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To explore the effect of B1-corrected T1 mapping on the differentiation of benign and malignant breast
lesions and the prediction of biological characteristics in breast carcinoma. 364 patients with breast
lesions were included. T1 maps were acquired with multi-flip angle imaging sequences before and after
contrast enhancement. T1 values before (T1max, Tlmean, T1min) and after enhancement (T1maxce,
T1lmeance, T1mince) were measured. Difference inT1 (AT1), percentage reduction in T1(AT1%) and
contrast-enhanced T1 ratio (T1lmean/T1meance) were calculated. The differences in T1 values before
and after enhancement between benign and malignant breast lesions were compared. Prediction
models were constructed with clinical imaging data. The diagnostic efficiency of the prediction models
was compared using ROC. DeLong test was used to compare the AUC of the models. Univariate
analysis showed that Timean, T1max, Tlmeance, T1lmince, AT1, AT1%, Tlmean/T1meance, maximum
lesion diameter, age, and BI-RADS classification were statistical significance (p <0.05) between benign
and malignant lesions. Multivariate analysis showed that AT1%, age, and BI-RADS classification were
independent risk factors. Model 1( AT1%, age, and BI-RADS classification) demonstrated superior
diagnostic performance in differentiating benign from malignant breast lesions, with the AUC of 0.952
(95% Cl: 0.926-0.977). B1-corrected T1 mapping has good clinical value for the differentiation of benign
and malignant breast lesions.

Keywords B1 corrected T1 mapping, Differentiation, Benign, Malignant, Breast lesions, Biological
characteristics, Breast cancer

According to the International Agency for Research on Cancer (IARC), female breast carcinoma is recorded as
the second most commonly diagnosed malignancy worldwide in 2020 , surpassed only by lung cancer. With
respect to mortality, it ranked fourth among all cancer types. Notably, breast cancer represents both the highest
incidence and mortality of female cancer worldwide!. Differentiating between benign and malignant breast
lesions poses a significant challenge in clinical imaging diagnosis. The malignant status of breast lesions is the
primary basis for determining treatment plans and prognosis*>. Magnetic Resonance Imaging (MRI) serves
as a powerful non-invasive diagnostic tool for evaluating breast lesions. Dynamic Contrast-Enhanced (DCE)
MRI detects signals from blood flow within lesions and classifies breast lesions based on time-signal intensity
curves according to the BI-RADS system, which provides a grading scale indicating the probability of benign
versus malignant lesions. However, due to the long scanning time, overlapping of background parenchymal
enhancement and time-intensity curves, DCE MRI has low specificity in the differential diagnosis of benign and
malignant breast lesions**. A quantitative MRI is needed to improve the accuracy of distinguishing benign and
malignant breast lesions.

Multiple laboratory markers assist in distinguishing between benign and malignant breast tumors. The
expression status of human epidermal growth factor receptor 2 (HER-2) is critical for molecular subtyping,
prognosis evaluation, designing effective treatment strategies, and guiding neoadjuvant chemotherapy, playing a
pivotal role in the diagnosis and treatment of breast cancer®”. Estrogen receptor (ER) and progesterone receptor
(PR) are essential for assessing breast cancer prognosis and guiding hormone therapy, particularly for patients
with recurrent or metastatic breast cancer®’. Ki-67, a nuclear antigen indicating tumor cell proliferation, is
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associated with tumor malignancy. Consequently, it serves as a prognostic marker for early breast cancer and
aids in guiding chemotherapy for early-stage breast cancer!?-!2. Breast cancer is highly heterogeneous, leading
to varying responses to the same type of tumor treatment among different patients'>!%. HER-2, ER, PR, and Ki-
67 are associated with the expression of tumor heterogeneity. However, biopsy is an invasive examination that
provides only very limited information. Therefore, it is necessary to explore non-invasive quantitative methods
to predict the expression of biological characteristics in breast cancer.

