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Background: Suspicious breast lesions [Breast Imaging Reporting and Data System (BI-RADS) category
4 or 5] detected only by magnetic resonance imaging (MRI) and invisible on other initial imaging modalities
(MRI-only lesions) are usually small and poorly characterized in previous literature, thus making diagnosis
and management difficult. This study aimed to investigate the clinical significance of quantitative apparent
diffusion coefficient (ADC) metrics derived from conventional diffusion-weighted imaging (DWI) on
evaluating MRI-only lesions.

Methods: A total of 90 suspicious MRI-only lesions were evaluated, including 51 malignant and 39 benign
lesions. Morphological and kinetic characteristics of all lesions (termed BI-RADS parameters) were described
according to the BI-RADS lexicon on dynamic contrast-enhanced (DCE) imaging. Minimum, maximum,
and mean ADC values (ADC,;,, ADC,,,,, ADC,,.,,) were obtained by measuring the ADC map of DWIL.
ADCeierogencity Was then obtained by the following formula: ADCyerogenciy = (ADC,,,, = ADC,,;,)/ADC,,,.
Diagnostic performance of these parameters was assessed and compared using the receiver operating
characteristic (ROC) curve.

Results: Of the 90 MRI-only lesions, there were 45 masses and 45 non-mass lesions. Among BI-RADS
parameters, only two different kinetic patterns were significantly different between benign and malignant
groups (P=0.005 and P<0.001, respectively). The area under the ROC curve (AUC) of combined significant
ADC parameters (ADC,;,, ADC,,...,, and ADC,,,,, all P<0.001) was significantly higher than that of the
two different kinetic patterns (P=0.006 for both). For MRI-only masses, only ADC,,,, and ADC,,,,, among
all BI-RADS and ADC parameters, had diagnostic value (combined AUC =0.833). For non-mass lesions,
size, distribution, ADC,;,, and ADC,,.,, were significantly different between benign and malignant groups
(P=0.004, P<0.001, P=0.001, and P<0.001, respectively). In addition, ADC,,,, had the highest diagnostic

performance among all ADC parameters, regardless of mass or non-mass (AUC =0.825 and 0.812,

miny

respectively). ADCierogenciy Showed no significant differences, no matter in mass or non-mass groups (P=0.62
and 0.43, respectively).

Conclusions: In differentiating MRI-only suspicious lesions, quantitative ADC metrics generally
performed better than BI-RADS parameters, and ADC,,,, is still the best ADC parameter to distinguish
MRI-only lesions.
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Introduction

Breast magnetic resonance imaging (MRI), as a functional
imaging technique, shows the highest sensitivity (96%) for
detecting breast cancer and has become an indispensable
imaging modality for detecting breast lesions (1).
Consequently, breast MRI can detect suspicious breast
lesions yet undetected by mammography and ultrasound.
Breast Imaging Reporting and Data System (BI-RADS),
proposed by the American College of Radiology (ACR) (2),
has been widely used in breast MRI. It applies categories 0
to 6 for the final assessment and breast lesions designated
as suspicious for cancer (i.e., BI-RADS category 4 or 5)
require further pathologic examination. Herein, we defined
breast lesions of category 4 or 5, visible on breast MRI but
not detected by initial mammography and ultrasound, as
“MRI-only” breast lesions.

Such lesions are often small, poorly characterized in
literature and lack typical morphologic features, making
decision-making and clinical management difficult. Second-
look ultrasound (SLU) is primarily suggested for their
biopsy. However, the detection rate of SLU is variable,
ranging from 50.7% to 69% (3-5), due to differences in
physician experience and equipment limitation. Therefore,
MRI-guided vacuum-assisted breast biopsy (VABB) was
required for histological verification for lesions undetected
by SLU. Although magnetic resonance (MR)-guided
VABB is a valuable and safe technique (6), it presents a
range of issues. MRI-compatible biopsy system is relatively
expensive and not readily available. Furthermore, operation
of breast MRI-guided biopsy is complex and time-
consuming, requiring high expertise of the operator. The
positive predictive value (PPV) of MRI-guided biopsy is less
than 50% (7). This suggests that almost half the patients
received unnecessary invasive biopsies for MRI-only lesions.
Therefore, non-invasively and precisely diagnosing MRI-
only lesion to avoid unnecessary biopsy is of great clinical
significance.

