast cancers were classified
as follows: luminal A if estrogen receptor (ER)- and/or progesterone receptor (PR)-positive, human
epidermal growth factor receptor 2 (HER2)-negative, and ki67 < 15%; luminal B if ER- and/or
PR-positive, HER2-negative, and ki67 ≥ 15%, or ER- and/or PR-positive and HER2-positive regardless
of ki67 status; HER2-positive if ER- and PR-negative, and HER2-positive; or triple-negative (TN) if ER,
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PR, and HER2-negative [38]. Proliferation index Ki67 was recorded as <15% (low proliferation) or
≥15% (high proliferation) [39–41].

2.5. Statistical Methods

PK values were provided using median and interquartile ranges (IQR) and compared between
pathologies (benign or malignant), immunohistochemical subtypes, high- and low-proliferation
subtypes, and grades of malignant tumors using the Wilcoxon rank-sum test or Kruskal–Wallis test.
Receiver operating characteristic (ROC) curve analysis was performed to assess the diagnostic accuracy
of the PK values provided by each reader in differentiating between benign and malignant tumors, high-
and low-proliferating tumors, and immune histochemistry (IH) subtypes. Significance of the difference
between the areas under the ROC curves (AUC) between R1 and R2 was assessed using DeLong’s test
for two correlated ROC curves. The ability of PK values to differentiate between malignant tumor
grades (grades I to III) was assessed using Kendall’s rank correlation (τ) test, as was the correlation
between the PK values of both readers. To assess the diagnostic accuracy of subjective radiologist
review using BI-RADS in differentiating benign and malignant lesions, we dichotomized BI-RADS into
two categories: benign (inclusive of BI-RADS scores 2 and 3) and malignant (inclusive of BI-RADS
scores 4 and 5). Accuracy was defined as the ratio of the total number of correctly dichotomized
BI-RADS categorizations (as compared to the reference standard) to the sample size.

In order to improve upon the radiologist’s subjective review when using BI-RADS to differentiate
between benign and malignant lesions, we performed a recalibration of BI-RADS using a linear
combination of significant PK parameters obtained from a logistic regression model, with the reference
standard as the outcome variable. The reference standard values of 0 for benign and 1 for malignant
were assigned based upon the reports obtained from a pathological biopsy. The readers’ ratings were
initially assigned to the benign category if their BI-RADS ratings were 1, 2, or 3 or to the malignant
category if their BI-RADS ratings were 4 or 5. The linear combination of significant PK parameters
(hereon referred to as the metric) was then used to improve upon the accuracy of the initial BI-RADS
by recalibrating it (PK-enhanced BI-RADS). This recalibration of BI-RADS by using the value of the
metric as a statistical tool was achieved using the support vector machine (SVM) functionality in R
3.6.3 (svm function) [42]. SVM uses a supervised learning algorithm that helps to better the accuracy
of BI-RADS by providing cut-off points in the values of the metric, at which a subjectively assigned
BI-RADS rating can be recalibrated with resultant improvement in diagnostic accuracy. It achieves this
through the use of an optimal kernel (in our case, a radial kernel) in a multidimensional space (in our
case, this space is formed by two dimensions, i.e., BI-RADS and the metric), which is then used to
divide the data into benign and malignant to the most accurate extent possible. The hyperparameters
associated with the kernel are obtained through a grid search algorithm using the tune functionality
available in the e1071 package [43] in R 3.6.3. All statistical analyses were performed using the R 3.6.3
(R core team, 2020) program. The type I error rate for all statistical tests was set to 0.05 (α). Further
details on the results of applying the above-mentioned procedure to our data are detailed in Section 3.3.
This procedure was used to recalibrate both Reader 1 and 2’s BI-RADS ratings, although we focus here
on the results of Reader 1, given this reader’s superior experience, while also briefly stating the results
of recalibration for Reader 2.