T1 mapping enables the derivation of quantitative parameters based on Regions of Interest (ROI), such
as Tlmean, T1max, and Tlmin, which reflect tissue-specific pathophysiological changes. Relaxation time is
an intrinsic property of tissue, independent of sequence parameters. Previous studies have demonstrated that
T1 mapping exhibits excellent repeatability, reproducibility, and accuracy'>!6. This technique has shown high
diagnostic efficiency in differentiating benign and malignant lesions in the lung, kidney, parotid gland, and
liver!7-2!, Recent studies indicate that T1 values in synthetic MRI can distinguish between benign and malignant
breast lesions??~2°. However, some research suggests that T1 values may not statistically significantly differentiate
between benign and malignant breast lesions*”?%. Sensitivity to static field inhomogeneity and partial volume
effects can affect the accuracy of T1 values?. Additionally, severe B1 field variations during Variable Flip Angle
(VFA) scanning can result in significant T1 value errors between breasts. The B1-corrected T1 mapping technique
employs rapid low-angle excitation to acquire T1 maps, significantly reducing scan time while minimizing
the impact of Bl field inhomogeneity®’. At present, T1 mappping VFA technology is still in the early stage
of differentiating benign and malignant breast lesions, it is necessary to explore its potential in distinguishing
breast lesions. Therefore, we aimed to explore the effect of Bl-corrected T1 mapping on differentiation from
benign to malignant breast lesions and the prediction of the expression of biological characteristics (HER-2,
Ki-67, PR, ER) in breast cancer.

Subjects and methods

Subjects

This non-randomized, retrospective, and single-center study was performed according to the Declaration of
Helsinki https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/), and approved by the
Ethics Commission of Yuebei People’s Hospital (No. KY-2021-113). Informed consent was obtained from all
the participants. From December 2021 to January 2023, 480 patients (482 lesions) with suspected breast lesions
underwent T1 mapping MRI examination. Inclusion criteria: (1) female patients; (2) clinically diagnosed
breast lesions; (3) no history of breast surgery or chemotherapy before MRI examination; (4) agreement to
undergo T1 mapping scans; (5) absence of claustrophobia. Exclusion criteria: (1) the absence of pathological
results borderline tumors; (2) lack of imaging data; (3) unclear images; (4) lesions with a diameter smaller than
0.5 cmy; (5) borderline tumors. Patients were randomly assigned into two groups in a 2:1 ratio using the random
generator function in SPSS 27.0, with two-thirds of the cases in the training group and the remaining cases in
the validation group. The flow chart of patient selection was shown in Fig. 1.

MRI acquisition
All examinations were performed using a 3.0 T superconducting MRI system (Siemens MAGNETOM Vidal)
with an 18-channel phased-array breast surface coil. During the examination, the subject was positioned in
a prone position, with both breasts naturally suspended in the recesses of the breast coil. The Bl-corrected
T1 mapping sequence was added to the conventional clinical MRI protocol. The standard MRI sequences
included axial T1-weighted imaging (T1WI), axial T2-weighted imaging (T2WI), fat-suppressed T2-weighted
imaging, axial/coronal Dixon dynamic contrast-enhanced imaging, and axial diffusion-weighted imaging
(DWI). The parameters for DWI were as follows: repetition time (TR) =12,100 ms; echo time (TE) =68 ms; slice
thickness =5 mmy; field of view (FOV) =370 x 370 mm?; b values=0 and 1000 s/mm?; acquisition time=105 s.
Routine scanning was performed first, followed by dynamic contrast-enhanced scanning. A high-pressure
injector was used to rapidly inject 0.1 mmol/kg of gadopentetate dimeglumine injection (GD-DTPA) (Bayer
Medical Care Co., Ltd., Germany) through the elbow vein at a rate of 2 mL/s, followed by a rapid flush
with 20 ml of normal saline. Subsequently, dynamic contrast-enhanced MRI was performed using a fast
gradient echo sequence with the following parameters: TR=4.3 ms; TE=1.6 ms; slice thickness=1.4 mm;
FOV =360 x 360 mm?; acquisition time =650 s. VFA axial T1 mapping scans were performed both before and
7 min after contrast injection. The parameters were as follows: TR =5.2 ms; TE =2.39 ms; flip angles = 3° and 15°;
slice thickness =4 mm; FOV =300 mm x 300 mm; image matrix = 135 x 224; number of excitations = 1; receiver
bandwidth =300 kHz; and scan time=21 s.