Diffusion-weighted imaging (DWI), as a non-invasive
non-enhanced MRI technique, has been increasingly
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incorporated into conventional MRI protocols (8).
Apparent diffusion coefficient (ADC) derived from
DWTI can quantitatively analyze water diffusion in the
microenvironment of breast tumors (8). Lots of previous
studies confirmed its value in detection, differentiation,
prognosis and efficacy evaluation of breast lesions (9-11).
However, few studies (12,13) investigated DWI sequences
in diagnosing MRI-only lesions. Spick ez /. (12) evaluated
the role of DWI in MRI-only breast lesions and found that
additional application of DWI in MRI-only lesions could
prevent false positives and reduce unnecessary biopsies. In
recent years, some scholars noticed the role of quantitative
ADC metrics on breast lesion differentiation. Texture and
radiomic analysis based on ADC maps can quantitatively
differentiate benign from malignant tumors and have
been demonstrated to provide information about the
heterogeneous biology of breast cancer but are limited by
technical standardization and complex, time-consuming
postprocessing (14,15). Consequently, a more direct and
general method for clinical use is warranted. Kim et a/. (16)
proposed a quantitative assessment of heterogeneity
in ADC values (i.e., ADC,,,, ADC,,,, ADC,..., and
ADCierogenciry) and stated that these metrics could provide
biological clues to molecular subtypes of breast cancer. Can
the straightforward method of measuring ADC,eogencity
have some added value for further discriminating MRI-
only breast lesions? Therefore, in our current work, we
quantitatively assessed the heterogeneity of ADC values
in addition to ADC,,,,, aiming to further explore the
diagnostic value of conventional DWI sequences for MRI-
only lesions. We present this article in accordance with
the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-331/rc).

Methods
Study population

This retrospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013) and
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Table 1 DWI and DCE protocol

Parameters DWI DCE

Sequence Single-shot spin-echo-echo-planar imaging Three-dimensional fast spoiled gradient echo
TR (ms) 7,000 5/7.08

TE (ms) 60 3/3.56

Flip angle (°) 90 10

FOV (mm?) 340x340 320x320/340x340

Matrix 160x96 384x256

Voxel size (mm®) 2.1x3.5x3.0 0.8x1.3x2.0/0.9x1.3x2.0

ST (mm) 3.0 2.0

No. of sections 48 96

Fat suppression
Phases NA
b values (s/mm?) 50, 1,000
Averages 2 (b=50), 7 (b=1,000)

Diffusion mode 3-scan trace

Frequency selection saturation

Spectral selected attenuated inversion recovery
1 pre-contrast and 7 post-contrast
NA
NA
NA

DWI, diffusion-weighted imaging; DCE, dynamic contrast-enhanced; TR, repetition time; TE, echo time; FOV, field of view; ST, section

thickness; NA, non-applicable.

was approved by the Institutional Review Board of Beijing
Hospital (No. 2022BJYYEC-388-01). The requirement
for written informed consent was waived due to the
retrospective nature of the study. Between January 2018
and December 2021, 1,485 female patients who underwent
breast MRI at our hospital were enrolled. The inclusion
criteria for this study were: (I) breast lesions evaluated
as BI-RADS category 4 or 5 on MRI and confirmed
pathologically; (II) imaging and pathology data are complete
and available; and (III) negative initial mammographic and
ultrasound findings. A total of 99 patients with 112 lesions
were included in the study. We excluded the following
patients: (I) who were biopsied or treated before MRI
examination (n=6); (II) who lacked DWI sequence in the
scan protocol (n=2) or whose lesions were invisible on DWI
(n=10). Finally, a total of 81 patients with 90 lesions were
included in the study.

MRI acquisition

MRI breast examinations were performed on 3.0T MRI
(Discovery 750; GE Medical Systems, GE HealthCare,
Anaheim, CA, USA) using a dedicated 8-channel phased-
array breast coil. MRI studies used state-of-the-art breast
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MRI acquisition protocol, including fat-suppressed T2-
weighted fast spin-echo sequence, DWI with ADC maps
and fat-suppressed T'1-weighted sequences before and after
intravenous gadolinium-based contrast agents for dynamic
contrast-enhanced (DCE) imaging with an injection rate of
2.5 mL/s (Tuble 1).

