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The rationale was to assess whether there are differences in multi-

parametric 18F-FDG PET/MRI biomarkers of contralateral healthy
breast tissue in patients with benign and malignant breast tumors.

Methods: In this institutional review board–approved prospective

single-institution study, 141 women with imaging abnormalities on
mammography or sonography (BI-RADS 4/5) underwent combined
18F-FDG PET/MRI of the breast at 3T with dynamic contrast-

enhanced MRI, diffusion-weighted imaging, and the radiotracer
18F-FDG. In all patients, the following imaging biomarkers were
recorded for the contralateral (tumor-free) breast: breast parenchymal

uptake (BPU) (from 18F-FDG PET), mean apparent diffusion coeffi-

cient (from diffusion-weighted imaging), background parenchymal

enhancement (BPE), and amount of fibroglandular tissue (FGT) (from
MRI). Appropriate statistical tests were used to assess differences

in 18F-FDG PET/MRI biomarkers between patients with benign and

malignant lesions. Results: There were 100 malignant and 41 be-
nign lesions. BPE was minimal in 61 patients, mild in 56, moderate

in 19, and marked in 5. BPE differed significantly (P , 0.001) be-

tween patients with benign and malignant lesions, with patients with

cancer demonstrating decreased BPE in the contralateral tumor-
free breast. FGT approached but did not reach significance (P 5
0.055). BPU was 1.5 for patients with minimal BPE, 1.9 for mild BPE,

2.2 for moderate BPE, and 1.9 for marked BPE. BPU differed sig-

nificantly between patients with benign lesions (mean, 1.9) and
patients with malignant lesions (mean, 1.8) (P , 0.001). Mean appar-

ent diffusion coefficient did not differ between groups (P 5 0.19).

Conclusion: Differences in multiparametric 18F-FDG PET/MRI bio-

markers, obtained from contralateral tumor-free breast tissue, exist
between patients with benign and patients with malignant breast

tumors. Contralateral BPE, BPU, and FGT are decreased in breast

cancer patients and may potentially serve as imaging biomarkers for
the presence of malignancy.
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Breast cancer is the most common cancer in women in the
United States and, despite advances in early detection and treat-

ment, accounts for approximately 40,000 deaths per year (1).

Early detection remains key to improved prognosis and survival.

Screening mammography has decreased the mortality for breast

cancer by 30%, but its sensitivity is limited (;70%) and is decreased

in women with dense breasts (2,3). Such shortcomings warrant

further refinements in breast cancer screening modalities and the

identification of imaging biomarkers to enable risk-adapted screen-

ing and guide risk-reduction strategies in clinical practice.
MRI is the most sensitive test for breast cancer detection, out-

performing mammography and sonography. Adjunct screening with

breast MRI is recommended for women at high (.20%) lifetime

risk of breast cancer (4–6), and recently the American College of

Radiology (ACR) issued a similar recommendation for its use in

women at intermediate (.15%) lifetime risk (7). Additionally, there

is evidence that women at average cancer risk might also benefit

from screening MRI (8). MRI provides not only morphologic and

functional information on breast tumors but also insight into the

amount of fibroglandular tissue (FGT) and its physiologic activity,

that is, background parenchymal enhancement (BPE) (9,10). Initial

results already indicate that BPE and to some extent FGT, which is

equivalent to breast density in mammography (11,12), are increased

in high-risk breast cancer patients (11,13). To date, multiparamet-

ric MRI of the breast including dynamic contrast-enhanced MRI

and diffusion-weighted imaging with apparent diffusion coefficient

(ADC) mapping has been implemented into the clinical routine and

provides additional functional information on breast tissue (14).
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However, whereas it has been demonstrated that ADCs in breast
tumors are an imaging biomarker for tumor grade, invasiveness, and
receptor status (15,16), little is known about the significance of
ADCs in healthy breast tissue.
Like MRI, PET using the radiotracer 18F-FDG provides infor-