Image analysis

Allimages were uploaded to an image viewer by the researchers. ROIs were first delineated on the axial T1 mapping
images, referencing DCE and DWT images. The ROI was manually delineated as a two-dimensional image on the
largest slice of the lesion. By referring to DCE MRI and DWI sequences, we avoided cystic and necrotic areas of
the lesion and delineated the solid components to reduce the impact of heterogeneity. Additionally, ROIs were
delineated by two radiologists to compare inter-observer and intra-observer consistency. The ROIs included
the largest possible solid part of the lesion, avoiding partial volume effects, large vessels, cystic necrosis, and
hemorrhagic areas. The T1an T T1 e T1,ean POSE-cONtrast enhancement (Tlmeame), T1min post-contrast
enhancement (T1mince), and T1max post-contrast enhancement (T1___ ) were automatically calculated for all
voxels within each ROI for each subject. The size of the lesion (maximum diameter) was measured and recorded
in the image viewer. These measurements were performed by two radiologists with 16 and 2 years of experience
in diagnosing breast lesions, who were blinded to the pathological results. One week later, the measurements
were repeated by the radiologist with 2 years of experience. The two radiologists discussed discrepancies in
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Fig. 1. The flowchart of patient enrollment.

measurements and reached a consensus. Additionally, the BI-RADS scores of breast lesions were extracted from
imaging reports. BI-RADS 3 and BI-RADS 4a were classified as benign (likely benign), while BI-RADS 4b, BI-
RADS 4c, and BI-RADS 5 were classified as malignant (likely malignant).

Pathologic assessment

The lesion specimens were independently analyzed by two pathologists using hematoxylin and eosin staining
and immunohistochemistry results. Any discrepancies in histopathological findings were resolved through
discussion. Based on the histopathological diagnosis of the breast lesions from the specimen sections, the
lesions were classified into two groups: benign breast lesions and malignant breast lesions. According to the
CSCO Breast Cancer Guidelines 2024, the detection criteria for HER-2 were as follows: samples with signals
of (+) and (-) were considered negative, while samples with signals of (+++) were considered positive. Samples
with (++) signals underwent further in situ hybridization; those showing gene amplification were defined as
positive, while those without gene amplification were defined as negative. The Ki-67 expression criteria were as
follows: samples were considered positive if > 14% of tumor cells showed positive staining; otherwise, they were
considered negative. For ER and PR status, samples were considered positive if>10% of tumor cells showed
positive staining; otherwise, they were considered negative.

The diagnostic efficiency assessment of the prediction models

Receiver operating characteristic (ROC) curve analysis was performed to calculate the area under the curve
(AUC), assessing the discriminative ability of the quantitative values for benign versus malignant breast
lesions and their predictive capability for breast cancer biological characteristics. The Youden index was used
to determine the optimal diagnostic cutoff points, and sensitivity and specificity were calculated. Diagnostic
predictive values were expressed by AUC, sensitivity, and specificity. Multivariate analysis was performed on
parameters identified as statistically significant in univariate analysis, using logistic regression to construct
combinations of statistically significant parameters and establish predictive models. ROC curves were plotted,
and the DeLong test was used to compare the diagnostic performance of the models. ROC curves for the models
were plotted, and the diagnostic performance of different models was validated.

Statistical analysis
All data analyses were conducted using SPSS version 27.0 software (IBM Corp., Armonk, NY, USA). Quantitative
parameters were presented as medians with interquartile ranges in parentheses. Intraclass correlation coefficients
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(ICCs) were calculated to assess the inter-rater reliability between the two radiologists (ICC=0.75 as strong,
0.4-0.75 as moderate, ICC<0.4 as weak). The Shapiro-Wilk test was used to determine if quantitative data
followed a normal distribution. If the data were normally distributed, an independent samples t-test was used
to evaluate differences in T1lmean, T1min, T1max, Tlmeance, T1lmince, T1lmaxce, AT1, AT1%, and T1mean/
Tlmeance between benign and malignant breast lesions and between breast cancer biological characteristics.
If the data were not normally distributed, the Mann-Whitney U test was employed. p <0.05 was considered
statistically significant.

Results

Clinical-pathological features

Among the 480 patients with suspected breast lesions who underwent MRI examinations (482 lesions), 116
cases were subsequently excluded. Of these, 20 cases were excluded due to a lack of surgical pathology results,
7 cases were borderline tumors, 55 cases lacked imaging data, and 34 cases had unclear images or small lesion
volumes. Ultimately, 366 lesions in 364 patients were analyzed, including a patient with bilateral breast cancer
and another patient with breast cancer in one breast and adenosis in the other. Of the 366 breast lesions, 244 were
malignant, including 24 of ductal carcinoma in situ, 200 of invasive ductal carcinoma, 3 of mucinous carcinoma,
11 of lobular carcinoma, 2 of metaplastic carcinoma, 1 of malignant phyllodes tumor, and 3 of invasive papillary
carcinoma (Table 1). There were 122 benign lesions, including 15 fibroadenomas, 14 inflammatory lesions,
69 adenosis, 4 benign phyllodes tumors, 18 intraductal papillomas, 1 adenomyoepithelioma, and 1 mucinous
cystadenomatoid lesion (Table 1). There were 244 patients in the training group and 122 in the validation group.
The training group included 156 malignant and 88 benign lesions, while the validation group comprised 88
malignant and 34 benign lesions (Table 1). Figures 2 and 3 showed the representative images of benign and
malignant breast lesions.