MRI interpretation and measuvements

All cases were randomized and were reviewed on the MRI
postprocessing workstation (AW4.6, GE HealthCare) by
two radiologists (with 10 and 15 years of experience in
breast MRI diagnosis, respectively) who independently
interpreted the MRI characteristics of MRI-only lesions and
were blinded to the clinical and pathological information.
In case of disagreement, discussion between the two readers
was performed to reach a consensus.

DCE evaluation

According to the 2013 version of BI-RADS MRI lexicon,
the following morphological features were evaluated: for
masses, size (the longest diameter), shape (oval or round/
irregular), margin (circumscribed/not circumscribed), and
internal enhancement (homogeneous/heterogeneous or rim
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enhancement); for non-mass enhanced lesions, distribution
(focal/others) and internal enhancement (homogeneous/
heterogeneous or others).

Kinetic features of all lesions were assessed by time-
intensity curve (TIC). TIC was generated from dynamic
series using Functool Software (AW4.6, GE HealthCare)
and was categorized into three types: plateau, persistent, and
washout. The two radiologists manually and independently
drew a region of interest (ROI) between 2 and 4 mm’ on
the brightest enhanced area, avoiding bleeding and necrotic
regions.

The above morphological and kinetic characteristics
were termed BI-RADS parameters.

DWI analysis
ADC maps were generated from DWI. Using T2-weighted
imaging and DCE images as reference, the radiologists
visually identified hyperintensity on DWI images with high
b-value corresponding to the enhancing lesions on DCE.
Subsequently, two-dimensional (2D) ROIs were manually
delineated around the tumor contours at the slice of largest
cross-sectional area of the lesion on ADC maps while
avoiding bleeding, necrosis, cystic areas and tumor margin.
ADC values for each ROI were calculated based on pixels.
Finally, the minimum, mean, and maximum ADC values
from each ROI were recorded as ADC,,,, ADC,...., and
ADC,,,.. ADC,erogeneity Was calculated using the formula (16):
ADC = (ADCmax -ADC, )/ADCmean (1]

heterogeneity

Hereafter? ADCmim ADCmeam ADCmux? and ADCheterogeneity
were generally called ADC parameters.

Reference standard

For these 90 MRI-only lesions, SLU was subsequently
performed. If SLU failed to detect the lesion, open surgery
directed by the lesion location and depth on MRI was
performed to obtain and remove the pathologic tissue.
Intraoperative fast frozen pathology was applied for tissue
confirmation. For patients with nipple discharge, methylene
blue dye was injected into lactiferous duct through nipple to
assist surgery during operation.

Two experienced pathologists evaluated the pathological
specimens in consensus. According to pathological findings,
the lesions were divided into two groups: benign and
malignant.
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Statistical analysis

All statistical analyses were performed using IBM SPSS
version 26 (IBM, Chicago, IL, USA) and MedCalc version
15.6.1 (MedCalc Software bvba, Ostend, Belgium). A
P value <0.05 (two-tailed) was considered statistically
significant. Correction for multiple comparisons was
performed using a Bonferroni correction, and P values
<0.0042 adjusted with the Bonferroni method were
considered significantly different.

Continuous variables were presented as means + standard
deviations, while categorical variables were presented as
frequency. Univariate analysis was performed using the
chi-square test or Fisher’s exact test to compare qualitative
variables between benign and malignant lesions. For
comparing quantitative variables, Kolmogorov-Smirnov
test was used to evaluate the normality of distribution, and
the Student’s #-test or Mann-Whitney U test was applied to
assess statistical differences between the two pathological
groups. Based on the significant qualitative or quantitative
variables identified by univariate analysis, receiver operating
characteristic (ROC) curves were generated using logistic
regression models to obtain the area under the ROC curve
(AUC) and, furthermore, the sensitivity and specificity at
the best cut-off point were determined by identifying the
maximum Youden’s index.

Results
Basic characteristics of patients and breast lesions

Patient selection protocol is presented in Figure 1. The
age of patients was 50.9x11.0 (range, 29-72) years, and the
size of lesions was 17.5£16.4 (range, 4-77) mm. Methods
of obtaining pathology include SLU-guided biopsy (n=37),
MRI-directed surgery (n=50), and methylene blue-assisted
surgery (n=3). Nine patients had two lesions, of whom four
had two benign lesions in the ipsilateral breast, two had two
malignant lesions in ipsilateral breast, two had one benign
lesion in each breast, and one had a benign lesion in one
breast and a malignant lesion in the other.

Tuble 2 presents the histopathologic information of MRI-
only breast lesions. Two representative cases of MRI-only
lesions are shown in Figures 2,3.