mation on tissue glucose metabolism and, hence, the physiologic
activity of breast parenchyma (17). FGT shows varying degrees of
18F-FDG uptake, that is, breast parenchymal uptake (BPU), which
correlates with both BPE and FGT (17,18) and therefore might also
serve as another important imaging biomarker in breast cancer.
Hybrid PET/MRI scanners, now being increasingly used (19–21),

can simultaneously assess and spatiolongitudinally monitor these
multiple imaging biomarkers and could therefore significantly
contribute to risk-adapted screening and risk-reduction strategies in
clinical practice. The aim of our study was to assess whether there
may be differences in multiparametric 18F-FDG PET/MRI biomarkers
of contralateral healthy breast tissue between patients with benign and
patients with malignant breast tumors.

MATERIALS AND METHODS

Patients

The institutional review board/ethics committee of the Medical
University of Vienna approved this prospective single-institution

study and retrospective data analysis, and all subjects gave written
informed consent. From December 2009 to November 2014, 191

consecutive patients who fulfilled the following criteria were included
in this study: at least 18 y old, not pregnant, not breastfeeding, imaging

abnormality on mammography or sonography (Breast Imaging
Reporting and Data System [BI-RADS] 4, suspicious abnormality; 5,

highly suggestive for malignancy), and no contraindications to MRI or
contrast agents. All patients underwent combined multiparametric 18F-

FDG PET/MRI of the breast at 3 T. Exclusion criteria were incomplete
examinations (n 5 6), previous treatment (n 5 8), and tumor of the

contralateral breast (BI-RADS 2–5) (n 5 36). All lesions were histo-
pathologically verified after 18F-FDG PET/CT and MRI by surgical or

image-guided biopsy. Thus, 141 patients (140 female; mean age, 57 6
14.3 y; range, 18–86 y) with a tumor-free contralateral breast on mam-

mography, ultrasound, MRI, and 18F-FDG PET/MRI (BI-RADS 1)
were included in this retrospective analysis. Several patients have been

previously analyzed and reported in a different context (17,19,22).

Imaging

All patients underwent combined multiparametric 18F-FDG PET/MRI
with 18F-FDG PET/CT and 3-T multiparametric MRI of the breast.

Examinations were no longer than 6 d apart (mean, 1.15; range, 1–6; same
day, n5 70; 1 d, n5 31; 2 d, n5 12; 3 d, n5 11; 4 d, n5 11; 5 d, n5
5; 6 d, n 5 1).

18F-FDG PET/CT

PET imaging was performed using a combined PET/CT in-line
system (Biograph 64 TruePoint PET/CT system; Siemens). Patients

fasted 6 h before the body weight–adapted injection of approximately
300 MBq of 18F-FDG. Blood glucose levels were less than 150 mg/dL

(8.3 mmol/L). Scanning started after an uptake time of 45 min. CT

images were used for attenuation correction. PET images were recon-
structed using the iterative TrueX algorithm (Siemens). Four iterations

per 21 subsets were used, with a matrix size of 168 · 168, transaxial
field of view (FOV) of 605 mm (pixel size, 3.6 mm), and section

thickness of 5 mm.

Multiparametric MRI

MRI was performed using a 3-T MRI scanner (Tim Trio; Siemens) and

a 4-channel breast coil (InVivo) with the patient prone. In premenopausal

women, MRI was performed between days 7 and 14 of the menstrual

cycle (4). The MRI protocol consisted of a fat-saturated T2-
weighted turbo spin-echo sequence, with a repetition time/echo time

(TR/TE) of 4,800/9 ms, FOVof 340 mm, 48 slices at 3 mm, flip angle of
128�, 384 · 512 matrix, and acquisition time of 2 min 16 s.

The protocol also consisted of axial 3-acquisition trace diffusion-
weighted, double-refocused, single-shot echo-planar imaging with in-

version recovery fat suppression (TR/TE, 8,000/59 ms; inversion time,
210 ms; FOV, 360 · 202 mm; 24 slices at 5 mm; intersection gap, 10%;

matrix, 172 · 96 [50% oversampling]; b-values, 50 and 850 s/mm;
acquisition time, 2 min 56 s) (23).