Consistency testing
The inter-rater ICC values for the quantitative measurements of T1 . T1 ., T1 ., T1__ . T1 . . and
T1 were 0.976, 0.833, 0.955, 0.905, 0.803, and 0.974, respectively, as measured by the two radiologists. One

maxce
week later, the intra-rater ICC values for the radiologist with 2 years of breast diagnosis experience were 0.970,

Parameters Values Percentage (%)

Benign tumors
Age (years old) 51.29+9.914"
Max diameter (cm) 2.1(1.5)"

Histologic result (no.)

Fibroadenoma 15 4
Inflammatory lesions 14 3
Adenosis 69 18
Benign phyllodes tumor 4 1
Intraductal papilloma 18 4
Adenomyoepithelioma 1 0.2
mucinous cystic lesion 1 0.2

Malignant tumors

.

Age (years old) 46.03 +8.804

Max diameter (cm) 1.0 (0.8)"
Histologic result (no.)

Situ carcinoma 24 6
Invasive ductal carcinoma 200 54
Mucinous carcinoma 3 0.8
Lobular carcinoma 11 3
Metaplastic carcinoma 2 0.5
Malignant Phyllodes tumor | 1 0.2
Invasive papillary carcinoma | 3 0.8
BIRADS

2 4 1

3 53 14
4a 50 13
4b 37 10
4c 81 22
5 141 38

Table 1. General characteristics. *, data are mean + standard deviation. ™, median (interquartile distance).
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Fig. 2. A 44 years old female was diagnosed as right breast invasive breast cancer by needle biopsy. (A)
Enhanced image, a lobulated mass in the right breast with uniform enhancement and clear border; (B) B1
corrected T1 map and its parameters; (C) B1 corrected T1mapping and parameters after GD contrast agent
injection; (D) Dynamic Contrast Enhancement Time Intensity Curve (TIC): outflow type, rapid rise in the
early stage and rapid decline later; (E) Pseudocolor plot of B1 corrected T1 map. (F) Pseudocolor plot of B1
corrected T1 map after GD contrast agent injection.

Fig. 3. A 38 years old female was diagnosed as right breast adenosis by needle biopsy. (A) Enhanced image,
an elliptocytosis mass in the right breast with uniform enhancement and clear border; (B) B1 corrected
T1map and its parameters; (C) B1 corrected T1 mapping and parameters after GD contrast agent injection;
(D) Dynamic Contrast Enhancement Time Intensity Curve (TIC): Inflow type; (E) Pseudocolor plot of B1
corrected T1 map. (F) Pseudocolor plot of B1 corrected T1 map after GD contrast agent injection.
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Values Malignant Benign Pvalue | Pvalue (95%CI) (Multivariatel)
T1 can 1640.7(551.8) | 1313.5(554) | <0.001

T1 928.5(347) 897.5(422) 0.650

T, 2245(991.5) | 1716(774) | <0.001

T1, e 444.5(105.6) | 479.5(170) | 0.001

TL 325(81.7) 389(145) <0.001 | <0.001 (1.117-1.411)
TL . 616.5(239.8) | 635.5(310) | 0.169

AT1 1154.9(501.1) | 783(593.8) <0.001

AT1% 0.72(0.09) 0.61(0.24) <0.001 | 0.003 (0.984-0.997)
Max diameter | 2.1 (1.5) 1.0 (0.8) <0.001 |0.025(1.033-1.648)
Age* 51.29+9.914 |46.03+8.804 | <0.001 | <0.001 (1.056-1.124)

Table 2. Parametric statistics for identifying benign and malignant lesions. Data are expressed as median

(interquartile distance); *, mean + standard deviation. AT1=T1__ /T1__  <AT1% =(T1_, /T1__ 3/
T o0
Value | AUC(95%CI) Sensitivity | Specificity
Tl,.. |0.709(0.652-0.766) | 0.721 0.648
Tl | 0.743(0.689-0.796) | 0.607 0.779
1, ance | 0-604(0.540-0.668) | 0.955 0.238
T1, e | 0-716(0.658-0.775) | 0.803 0.549
AT1 0.737(0.680-0.795) | 0.824 0.582
AT1% | 0.732(0.673-0.792) | 0.873 0.557
Table 3. Diagnostic efficacy of T1 values between malignant and benign lesions. AT1=T1__ /T1 = - AT1%

=(T1__ /T1 )/T1

mean meance mean’

iy
Sensiivity

1.-Specificity
A B C
Fig. 4. Receiver operating characteristic (ROC) curve analyses of univariable analyses (A, B) and multivariable

analyses (C). AT1=TImean-T1meance; AT1% =(T1mean-T1meance)/T1mean.