BI-RADS parameters of MRI-only lesions

Table 3 shows the results of univariate analysis of all BI-
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January 2018 and December 2021 were enrolled

[ A total of 1,485 female patients who underwent breast MRI between ]

Y

[confirmed pathologically

(I) Breast lesions evaluated as BI-RADS category 4 or 5 on MRI and

| n=495
Y

((II) Imaging and pathology data are complete and available

| n=482
Y

(1) Negative initial mammographic and ultrasound findings

)

() Who were biopsied or treated before

MRI examination (n=6)
(I) Who lacked DWI sequence in the scan

Y

protocol (n=2) or whose lesions were
invisible on DWI (n=10)

[ 81 patients with 90 lesions were finally included in the study j

Figure 1 Flow diagram of patient selection process. MRI, magnetic resonance imaging; BI-RADS, Breast Imaging Reporting and Data

System; DWI, diffusion-weighted imaging.

RADS parameters.

For all lesions, there was no significant difference in
tumor size between benign and malignant lesions (14.8+14.2
vs. 19.6+17.8 mm, P=0.16). When washout pattern was
defined as malignancy, there was significant difference
in kinetic pattern between benign and malignant lesions
(P=0.005) with AUC of 0.650 [95% confidence interval
(CI): 0.542, 0.748], sensitivity of 60.78%, specificity of
69.23%, PPV of 0.721, and negative predictive value (NPV)
of 0.574. When washout or plateau patterns were defined
as malignancy, there was significant difference in kinetic
pattern between benign and malignant groups (P<0.001),
resulting in AUC, sensitivity, specificity, PPV, and NPV of
0.673 (95% CI: 0.566, 0.768), 96.08%, 38.46%, 0.671, and
0.882, respectively.

In mass lesions, our results revealed that MRI findings of
mean size, shape, margin, and internal enhancement were
not significantly different between benign and malignant
lesions (P=0.07-0.85).

In non-mass lesions, there was significant difference
in distribution between benign and malignant lesions
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(P<0.001), resulting in AUC of 0.620 (95% CI: 0.464,
0.761), sensitivity of 74.07%, specificity of 50.00%, PPV
of 0.690, and NPV of 0.562. The mean sizes between
benign and malignant non-mass lesions had significant
difference (23.5+17.3 vs. 30.4+18.6 mm, P=0.004) with
AUC, sensitivity, specificity, PPV, and NPV of 0.738 (95%
CI: 0.585, 0.857), 70.37%, 77.78%, 0.676, and 0.636,
respectively. Combining tumor size and distribution, a BI-
RADS model was generated, in which AUC was 0.745 (95%
CI: 0.593, 0.863) with sensitivity, specificity, PPV, and NPV
of 62.96%, 88.89%, 0.769, and 0.632, respectively.

ADC parameters of MRI-only lesions

Table 4 presents the univariate analysis of ADC parameters
for MRI-only lesions. Table 5 demonstrates the results of
ROC analysis.

Overall, ADC,.,, performed best among all ADC
parameters, regardless of mass or non-mass, with AUCs
ranging from 0.809 to 0.825.

For all lesions, malignant lesions had significantly lower
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Table 2 Histopathologic information of MRI-only breast lesions

Variables Frequency Perc;f/(r:)t age
Pathology-obtaining method
SLU guided biopsy 37 41.11
MRI-directed surgery 50 55.56
Methylene blue assisted surgery 3 3.33
Benign 39 43.33
Fibroadenoma 3 3.33
Papilloma 12 13.33
Adenosis 10 11.11
Usual/atypical ductal hyperplasia 9 10.00
Others 5 5.56
Malignant 51 56.67
Ductal carcinoma in situ 16 17.78
IDC 19 21.11
IDC with ductal carcinoma in situ 10 11.11
Invasive lobular carcinoma 1 1.11
Others 5 5.56

MRI, magnetic resonance imaging; SLU, second-look
ultrasound; IDC, invasive ductal carcinoma.

ADC values than benign ones [ADC,;,: (704.22+226.34)x10™°
vs. (894.95£291.91)x10™° mm?/s, P=0.001; ADC,.,.:
(894.45+181.73)x10™ vs. (1,142.51£244.46)x10™° mm?/s,
P<0.001; ADC,,.: (1,051.12+281.70)x10°° vs.
(1,294.51+288.80)x10™° mm*/s, P<0.001]. Combining
ADC,;,, ADC,.,, and ADC,,,, ROC analysis yielded AUC
of 0.824, with sensitivity, specificity, PPV, and NPV of
78.43%, 79.49%, 0.833, and 0.738, respectively.