3. Results

3.1. Lesion Characteristics

A total of 43 breast lesions, 16 benign and 27 malignant, were detected in 37 patients. Patient mean
age was 54 years (range: 23–77 years). Mean tumor size was 21 mm (range: 6–95 mm). Malignant
lesions comprised 23 invasive ductal carcinomas (IDC), 3 invasive lobular carcinomas (ILC), and one
other type of carcinoma. There were 5 luminal A (all IDC), 17 luminal B (14 IDC, 3 ILC), 3 HER2-positive
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(all IDC), and 2 TN (all IDC) lesions. There were five (18.5%) cancers with low proliferation and
22 (81.4%) cancers with high proliferation.

Lesion characteristics are detailed in Table 1.

Table 1. Lesion characteristics.

Benign (n = 16)

n Mean size (mm) Proliferation rate (n) Molecular subtype (n)

All benign lesions 16 21.9 (8–45) n/a n/a
Histopathology

Sclerosis adenosis 3 20 (10–40) n/a n/a
Fibrosis 1 13 n/a n/a

Fibroadenoma 11 24.5 (10–45) n/a n/a
Papilloma 1 8 mm n/a n/a

Malignant (n =27)

n Mean size (mm) Proliferation rate (n) Molecular subtype (n)

All malignant lesions 27 24.1 (6–95) n/a n/a
Histopathology

Invasive ductal carcinoma 23
Grade 1 3 12.3 (11–15) <15% (3), ≥ 15% (0) Lum A (3)
Grade 2 10 23.7 (9–40) <15% (2), ≥ 15% (8) Lum A (2), Lum B (8)

Grade 3 10 32.7 (14–95) <15% (0), ≥ 15% (10) Lum B (6), HER2+ (2),
TN (2)

Invasive lobular Carcinoma 3
Grade 1 0 n/a n/a n/a
Grade 2 3 23 (6–30) <15% (0), ≥ 15% (3) Lum B (3)
Grade 3 0 n/a n/a n/a

Carcinoma 1
Grade 1 0 n/a n/a n/a
Grade 2 1 10 mm <15% (0), ≥ 15% (1) HER2+ (1)
Grade 3 0 n/a n/a n/a

On DCE-MRI, two lesions presented as NME lesions with a diameter of 40 mm each, and the
remaining 41 lesions presented as masses (range: 6–95 mm; mean: 23.1 mm). For masses, the shape
was classified as oval in two (4.9%), round in 13 (32%), and irregular in 26 (63%). Mass internal
enhancement characteristics were classified as homogeneous in seven (17%), heterogeneous in 30 (73%),
dark internal septations in two (5%), and rim enhancement in two (5%). The two NME lesions
had a linear distribution, with one having a homogeneous and the other a heterogeneous internal
enhancement pattern.

3.2. Differentiation of Benign and Malignant Tumors Using PK Analysis

Ktrans, kep, and Ve (median and IQR) for wtROI and sROI stratified by benign and malignant
lesions are summarized in Table 2. Figure 1 illustrates the whole-tumor and standard ROIs for a benign
and malignant lesion, respectively, and their corresponding PK values and signal intensity curves.

In the entire cohort, Ktrans for malignant and benign lesions was significantly different for both
readers, with wtROI (p = 0.01) and sROI (p = 0.005) for R1 (senior reader) and wtROI (p = 0.03) and
sROI (p = 0.02) for R2. kep for malignant and benign lesions was also significantly different for both
readers, with wtROI (p = 0.005) and sROI (p = 0.01) for R1 and wtROI (p = 0.04) and sROI (p = 0.03) for
R2. Ve for malignant and benign lesions was significantly different only with wtROI (p = 0.01) for R1,
but not with sROI (p = 0.095) for r1, or wtROI (p = 0.4) or sROI (p = 0.1) for R2.