0.962, 0.877, 0.938, 0.896, and 0.910, respectively. Excellent inter-rater and intra-rater consistency was observed
across the different T1 metrics.

T1 values in differentiating breast lesions

T1, .n and AT1 passed the normality test, while Tl Tlmin, T1_ ,T1__ and T1 e did not. Mann-
Whitney U tests showed that Tlmean, Tlmax, AT1, AT1% and Tlmem/Tlmeance in the malignant breast lesion
group were higher than those in the benign lesion group, while the T1_  and T1_. _ values were lower
in the malignant breast lesion group (Table 2). ROC curve analysis revealed that AUC for T1_,_ was the
highest (AUC =0.743), followed by AT1 (AUC=0.737), T1 _ /T1 (AUC=0.735), AT1% (AUC=0.732),

mean meance
T1, ;e (AUC=0.716), and T1 (AUC=0.709) (Table 3). The specificities of T1 T1 T1

mean mean’ max’ meance’ Tlmince’
AT1, AT1% and T1lmean/T1meance were 0.648, 0.779, 0.238, 0.549, 0.582, 0.557 and 0.566 respectively, with
sensitivities of 0.712, 0.607, 0.995, 0.803, 0.824, 0.873 and 0.873 respectively. Tlmax had the highest specificity,

while T1meance had the highest sensitivity (Table 3).

Application of models in differentiating breast lesions
Univariate analysis showed that T1__ ., T1 ., T1 - Tl ., AT1, AT1%, T1 . /T1 . . maximum
diameter, age, and BI-RADS classification were statistical different in differentiating from benign to malignant

breast lesions (p<0.05, Fig. 4). Multivariate analysis showed that AT1%, age, and BI-RADS classification were
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Values | AUC(95%CI) Sensitivity | Specificity
Model 1 | 0.954(0.927-0.980) | 0.975 0.861
Model 2 | 0.750(0.692-0.808) | 0.824 0.590
Model 3 | 0.932(0.897-0.967) | 0.967 0.861
Model 4 | 0.893(0.851-0.936) | 0.967 0.820

Table 4. Diagnostic efficacy of predict models between malignant and benign lesions. Model
1 =age + maximum diameter + BIRADS + T1mince + AT1% ; Model 2=T1mince+ AT1% ; Model 3 =BI-
RADS + T1mince + AT1% ; Model4 =BIRADS.

Training validation Validation groups
Model

Variables Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 4

0.936 0.730 0.909 0.869 0.799 0.939
AUC (95%CI) | (0.898- (0.657- (0.860- (0.812- 0.993 (0.983-1.000) | (0.708- 0.984 (0.962-1.000) | (0.882-

0.975) 0.803) 0.958) 0.926) 0.890) 0.996)
Sensitivity 0.963 0.834 0.951 0.963 0.963 0.840 0.975 0.975
Specificity 0.825 0.587 0.825 0.775 0.976 0.683 0.951 0.902
Accuracy 0.910 0.770 0.910 0.900 0.975 0.795 0.967 0.951
F1 score 0.910 0.740 0.910 0.900 0.975 0.775 0.967 0.951

Table 5. Diagnostic efficacy of B1 corrected T1 mapping in both the training and validation groups.

1 - Specificity 1 - Specificity

A B

Fig. 5. Receiver operating characteristic (ROC) curve analyses of the training validation groups (A) and
validation groups (B).

independent risk factors. Four prediction models were established based on these parameters, namely Model 1
(BIRADS classification, age, and AT1%), Model 2 (BI-RADS classification and age), Model 3 (age and AT1%),
and Model 4 (BI-RADS classification and AT1%). ROC analysis showed that the AUC values for Models 1, 2, 3,
and 4 were 0.952, 0.936, 0.809, and 0.925 respectively (Table 4). Models 1, 2, and 4 had significantly higher AUC
values than Model 3 (Z=6.72, p<0.001; Z=4.98, p<0.001; Z=-4.76, p<0.001), and Model 1 had a significantly
higher AUC value than Model 4 (Z=3.03, p=0.002). There were no statistically significant disparities in AUC
values between Models 1 and 2, as well as Models 2 and 4. In the training and validation groups, Model 1 showed
the best diagnostic efficacy in differentiating between benign and malignant breast lesions, with AUC of 0.950
and 0.957, sensitivity of 0.974, 0.864, and specificity of 0.977 and 0.882, respectively. Model 4 had the highest
specificity in discriminating from benign to malignant breast lesions, with the specificities of 0.864 and 0.912,
respectively (Table 5; Fig. 5).