In masses, ADC,,.,, and ADC,_,, were significantly lower
in the malignant group than in benign group [ADC,.,,:
(853.58+156.54)x10™ vs. (1,113.19£257.64)x10™° mm?/s,
P<0.001; ADC,,,.: (996.21+271.87)x10°" vs. (1,247.14+
246.41)x10™° mm°/s, P=0.002]. AUC obtained for
differentiating benign from malignant MRI-only lesions
was 0.833, with sensitivity, specificity, PPV, and NPV of
83.33%, 80.95%, 0.833, and 0.810, respectively.

In non-mass lesions, ADC,;, [(745.89+208.38)x10°°
vs. (962.44£199.44)x10° mm’/s, P=0.001] and ADC,,...
[(930.78+197.29)x10° vs. (1,176.72+230.63)x10™° mm’/s,
P<0.001] were significantly lower in malignant group than

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in benign group. For differentiating benign and malignant
lesions, we obtained AUC of 0.815 (sensitivity, 74.07%;
specificity, 83.33%; PPV 0.870; NPV, 0.682).

ADCeierogeneiy had no significant difference between
benign and malignant tumors in all MRI-only lesions,
masses, or non-mass lesions (P=0.43-0.62).

Added value of ADC parameters to BI-RADS parameters

For all lesions, the ADC parameters had an increased AUC
compared to BI-RADS parameters (0.824 vs. 0.650, P=0.006
when the washout pattern was defined as malignant tumor;
0.824 vs. 0.673, P=0.006 when the washout or platform
pattern was defined as malignant tumor). When the
washout pattern was defined as malignant, the combination
of significant BI-RADS and ADC parameters resulted in
an AUC of 0.841 for differential diagnosis, with sensitivity,
specificity, PPV, and NPV of 76.47%, 82.05%, 0.854,
and 0.762, respectively. When the washout or platform
pattern was defined as a malignant tumor, AUC obtained by
combining significant BI-RADS and ADC parameters was
0.848 (sensitivity, 80.39%; specificity, 82.05%; PPV, 0.848;
NPV, 0.727).

For non-mass lesions, combining significant BI-
RADS and ADC parameters resulted in AUC, sensitivity,
specificity, PPV and NPV of 0.862 (95% CI: 0.727, 0.947),
77.78%, 88.89%, 0.900, and 0.640, respectively.

ROC curves for all significant BI-RADS and ADC
parameters are provided in Figure S1.

Discussion

Herein, we discriminated benign from malignant MRI-only
suspicious lesions based on BI-RADS features and DWI
characteristics. We investigated the additional value of ADC
parameters which reflect ADCyerogenciry in the differential
diagnosis of MRI-only lesions. Our findings showed that
AUC of ADC parameters for diagnosing MRI-only lesions
was higher than that of BI-RADS features. Conventional
DWI acquisition may provide added value in differentiating
MRI-only lesions. However, ADCicrogencicy has no significant
additional value in our study.

BI-RADS features (qualitative morphological and kinetic
features) contribute to lesion characterization in general
clinical settings. However, for MRI-only lesions which
are usually small, the value of morphological and kinetic
features remains controversial in our clinical practice

Quant Imaging Med Surg 2023;13(10):7092-7104 | https://dx.doi.org/10.21037/qims-23-331


https://cdn.amegroups.cn/static/public/QIMS-23-331-Supplementary.pdf

7098 Li et al. Quantitative ADC metrics for MRI-only suspicious breast lesions

Series No. 13
330.8 330.8

Signal intensity

18
Series No.

Figure 2 A 46-year-old patient with an MRI-only mass of 8 mm in the right breast. The contrast-enhanced T1-weighted image (A) showed
the MRI-only lesion with oval shape, circumscribed margin and homogeneous enhancement. The kinetic curve showed a washout pattern
with a peak of maximal signal intensity value of 330.8 about 1.5 minutes (B). On the DWI image (C) and ADC map (D), the minimum,
maximum, and mean ADC values was 154.32x107, 952.42x10™, and 752.33x10™° mm?/s, respectively. The histopathological diagnosis was
IDC. The horizontal coordinates of (B) are the serial numbers of one pre-contrast and seven post-contrast images at 1-minute intervals. The
curve was generated from series 9 (mask) and series 12-18 (post-contrast). Series 10-11 were post-processed images automatically generated
by the scanning system and were skipped during the TIC generation. MRI, magnetic resonance imaging; DWI, diffusion weighted imaging;
ADC, apparent diffusion coefficient; IDC, invasive ductal carcinoma.