To differentiate between benign and malignant tumors, R1 achieved an AUC of 0.738 for
Ktrans-wtROI, 0.762 for Ktrans-sROI, 0.759 for kep-wtROI, 0.736 for kep-sROI, 0.725 for Ve-wtROI, and
0.655 for Ve-sROI (Figure S1). R2 achieved an AUC of 0.699 for Ktrans-wtROI, 0.708 for Ktrans-sROI,
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0.686 for kep-wtROI, 0.699 for kep-sROI, 0.586 for Ve-wtROI, and 0.653 for Ve-sROI (Figure S2). AUCs
were not significantly different between both readers and between both measurement approaches
(p > 0.05).



Cancers 2020, 12, 3763 7 of 17

Table 2. Pharmacokinetic parameters stratified by readers and measurement approach for differentiating benign vs. malignant lesions, luminal A vs. other subtypes,
and luminal A/B vs. other subtypes.

Benign vs. Malignant Luminal A vs. Other Molecular Subtypes Luminal A/B vs. Other Molecular Subtypes

Benign (n = 16) 1 Malignant (n = 27) 1 p-Value 2 Luminal A (n = 5) 1 Others, (n = 22) 1 p-Value 2 Luminal A/B (n = 22) 1 Others (n = 5) 1 p-Value 2

Reader 1
KTrans-wtROI 0.14 (0.06, 0.31) 0.29 (0.21, 0.42) 0.010 0.26 (0.18, 0.35) 0.30 (0.22, 0.44) 0.3 0.26 (0.20, 0.38) 0.42 (0.35, 0.52) 0.11
KTrans-sROI 0.21 (0.11, 0.37) 0.38 (0.28, 0.51) 0.005 0.36 (0.21, 0.39) 0.39 (0.29, 0.52) 0.2 0.35 (0.26, 0.40) 0.52 (0.47, 0.52) 0.086
kep-wtROI 0.19 (0.11, 0.45) 0.43 (0.33, 0.63) 0.005 0.41 (0.32, 0.43) 0.48 (0.34, 0.69) 0.4 0.40 (0.33, 0.56) 0.52 (0.51, 0.70) 0.3
kep-sROI 0.31 (0.13, 0.50) 0.52 (0.43, 0.68) 0.011 0.49 (0.44, 0.51) 0.57 (0.44, 0.69) 0.3 0.51 (0.43, 0.68) 0.67 (0.61, 0.70) 0.5
Ve-wtROI 0.90 (0.77, 1.00) 0.77 (0.57, 0.86) 0.015 0.81 (0.57, 0.82) 0.76 (0.60, 0.86) >0.9 0.78 (0.53, 0.86) 0.75 (0.75, 0.83) 0.7
Ve-sROI 0.84 (0.75, 0.95) 0.75 (0.72, 0.81) 0.095 0.79 (0.51, 0.79) 0.75 (0.73, 0.81) 0.8 0.75 (0.62, 0.81) 0.77 (0.75, 0.80) 0.3
Reader 2

KTrans-wtROI 0.12 (0.10, 0.35) 0.28 (0.22, 0.41) 0.032 0.24 (0.14, 0.32) 0.28 (0.23, 0.43) 0.2 0.25 (0.22, 0.35) 0.42 (0.38, 0.52) 0.033
KTrans-sROI 0.18 (0.10, 0.35) 0.31 (0.24, 0.51) 0.025 0.28 (0.14, 0.37) 0.32 (0.26, 0.52) 0.3 0.29 (0.20, 0.43) 0.52 (0.34, 0.52) 0.086
kep-wtROI 0.18 (0.12, 0.44) 0.40 (0.29, 0.55) 0.044 0.38 (0.28, 0.44) 0.40 (0.30, 0.57) 0.5 0.38 (0.27, 0.50) 0.54 (0.48, 0.70) 0.11
kep-sROI 0.24 (0.11, 0.50) 0.50 (0.35, 0.68) 0.032 0.46 (0.39, 0.50) 0.53 (0.34, 0.69) 0.4 0.48 (0.31, 0.63) 0.68 (0.41, 0.70) 0.3
Ve-wtROI 0.82 (0.74, 0.95) 0.79 (0.75, 0.88) 0.4 0.82 (0.60, 0.84) 0.78 (0.75, 0.88) 0.5 0.81 (0.72, 0.88) 0.78 (0.75, 0.78) 0.7
Ve-sROI 0.81 (0.75, 0.93) 0.76 (0.68, 0.80) 0.10 0.73 (0.61, 0.79) 0.76 (0.72, 0.82) 0.4 0.76 (0.62, 0.79) 0.79 (0.75, 0.83) 0.3