T1 values in biological features of breast cancer
Tlmean, Tlmax, Tlmeance, Tlmme, and AT1 can differentiate HER-2 positive and negative groups in breast cancer,
with the HER-2 positive group exhibiting higher T1 values than the HER-2 negative group. Significant disparities

were found between Ki-67 positive and negative groups regarding T1, 0w Tlmax, T1,,, T1 T1 , and

i meance’ maxce
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Her-2 Ki-67 PR ER
Items | P AUC (95%CI) P AUC (95%CI) P AUC (95%CI) P AUC (95%CI)
0.619

Tl | 0.004 | 0.614(0.542-0687) |0.008 | ("33 0 0.066 0.250

T, ~ |0220 0.015 | 0.609 (0.526-0.693) | 0.273 0.656

Tl |0.046 |0.578(0.504-0.653) | 0.034 | 0.595 (0.504-0.685) | 0.443 0.799

T1,.c | 0005 | 0.611(0.536-0.685) | 0.001 | 0.654 (0.573-0.735) | 0.070 0.095

T1 . . |0.561 0.950 0.997 0.808

T1, e | <0.001 |0.673(0.599-0.747) | <0.001 | 0.695 (0.620-0.769) | 0.012 | 0.601 (0.524-0.678) | 0.005 | 0.623 (0.536-0.710)
AT1 0.024 |0.588(0.514-0.662) | 0.034 | 0.595 (0.508-0.683) |0.121 0.347

AT1% | 0.610 0.896 0.787 0.982
Table 6. B1 corrected T1 mapping about the expression of HER-2, Ki-67, PR and ER. AT1=T1_ -T1 .

% = -

ATI A) _(Tlmean Tlmeance)/Tlmean'

2" z

2 H

: §

3, :

Timaxce
Timax
*% o s o 0 : z
1 - specificity 1- specificity
A B

Fig. 6. Receiver operating characteristic (ROC) curves of the Her-2(A), Ki-67(B), PR(C) and ER(D).
AT1=TIlmean-T1lmeance; AT1% =(T1mean-T1meance)/T1mean.

AT1 values, with the Ki-67 positive group showing higher values than the negative group. T1 . can differentiate
PR positive and negative groups, as well as ER positive and negative groups. Specifically, the T1___ were lower
in the ER positive and PR positive groups compared to the ER negative and PR negative groups. In HER-2
positive and negative groups, AUC (T1_, )>AUC(T1 . )>AUC(T1__ )>AUC (AT1)>AUC(T1_ ). In
Ki-67 positive and negative groups: AUC (T1maxce) >AUC (T1__, )>AUC (T1_,, )>AUC (T1_, )>AUC
(T1,,,)=AUC (AT1). The AUC values for T1____ in the ER positive and negative groups, as well as PR positive

and negative groups, were 0.623 and 0.601 (Table 6; Fig. 6).

Discussion
The differentiation of benign and malignant breast lesions has always been a clinically significant issue.
Determining the biological characteristics of breast cancer facilitates precision treatment based on the lesion’s
molecular subtype. In this study, we utilized B1-corrected T1 mapping to quantitatively evaluate breast lesions,
transforming the subjective assessment of different tissues by conventional MRI into quantitative and objective
evaluation. We found that T1 ., T1 ., TL . . ATl, AT1% and T1__ /T1 . demonstrated excellent
diagnostic efficacy between benign and malignant breast lesions, with further improvement in diagnostic
performance when combined with age and BI-RADS classification. Regarding the biological characteristics of
breast cancer, T1__ ,T1__,T1 » T1 oo @nd AT1 could predict HER-2 expression. T1 T1 ., Tl

mean max’ eance mean’ min max’

T1, ance Tl axce @nd AT could predict Ki-67 expression. T1___ . could predict PR and ER expressions. B1-
corrected T1 mapping may be used to supplement preoperative biopsy.