Mean

373.6 Normal time 2.46

316.4

Signal intensity

0.00 1.32 3.04 4.36 6.08
[min.sec] Normal time

Figure 3 A 32-year-old patient with an MRI-only non-mass lesion in the left breast. On contrast-enhanced T1-weighted image (A),
the non-mass lesion exhibited heterogeneous enhancement with a segmental distribution. The kinetic curve showed a persistent pattern
(B). On the DWI image (C) and ADC map (D), the minimum, maximum, and mean ADC values was 1,173.25x10°, 1,241.36x10™, and
1,361.43x10° mm’/s, respectively. The histopathological diagnosis was plasma cell mastitis. The horizontal coordinate unit of (B) is minute.

MRI, magnetic resonance imaging; DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2023;13(10):7092-7104 | https://dx.doi.org/10.21037/qims-23-331



Quantitative Imaging in Medicine and Surgery, Vol 13, No 10 October 2023 7099

Table 3 Comparison of BI-RADS parameters between benign and malignant MRI-only lesions

Variables Overall Malignant Benign P
Mass and non-mass 90 51 39
Tumor size (mm) 17.5£16.4 19.6+£17.8 14.8+14.2 0.16
Kinetic pattern 1 0.005
Persistent/plateau 47 20 27
Washout 43 31 12
Kinetic pattern 2 <0.001
Persistent 17 2 15
Plateau/washout 73 49 24
Mass 45 24 21
Tumor size (mm) 7.4+2 1 7.5+2.4 7.4£1.7 0.85
Shape 0.34
Oval/round 30 14 16
Irregular 15 10 5
Margin 0.15
Circumscribed 10 3 7
Not circumscribed 35 21 14
Internal enhancement 0.07
Homogeneous 34 15 19
Heterogeneous/rim enhancement Rl 9 2
Non-mass 45 27 18
Tumor size (mm) 27.6+18.2 30.4+18.6 23.5+17.3 0.004
Distribution <0.001
Focal 19 4 15
Others 26 23 3
Internal enhancement 0.12
Homogeneous/heterogeneous 16 7 9
Others 29 20 9

Data are mean + standard deviation or frequency. Kinetic pattern 1 defined washout curve as malignancy; kinetic pattern 2 defined
washout or plateau curve as malignancy. BI-RADS, Breast Imaging Reporting and Data System; MRI, magnetic resonance imaging.

experience. Therefore, on the one hand, we compared
the performance of quantitative ADC parameters with
qualitative morphological and kinetic features; on the other
hand, we aimed to verify the value of morphological and
kinetic features in MRI-only lesions. However, our study
did not find any helpful BI-RADS-based morphological
features for further discriminating MRI-only lesions. The

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

two kinetic pattern criteria for differentiating MRI-only
lesions produced moderate AUCs of 0.650 (95% CI: 0.542,
0.748) and 0.673 (95% CI: 0.566, 0.768), respectively. The
above results demonstrated that the BI-RADS features
are of limited value for further discriminating MRI-only
lesions.

In the subgroup analysis, our findings revealed that
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Table 4 Comparison of ADC parameters between benign and malignant MRI-only lesions

Morphology Variables Benign tumors Malignant tumors P*
Mass and non-mass ADC, 894.95+291.91 704.22+226.34 0.001
ADC, o 1,142.51+244.46 894.45+181.73 <0.001
ADC,. 1,294.51+288.80 1,051.12+281.70 <0.001
ADCheterogeneity 2.12+£3.24 1.83+1.95 0.59
Mass ADC,, 837.10+347.10 657.33+240.72 0.05
ADC, 00 1,113.19+£257.64 853.58+156.54 <0.001
ADC,. 1,247.14+246.41 996.21+271.87 0.002
ADCeterogencity 2.71+4.36 2.18+2.81 0.62
Non-mass ADC,, 962.44+199.44 745.89+208.38 0.001
ADC,0an 1,176.72+230.63 930.78+197.29 <0.001
ADC,. 1,349.78+330.14 1,099.93+286.34 0.01
ADCeterogeneity 1.43+0.34 1.52+0.36 0.43

Data are presented as mean + standard deviation. The unit for ADC,,, ADCnean ADCrnay is x10°° mm?/s. *, adjusted P values <0.0042 were
considered statistically significant. ADC, apparent diffusion coefficient; MRI, magnetic resonance imaging.