1 Statistics presented: median (IQR). 2 Statistical tests performed: Wilcoxon rank-sum test. Abbreviations: wtROI, whole-tumor region of interest; sROI, standard region of interest.
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Figure 1. (a) A 31-year-old woman with fibroadenoma of the right breast on ultra-high-field
dynamic contrast-enhanced magnetic resonance imaging at 7T. (b) Whole-tumor region of interest
pharmacokinetic values and signal intensity curve. (c). Standard 10 mm2

± 1 mm2 region of interest
pharmacokinetic values and signal intensity curve. (d) A 49-year-old woman with invasive ductal
carcinoma, luminal B, of the left breast on ultra-high-field dynamic contrast-enhanced magnetic
resonance imaging at 7T. (e) Whole-tumor ROI pharmacokinetic values and signal intensity curve.
(f) Standard 10 mm2

± 1 mm2 region of interest pharmacokinetic values and signal intensity curve.
Note: ROI: unnamed = no specific name was assigned to the ROI. Graph inserts are also provided
separately as supplemental figures.

3.3. Differentiation of Benign and Malignant Tumors Using PK-Enhanced BI-RADS

The logistic regression model. fit by using the reference standard as outcome variable and R1s
PK values as the independent covariates and then performing backward elimination, yielded the
following linear predictor: 0.21 + 9.83*KtransROI − 3.63*Ve whole (metric). In order to estimate the
optimal kernel, we first explored the linear kernel, which was found to be suboptimal for accuracy. In
other words, the data points were not linearly separable. Thereby, a radial kernel was used for training
and predicting the outcome using an optimal cost (penalty for constraint violation) hyperparameter
of 1 and a gamma (inverse of data dimension) hyperparameter of 1/2 . These optimal parameters
were obtained using a grid search algorithm over a set of supplied parameter values, using the tune
functionality of the e1071 package [43] in R 3.6.3. The results are shown in Figure 2. As is evident from
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Figure 2, we were able to obtain two cut-off thresholds of the metric in order to reclassify the BI-RADS
rating given by the reader: one for the BI-RADS rating of 4 and the other for the BI-RADS rating of 5.
These cut-offs were 2.3 and −2.1, respectively. “x” on the graph determines the influential data points
(also known as support vectors) that help determine the optimal radial plane of separation, and “o”
represents noninfluential data points. The cut-offs mean that a metric value of 2.3 or less is required in
order to reclassify a BI-RADS category 4 (malignant) to benign, whereas a metric value of −2.1 or less
is required to reclassify a BI-RADS category 5 to benign. This reclassification scheme resulted in the
correct classification of four benign lesions that were initially labeled as BI-RADS 4. This resulted in
improved accuracy for PK-enhanced BI-RADS for both readers. For R1, information accuracy improved
to 97.7% (95% CI: 87.7–99.9%) after recalibration as opposed to 88.4% (95% CI: 74.9–96.1%) before
recalibration. For R2, information accuracy improved from 86.04% (95% CI: 72.06–94.7%) to 97.67%
(95% CI: 87.71–99.94%) after recalibration. McNemar’s test, however, did not show a statistically
significant difference in accuracy between the two measures (R1 McNemar’s chi-square = 1.5, p = 0.22;
R2 McNemar’s chi-square = 2.28, p = 0.13), which is most likely due to the small sample size.
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Figure 2. Pharmacokinetics-enhanced Breast Imaging-Reporting and Data System (BI-RADS)
classification plot. Note: there was a BI-RADS 3 lesion not shown in this graph because it was
very slightly below the metric of −3 (−3.04).