For dynamic contrast-enhanced MRI until December 2011, a hybrid
protocol was used (24) consisting of 5 alternating sections of high-

spatial-resolution and high-temporal-resolution T1-weighted sequences
using 3-dimensional turbo fast low-angle shot without preparation pulse

and with selective water excitation (TR/TE, 877/3.82 ms; FOV, 320 mm;
96 slices; 1-mm isotropic resolution; matrix, 320 · 134; 1 average; band-

width, 200 Hz/pixel) and a T1-weighted volume-interpolated breath-
hold examination (TR/TE, 3.61/1.4 ms; FOV, 320 mm; 72 slices; 1.7-mm

isotropic resolution; matrix, 192 · 192; 1 average; bandwidth, 400 Hz/

pixel; acquisition time, 9 min 20 s).
From January 2012 onward, transversal T1-weighted time-resolved

angiography with stochastic trajectories was performed (water excitation
fat-saturation; TR/TE, 6.23/2.95 ms; flip angle, 15�; FOV, 196 · 330 mm;

144 slices; spatial resolution, 0.9 · 0.9 · 1 mm; temporal interpolation
factor, 2; temporal resolution, 14 s; matrix, 384 · 384; 1 average; center

k-space region; resampling rate, 23%; reacquisition density peripheral
k-space, 20%; acquisition time, 6 min 49 s).

A standard dose (0.1 mmol/kg of body weight) of gadoterate meglumine
(Dotarem; Guerbet) was injected in an antecubital vein using a power

injector (Spectris Solaris EP; Medrad) at 4 mL/s, followed by a saline
flush.

To generate combined 18F-FDG PET/MRI data, multiparametric
MRI and PET data were fused semiautomatically using the landmark-

matching tool of the TrueD fusion workstation (Siemens).

Data Analysis

In all patients, 2 readers (r1 and r2; 13 and 4 y of experience,
respectively) independently assessed the following imaging biomarkers

from the contralateral tumor-free breast: BPU (from 18F-FDG PET),
FGT (from unenhanced fat-saturated T1-weighted sequences), BPE

(from dynamic contrast-enhanced MRI on early postcontrast sequences),
and mean ADC (from diffusion-weighted imaging).

For quantification of BPU from 18F-FDG PET, a 3-dimensional
volume of interest was placed around the parenchyma of the normal

contralateral breast by a breast radiologist trained in hybrid imaging,
under the supervision of a nuclear medicine physician, using the

TrueD workstation (Siemens). Adequate distance from surrounding
anatomic structures was maintained. The SUVmax was recorded from

each volume of interest. Measurements were repeated 3 times and averaged.
The same reader (r1) repeated all SUVmax measurements 3 wk later to

calculate intrareader agreement. Another independent reader (r2) re-
peated all measurements to assess interreader agreement.

BPE and FGT in MRI of the healthy contralateral breast were
assessed qualitatively by 2 breast radiologists independently (r1, r2).

As recommended in the revised ACR BI-RADS MRI lexicon (25),

FGT and BPE were evaluated through visual subjective estimation.

FGT was classified as ACR a for almost entirely fatty breasts, ACR b

for scattered FGT, ACR c for heterogeneous FGT, and ACR d for breasts

with extreme amounts of FGT. BPE was graded as minimal, mild, moder-

ate, or marked. Interreader agreement was calculated for both parameters.
To assess mean ADCs, a region of interest was drawn manually on

the healthy contralateral breast parenchyma on ADC maps by 2 breast

radiologists independently (r1, r2).
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BPU, BPE, and FGT of the ipsilateral diseased breast were also
assessed.

Statistical Analysis

Descriptive statistics were used to summarize continuous variables,

frequencies, and percentages. The association between disease status
(malignant/benign) and imaging parameters was evaluated using the

Fisher exact test for categoric variables and the Wilcoxon rank-sum
test for continuous variables. The Wilcoxon rank-sum test was also

applied to compare BPE, BPU, and FGT between the healthy and
affected breast.