Currently, commonly used T1 mapping techniques in breast imaging include Look Locker and VFA?2%,
The Look Locker technique, based on inversion recovery, is insensitive to static field inhomogeneities (with
a measurement deviation of less than 5% for T1), but it has low spatial resolution and long acquisition times.
VFA, on the other hand, acquires T1 images using at least two different flip angles and enables single-breath-
hold acquisition with higher spatial resolution. However, VFA is highly sensitive to motion due to the small flip
angles used and is susceptible to B1 field inhomogeneities. In this study, the small-angle flip technique and B1
field correction were utilized to mitigate the effects of B1 inhomogeneities, which significantly improved image
quality and the accuracy of quantitative measurements. Additionally, acquisition times were greatly reduced,
enhancing the feasibility and reproducibility of the study.
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The T1 value is an intrinsic property of substances that reflects physiological changes within lesions and is
related to parameters such as macromolecule concentration and water content in tissues®*>. In this study, T1 ___ ,
T L T1 LT s AT1, AT1%, and the T/ T1 eance Tatio were found to be statistically significant in
distinguishing between benign and malignant breast lesions. This finding is consistent with previous studies, in
which pre-contrast T1 . can effectively differentiate between benign and malignant breast lesions**~**. Among
the pre-contrast quantitative T1 values, malignant lesions exhibited higher T1 values compared to benign
lesions, likely because the T1 relaxation time reflects the energy transfer between the nuclei of the spin group
and the surrounding external environment. In malignant breast tumors, the extracellular matrix associated with
cellular necrosis is more abundant, particularly in rapidly growing and highly malignant tumors, leading to
longer T1 relaxation times.

Additionally, deoxyhemoglobin levels are higher in malignant tumors compared to benign lesions
Oxygen, having a paramagnetic effect, shortens the T1 relaxation time. Therefore, the T1 relaxation time is
longer in malignant lesions than in benign ones. Li et al. demonstrated that the post-contrast T1 standard
deviation is statistically significant?®. Although we did not analyze the T1 standard deviation, we found that
T1,.., values in malignant lesions were significantly lower than those in benign lesions. This is likely because
post-contrast T1 values reflect the concentration of contrast agent in the extracellular space**. The high blood
flow and rapid passage of contrast agent in malignant lesions, due to extensive neovascularization, result in
shorter retention times and lower extracellular concentrations. In this study, we observed that AT1 and AT1%
were greater in malignant tumors compared to benign tumors, which is consistent with the findings of Matsuda
et al*? and He et al.?>. AT1 and AT1% represent changes in contrast agent concentration within the tumor,
indirectly reflecting the different hemodynamic characteristics of the lesions. In malignant tumors, faster tumor
growth requires more nutrients, leading to increased angiogenesis and faster contrast agent passage through the
tumor, resulting in higher AT1 and AT1%. Although AT1 and AT1% may indicate the malignancy of the tumor,
further validation is needed. On the other hand, other studies have suggested that quantitative T1 values cannot
distinguish between benign and malignant breast lesions?”?%, which contradicts our findings. This discrepancy
may be attributed to differences in the total sample size and the proportion of pathological subtypes of benign
and malignant lesions. This may be associated with factors such as the proportions of pathological subtypes of
benign and malignant lesions, ROI contouring methods, and inclusion/exclusion criteria, which can be analyzed
by establishing subgroups and comparing different ROI contouring methods.

Model 1 (BIRADS classification, age, and AT1%) demonstrated the optimal diagnostic performance. BIRADS
classification assesses the benign and malignant breast lesions by morphology, margins, growth patterns,
and enhancement patterns; it is associated with the diagnosing physician’s experience and thus exhibits high
subjectivity when used alone. AT1% is a quantitative parameter that accurately reflects hemodynamic changes
in benign and malignant lesions, but it is susceptible to the influence of lesion heterogeneity. The age range of
patients included in this study was concentrated between 43 and 56 years, which corresponds to the peak age of
breast cancer incidence in Asian women, and breast cancer incidence is positively correlated with age. The AUC
value of the combined model of these three parameters was higher than that of single-parameter models, thereby
improving the accuracy of differential diagnosis between benign and malignant lesions.