3.4. Molecular Subtyping

Mean Ktrans and median kep and Ve for wtROI and sROI for each reader stratified by luminal A vs.
other molecular subtypes (luminal B + HER2 + TN) are summarized in Table 2. Figure 3 illustrates the
whole-tumor and standard ROIs for a luminal A and TN lesion, respectively, and their corresponding
PK values and signal intensity curves. None of the PK values were significantly different for luminal
A vs. the other molecular subtypes for both readers. For the differentiation of luminal A vs. other
malignant tumors, R1 achieved an AUC of 0.645 for Ktrans-wtROI, 0.690 for Ktrans-sROI, 0.627 for
kep-wtROI, 0.654 for kep-sROI, 0.482 for Ve-wtROI, and 0.455 for Ve-sROI (Figure S3). R2 achieved
an AUC of 0.691 for Ktrans-wtROI, 0.672 for Ktrans-sROI, 0.6 for kep-wtROI, and 0.618 for kep-sROI.
Ve-wtROI of 0.4 and Ve-sROI of 0.618 (Figure S4). These AUC values were not significantly different
between the two readers.
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Figure 3. (a) A 74-year-old woman with invasive ductal carcinoma (IDC), luminal A, of the left breast
on ultra-high-field dynamic contrast-enhanced magnetic resonance imaging at 7T. (b) Whole-tumor
region of interest pharmacokinetic values and signal intensity curve. (c) Standard 10 mm2

± 1 mm2

region of interest pharmacokinetic values and signal intensity curve. (d) A 66-year-old woman
with invasive ductal carcinoma (IDC), triple-negative (TN), of the left breast on ultra-high-field
dynamic contrast-enhanced magnetic resonance imaging at 7T. (e) Whole-tumor region of interest
pharmacokinetic values and signal intensity curve. (f) Standard 10 mm2

± 1 mm2 region of interest
pharmacokinetic values and signal intensity curve. Note: ROI: unnamed = no specific name was
assigned to the ROI. Graph inserts are also provided separately as supplemental figures.

Mean Ktrans and median kep and Ve for wtROI and sROI for both readers stratified by luminal
A/B vs. other molecular subtypes (HER2 + TN) are summarized in Table 2. Except for Ktrans for wtROI
for R2, none of the PK values were significantly different between luminal breast cancers vs. the other
molecular subtypes for both readers. For the differentiation of luminal A/B vs. other malignant
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tumors, R1 achieved an AUC of 0.736 for Ktrans-wtROI, 0.754 for Ktrans-sROI, 0.645 for kep-wtROI,
0.609 for kep-sROI, 0.436 for Ve-wtROI, and 0.645 for Ve-sROI (Figure S5). R2 achieved an AUC of 0.809
for Ktrans-wtROI, 0.754 for Ktrans-sROI, 0.736 for kep-wtROI, 0.645 for kep-sROI, 0.554 for Ve-wtROI,
and 0.654 for Ve-sROI (Figure S6). These AUC values were not significantly different between the
two readers.

3.5. Tumor Grading

Mean Ktrans and median kep and Ve for wtROI and sROI for both readers stratified by tumor
grade are summarized in Table S1. Correlation analysis (Kendall’s τ) between grade and PK values
stratified by the reader showed no significant differences (Table S2).

3.6. Proliferation Rate

Mean Ktrans and median kep and Ve for wtROI and sROI for both readers stratified by a low
proliferation rate and high proliferation rate are summarized in Table S2. For the differentiation
of lesions of low and high proliferation rate, R1 achieved an AUC of 0.645 for Ktrans-wtROI, 0.690
for Ktrans-sROI, 0.627 for kep-wtROI, 0.654 for kep-sROI, 0.482 for Ve-wtROI, and 0.455 for Ve-sROI
(Figure S7). R2 achieved an AUC of 0.691 for Ktrans-wtROI, 0.673 for Ktrans-sROI, 0.6 for kep-wtROI,
0.618 for kep-sROI, 0.4 for Ve-wtROI, and 0.618 for Ve-sROI (Figure S8). AUC values for R1 and R2
were not significantly different from one another.