Table 5 AUC for differentiating benign and malignant MRI-only lesions

Morphology Variables AUC 95% ClI Sensitivity (%)  Specificity (%)
Mass and Kinetic pattern 1 0.650 0.542, 0.748 60.78 69.23
NON-Mass — kinetic pattern 2 0.673 0.566, 0.768 96.08 38.46
ADC,,, 0.746 0.643, 0.832 86.27 61.54
ADC,ean 0.809 0.713, 0.884 70.59 84.62
ADC, .« 0.748 0.646, 0.834 56.86 87.18
ADC,;, + ADC,ean + ADC o 0.824 0.729, 0.896 78.43 79.49
ADC,, + ADC,ean + ADC,,, + kinetic pattern 1 0.841 0.749, 0.910 76.47 82.05
ADC,, + ADC,ean + ADC,., + kinetic pattern 2 0.848 0.757,0.915 80.39 82.05
Mass ADC,ean 0.825 0.683, 0.922 79.17 80.95
ADC, .« 0.794 0.647, 0.900 70.83 90.48
ADC,¢an + ADCx 0.833 0.692, 0.928 83.33 80.95
Non-mass Distribution 0.620 0.464, 0.761 74.07 50.00
Mean tumor size 0.738 0.585, 0.857 70.37 77.78
Distribution + mean tumor size 0.745 0.593, 0.863 62.96 88.89
ADC,,, 0.790 0.643, 0.897 81.48 72.22
ADC,can 0.812 0.667, 0.913 70.37 83.33
ADC,, + ADCyean 0.815 0.671, 0.915 74.07 83.33
ADC,, + ADC, ., + distribution + mean tumor size 0.862 0.727, 0.947 77.78 88.89

Kinetic pattern 1 defined washout curve as malignancy; kinetic pattern 2 defined washout or plateau curve as malignancy. AUC, area
under the ROC curve; ROC, receiver operating characteristic; MRI, magnetic resonance imaging; Cl, confidence interval; ADC, apparent
diffusion coefficient.
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MRI-only masses had no pathognomonic BI-RADS
features, and we noticed that these masses were small,
almost none exceeding one centimeter. Diagnosing small
masses is challenging, and our results are consistent with
previous studies focusing on subcentimeter masses. For
example, Xie et al. (17), in their analysis of qualitative and
quantitative features of DCE-MRI in small masses, found
that only kinetic patterns defining washout or plateau
pattern as malignancy in DCE-MRI qualitative features
could provide significant value for diagnosing small breast
cancer. Similarly, Meissnitzer et a/. (18) demonstrated that
the morphological characteristics of small MRI lesions may
be useless in differentiating benign from malignant lesions.
For non-mass lesions, PPV of BI-RADS characteristics for
lesion diagnosis varied significantly among studies, which
may be related to factors such as subjectivity of readers and
different disease types in various studies (19). In the present
study, we showed that the distribution (e.g., segmental and
linear) and size of non-mass lesions were proper BI-RADS
features for differentiating MRI-only lesions. However,
when combining the two parameters, the AUC was only
0.745 (95% CI: 0.593, 0.863).

DWI is the most valuable and robust adjunct to DCE,
and their combination has high diagnostic sensitivity and
specificity (16,20). It has also been pointed out that DWI
with ADC maps can be used as a non-enhanced technique
for breast cancer diagnosis and help reduce adverse events
with contrast agents. This is consistent with our study
that ADC parameters combined with BI-RADS features
demonstrated higher diagnostic performance (AUC
=0.841-0.848) for MRI-only lesions than DWI or BI-RADS
parameters alone.