In this study, all cases were randomly divided into a training group and a validation group in a 2:1 ratio.
Statistical analysis of T1 values in the training and validation groups was conducted, resulting in a predictive
model that demonstrated good stability in distinguishing between benign and malignant breast lesions. To
enhance the reliability and reproducibility of the study, inter-rater and intra-rater ICC were performed, showing
excellent consistency among various quantitative values. The ICC values for Tlmm, Tlmax, Tlmince’ and Tlmaxce
were lower than those for T1 meanand T1__, .. This discrepancy may be attributed to manual errors by different
clinicians when delineating the ROIs for T1 and T1 ,,asTL and T1,, are individual pixel values.

In our study, T1mean, T1min, T1max, Tlmeance, T1maxce, andAT1 are statistically significant in predicting
Ki-67 expression. The pre-contrast T1mean, T1min, and T1max in the Ki-67(+) group were higher than those in
the Ki-67(-) group, which is consistent with the findings reported by Matsuda M et al.*”-*%, Ki-67 plays a central
role in structuring chromosomes throughout the mitotic cell cycle and is closely associated with the degree
of cellular proliferation®-*!. Ki-67(+) suggests accelerated protein synthesis and increased macromolecular
density, resulting in prolonged T1 relaxation times. The higher Tlmeance and T1maxce in the Ki-67(+) group
compared to the Ki-67(-) group. This may be due to the enhanced angiogenesis ability of epithelial cells in Ki-67
(+) lesion*?, which accelerats contrast agent extravasation and washout kinetics. The structural heterogeneity
of malignant lesions may also contribute to this effect, as necrotic regions within the inner capsule reduce the
local concentration of contrast agent through dilution. The higherAT1 values in the Ki-67(+) group compared
to the Ki-67(-) group. Ki-67(+) may indicate higher-grade malignancies. Ki-67(+) may correlate with higher
grade malignancies due to their elevated vascular density and permeability, which enhance peak contrast
enhancement. Tlmean, T1max, T1meance, T1maxce, andAT1 were statistically significant in predicting Her-
2 expression in our study. The pre-contrast Tlmean, T1max in the Her-2(+) group were higher than those
in the Her-2(-) group. HER-2 primarily regulates cell proliferation, differentiation, and apoptosis through the
PI3K/AKT signaling pathway while also stimulating tumor angiogenesis***%. Her-2(+) status enhances cellular
proliferation and differentiation within the lesion, which exhibits the highest degree of mucin necrosis and
consequently elevated T1 values. The pre-contrast T1mean, T1max and AT1 in Her-2(+) group were higher than
those in Her-2(-) group. It may be related to the growth of neovascularization in the lesion and the retention
time of contrast agent in the lesion. T1maxce was statistically significant in predicting ER and PR expression
in our study. Compared with ER (-) group, Tlmaxce was lower in ER (+) group, which was consistent with
the result of PR group. Estrogen receptors suppress vascular endothelial growth factor overexpression, slowing
neovascularization in the lesion®®. It decreases contrast agent extravasation into the tumor microenvironment,
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ultimately lowering T1 value. Progesterone receptor expression depends on estrogen. Progesterone receptor can
inhibit cell proliferation®®, which decreases T1 value.

This study also has several limitations. Firstly, it is a single-center study. T1 values were acquired using a single
MRI scanner, specific scanning parameters may cause T1 values to be dependent on the device. Additionally,
the study population drawn from the same region with regional bias, due to regional lifestyle and environmental
factors, which could constrain the study generalizability. They may influence the diagnostic accuracy and
predictive capacity of T1 values. The reproducibility of our results needs to be further tested by multicenter
studies. Thirdly, there may be heterogeneity in observed lesion size on the same slice among different MRI
contrasts, and manual delineation of ROIs may incur deviations. In this study, inter-group measurements were
repeated by two radiologists and consistency was assessed. Moreover, we delineated 2D ROIs on the slice where
the lesion appeared largest. The 3D ROI would better reflect the overall condition inside the entire lesion. We
plan to address this issue in future studies. Finally, device dependence is a limitation of this study. Next, we plan
to improve the stability of the model by collecting cases from multiple hospitals in different regions and compare
the impact of different devices on the discriminative efficacy of quantitative parameters.

Conclusion

In conclusion, the Bl-corrected T1 mapping technique has great potential in differentiating benign and
malignant breast lesions and predicting tumor markers in breast cancer. T1__, ,T1 . T1__ ,andT1 .  can
serve as markers for the preliminary diagnosis of breast lesions, and the models can enhance diagnostic efficacy.

T1 can predict the expression of biological characteristics of breast cancer, optimizing clinical treatment
maxce

strategies for breast cancer. Further validation is needed through multicenter studies with larger sample sizes.

Data availability
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able request.
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