3.7. Inter-Reader Agreement

Inter-reader agreement of PK measurements for all measurements approached (Table 3) ranged
from moderate to good.

Table 3. Correlation analysis (Kendall’s τ) between Readers 1 and 2.

Metric/Measure Correlation p-Value

KTrans-wtROI 0.772476 3.20 × 10−13

KTrans-sROI 0.75388 1.10 × 10−12

kep-wtROI 0.702163 3.46 × 10−11

kep-sROI 0.606767 1.03 × 10−8

Ve-wtROI 0.527621 8.94 × 1−7

Ve-sROI 0.476563 7.70 × 10−6

Abbreviations: wtROI, whole-tumor region of interest; sROI, standard region of interest.

4. Discussion

Our study demonstrates that the addition of PK analysis to ultra-high-field DCE-MRI of the
breast at 7T, i.e., PK-enhanced BI-RADS, improves accuracy in the noninvasive differentiation of
benign and malignant breast tumors; the selection of 2D whole-tumor ROI or standardized 2D ROI of
10 mm2

± 1 mm2 did not influence diagnostic accuracy. However, ultra-high-field DCE-MRI using PK
analysis of malignant breast tumors was not able to differentiate between different molecular subtypes,
histologic tumor grade, or proliferation rate of breast cancer.

In this feasibility study, in which 19% of all the lesions analyzed were subcentimeter lesions,
quantitative PK analysis of DCE-MRI at 7T afforded simultaneous high spatial and temporal resolution
diagnosis of breast cancer with good accuracy: KTrans-wtROI (R1-AUC 0.738), KTrans-sROI (R1-AUC
0.762), kep-wtROI (R1-AUC 0.759), kep-sROI (R1-AUC 0.736), and Ve-wtROI (R1-AUC 0.725). The high
spatial and temporal resolution (spatial resolution of 0.7 mm3 isotropic voxel size and a temporal
resolution of 14 s) is not achievable with DCE-MRI at 3T and in particular 1.5T. The high spatial and
temporal resolution as afforded in this study allowed both PK analysis and detailed morphologic
analysis. At a lower field strength, one has to compromise on using either a high temporal resolution
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suitable for PK analysis or a high spatial resolution for detailed morphologic assessment. Our findings
are in good agreement with prior studies at 1.5 and 3T, which demonstrated the potential of PK
parameters to aid in the differentiation of benign from malignant tumors [14,18,32,44–47]. We integrated
the information from quantitative PK analysis to established reporting guidelines, i.e., BI-RADS,
showing that PK-enhanced BI-RADS improved diagnostic accuracy from 88.4% to 97.7% by reducing
false-positive findings. These preliminary data might indicate that PK-enhanced BI-RADS has the
potential to obviate unnecessary breast biopsies.

We also addressed a previously open question as to whether the selection of different ROI
measurement approaches using a 2D whole tumor and a standardized 2D 10 mm ROI influences
diagnostic accuracy. Our findings demonstrate that there is no impact of different ROI measurement
approaches on diagnostic accuracy and thus the use of a standardized 2D 10 mm ROI, which is less
time-consuming in clinical practice, is sufficient for clinical application.

As quantitative PK analysis of DCE-MRI at 7T allowed for the noninvasive differentiation of
benign from malignant tumors in our study, we also investigated if the simultaneous high spatial
and temporal resolution afforded by DCE-MRI at 7T would aid in breast cancer characterization
with respect to the prediction of molecular subtypes, histologic tumor grade, or proliferation rate.
Our results demonstrate that based on the quantitative PK analysis of DCE-MRI at 7T, neither a
differentiation molecular subtypes, histologic tumor grade, nor proliferation rate is feasible.