ADC values can quantitatively evaluate the diffusion
restriction of water molecules in lesion tissues. Many
studies confirmed the value of ADC in differentiating
benign from malignant tumors (11,21). ADC,,, was higher
in benign than in malignant lesions, which is consistent
with our findings. Simultaneously, our study showed that
ADC,,.,, had the highest diagnostic performance among
all the significant ADC parameters (AUC =0.809-0.825),
regardless of tumor type (mass or non-mass). This result
is consistent with the finding of McDonald et 4/. (22), who
concluded that ADC,,,, is a simple and sufficient biomarker
and is able to improve the diagnostic ability of breast
MRI compared to complex ADC measurement methods.
Recently, the value of ADC,;, in diagnosing breast cancer
has aroused the attention of some scholars (23-25). ADC,,,
values represent the highest cellular area composed of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

tumor stroma. They can reflect the most malignant area
in malignant lesions, while ADC,,, values represent the
lowest cellular area and are susceptible to fibrosis and
necrosis. Hirano et a4l. (26) found that ADC,,,, was the best
ADC parameter to distinguish benign and malignant breast
masses by evaluating the efficacy of ADC,;,, ADC,...,
ADC,,,, and ADC difference in the differential diagnosis of
breast masses, and the diagnostic performance of ADC,,
combined with ADC difference was superior to ADC,,,,.
This differs from our current findings in that ADC,,,,
in our study was still the best parameter in diagnosing
breast masses. The discrepant results may be related to the
small lesion size and less necrosis of masses in our study.
In addition, it is related to the different ROI delineation
methods. Hirano et a/. (26) determined ADC,;, by selecting
the lowest value from multiple small ROIs. Our study
selected the lowest value of pixels in large single-slice 2D
ROIs, referring to previous study (16). Furthermore, we
found that ADC,;, performed only inferior to ADC,,,, in
the diagnosis of non-mass lesions, indicating that ADC,,
can probably reflect the most aggressive component of non-
mass lesions.

ADCierogenciy TEPTESENts a quantitative imaging
biomarker of intratumoral heterogeneity, and few studies
investigated the diagnostic ability of ADC\crogenciey fOT
breast lesions. According to Zhuang ez al. (27), AADC (i.e.,
ADC,,, - ADC,;,) was useful in predicting the proliferative
status of Ki-67 in breast invasive ductal carcinomas (IDC)
and had the highest AUC for assessing the Ki-67 labeling
index. Additionally, Yoon er al. (28) demonstrated that a
higher ADCirogenciy Was significantly associated with the
invasive component of ductal carcinoma i situ. However,
our current study fails to reflect the value of ADCierogeneiry i
the differential diagnosis of MRI-only lesions. This may be
due to the small size of MRI-only masses and their limited
voxels. Meanwhile, non-mass lesions are mixed with adipose
and glandular tissues which probably affect the evaluation
of tumor heterogeneity. Additionally, the delineation of
single-slice ROIs may not accurately reflect internal tumor
heterogeneity.

There are several limitations of this study. First, this
was a single-center retrospective study with a small
number of patients and possible selection bias. Second, the
International Breast DWI working group of the European
Society of Breast Radiology (EUSOBI) (8) recommends
the use of a small ROI in the darkest part of the lesion on
the ADC map to improve inter-reader agreement, whereas
in our study we used large 2D ROIs to delineate tumors
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on ADC maps. This is because the MRI-only lesions in
our sample were rather small, particularly the masses,
whose average size was only 7.4 mm and in which necrosis
was rarely observed. Therefore, rather than a small ROI
corresponding to the darkest part, we employed a 2D ROI
covering the whole lesion section in ADC measurements.
Third, our DWI protocol used an in-plane resolution of
2.1x3.5 mm’, which was greater than the upper limit of
2x2 mm’ recommended by the International Breast DWI
working group of the EUSOBI, and images with this
resolution may lack the necessary texture or details required
to effectively reflect heterogeneity. Fourth, the performance
evaluation for multivariate analysis did not employ cross-
validation in this study, and therefore the ROC analysis
of the multivariate models might be overfitted. Fifth, six
ipsilateral breast lesions were included in our study, which
probably included homologous lesions. Finally, we used only
four simple ADC parameters to investigate their diagnostic
performance for MRI-only lesions. Whether texture
parameters and radiomics are helpful for the differentiation
of MRI-only lesions deserves further research.

Conclusions

DWI quantitative parameters may significantly improve
diagnostic ability of BI-RADS-based features of breast
MRI and provide additional value for the discrimination of
MRI-only suspicious lesions. Furthermore, ADC,,, is the
best ADC parameter for differential diagnosis of MRI-only
suspicious lesions. However, no added diagnostic value for
ADCeierogenciey Was found in this study.
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