In this study, we chose to investigate the associations of quantitative PK analysis of DCE-MRI with
molecular subtypes rather than receptor status. Our results demonstrate that based on the quantitative
PK analysis of DCE-MRI at 7T, differentiation of molecular subtypes is not feasible. Previous studies
have mainly investigated a quantitative PK analysis of DCE-MRI differentiation of individual receptor
status with diverging results. Koo et al. found that the quantitative PK analysis of DCE-MRI was able
to differentiate between a positive or negative ER status, with a higher mean kep for a negative ER
status and TN tumors [48]. Lee et al. found a higher median Ve in tumors with PR positivity than
in those with PR negativity [49]. On the other hand, Kim et al. were not able to associate PK values
with ER or PR [13]. Li et al. also analyzed breast cancer receptor status without finding a statistically
significant association between quantitative PK values and ER, PR, or HER2 status [14]. However,
it has to be noted that although these studies focused on individual receptor status, treatment decisions
are nowadays driven by molecular subtypes, which are derived from the all-over receptor status and
proliferation rate (ER, PR, HER2, and ki67).

In this study, we also investigated associations of PK parameters with the proliferation rate
stratified by Ki67 ≥ 15% or < 15%. Although we could not demonstrate significant associations,
we found a trend of higher PK values for higher proliferation indices. These findings are in accordance
with Kim et al. who used a 3T system and found higher Ktrans values for positive or higher ki67 index
than negative (benign) tumors [13]. Meanwhile, Koo et al.’s study used a 1.5T system and found no
association between PK values and the proliferation rate [48].

In our study, which included IDC and ILC lesions, we were not able to differentiate between
different tumor grades using PK parameters, and due to the small sample size, subgroup analysis
was also not reasonable. In Ma et al.’s study, which included patients with IDC, the authors showed
significant differences in PK values for grade I vs. grade II and for grade I vs. grade III, but no
significant differences for grade II vs. grade III tumors [32]. In another study, Koo et al. also found
significant associations between PK values and tumor grade [48]. In Liu et al.’s study, they not only
showed that PK values were significantly correlated with histologic grade but also, in a survival
analysis, Ktrans was the best predictor for survival; they suggested that higher Ktrans translates into
worse tumor differentiation, a higher degree of malignancy, and higher possibility of recurrence [50].

We acknowledge the limitations of our study. First, the sample size was small due to the
exploratory nature of ultra-high-field DCE-MRI at 7T with PK analysis. Second, this was a single-center
study where all images were obtained with the same MRI equipment, which might have influenced
the PK analysis. Although there is evidence that quantitative parameters are relatively independent of
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imaging acquisition methods [51], the cut-off value to determine malignancy from benign lesions could
have been influenced. Further, although Ktrans values have been reported to vary across centers [52],
there was a positive slope from low to high PK values correlating with lower values for benign lesions
and higher values for malignant lesions. Third, the AIF was selected of a population average type,
which may be insufficient for an objective study. However, there is a continuing debate on whether
population-based or subject-based AIF performance is more robust. Fourth, multiple comparisons
using Bonferroni correction were not performed as the study was underpowered to do so (n = 37) [53].
That being said, this study can be taken as a starting point for future research with larger sample sizes
to further validate our findings.

5. Conclusions

In conclusion, in this feasibility study, we demonstrate that the PKs of ultra-high-field DCE-MRI
of the breast at 7T can differentiate between benign and malignant breast tumors and that the addition
of PK analysis to subjective radiologist reviews using the BI-RADS classification can improve breast
cancer detection. Different ROI approaches do not influence diagnostic accuracy. Quantitative PK
analysis of DCE-MRI at 7T does not enable the differentiation of molecular subtypes, histologic tumor
grade, or proliferation rate.
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tumors of different grades and between tumors of low vs. high proliferation, Table S2: Correlation analysis
(Kendall’s τ) between tumor grade and pharmacokinetics stratified by reader, Figure S1: Receiver operating
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lesions, Figure S2: Receiver operating characteristic (ROC) analysis for pharmacokinetic parameters by Reader
2 to differentiate benign vs. malignant lesions, Figure S3: Receiver operating characteristic (ROC) analysis for
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