A stratified analysis was conducted to test confounding by
menopause.

Inter- and intrareader agreement were assessed using the concor-

dance correlation coefficient; the closer the value is to 1, the better the
agreement (26).

We considered P values of less than 0.05 as statistically significant.
Statistical analyses were conducted using SAS release 9.4 (SAS Institute).

RESULTS

There were 100 malignant (mean size, 27 mm [range, 6–100
mm]) and 41 benign (mean size, 23 mm [range, 5–80 mm])
lesions. Of the patients with malignant breast tumors, 20 were pre-
menopausal (20%), 2 perimenopausal (2%), and 78 postmenopausal
(78%), whereas of the patients with benign lesions, 19 were pre-
menopausal (46.3%), 1 perimenopausal (2.4%), and 21 postmeno-
pausal (51.2%).
Mean, SD, minimum, and maximum BPU SUVmax of healthy

contralateral breast tissue on 18F-FDG PET/CT was 1.8, 0.6, 0.9,
and 4.6, respectively. BPU differed significantly between patients
with benign (mean, 1.9) and malignant (mean, 1.8) lesions (P ,
0.001) (Fig. 1).
The results of the ACR classification for BPE and FGT by both

readers are summarized in Table 1. BPE differed significantly
(P , 0.001) between patients with benign and malignant lesions,
with patients with cancer demonstrating a lower BPE in the contra-
lateral breast (Fig. 2). FGT between patients with benign and malig-
nant lesions approached but did not achieve statistical significance

(P 5 0.055). Mean BPU SUVmax and SD
was 1.5 6 0.6 for patients with minimal
BPE, 1.9 6 0.6 for mild BPE, 2.2 6 0.5
for moderate BPE, and 1.96 0.8 for marked
BPE. Mean BPU SUVmax and SD was 1.56
0.5 for patients with ACR a, 1.7 6 0.5 for
ACR b, 2.1 6 0.7 for ACR c, and 2.5 6 0.6
for ACR d. Results are based on r1.
Mean, SD, minimum, and maximum

mean ADC of healthy contralateral breast

tissue on diffusion-weighted imaging were

1.72, 0.27, 1.12, and 2.4 · 1023 mm2/s, re-

spectively. Mean ADC did not differ signifi-

cantly between benign (mean, 1.7 · 1023

mm2/s) and malignant (mean, 1.74 · 1023

mm2/s) lesions (P 5 0.19).
The crude odds radio for the association

between menopause and breast cancer was

assessed. Menopause was not associated

with outcome among the unexposed (odds

radio, 3.64; 95% confidence interval, 0.29–

45.95) and the exposed (odds radio, 0.06;

95% confidence interval, 0.018–0.219).

Controlling for menopause changed the results less than 10%.
There were no significant differences in imaging biomarkers

between contralateral healthy and ipsilateral diseased breast, excluding

a potential stealing phenomenon of the diseased breast with respect

to vascularity and metabolic activity.
Mean scores among patients with malignant lesions for BPE of

the affected and healthy breast were similar (r1 range, 60.4–62.9; r2

range, 60.1–62.6). Likewise, mean scores among patients with ma-

lignant lesions for BPU and FGT of the affected and healthy breast

were similar (BPU: r1 range, 61.4–65.5; r2 range, 62.6–65.5;

FGT: r1 range, 63.6–66; r2 range, 63.7–66.9). Similarly, in pa-

tients with benign lesions, no asymmetry in BPE, BPU, and FGT

was found.
Inter- and intrareader agreement did not vary considerably among

most parameters (Table 2). The best result was achieved for intrareader
agreement of BPU (concordance correlation coefficient, 0.96), followed
by interreader agreement of BPU (concordance correlation coefficient,

FIGURE 1. A 50-y-old postmenopausal woman with fibroadenoma (arrows) in left breast. (A)

Unenhanced fat-saturated T1-weighted MRI shows extreme amount of FGT (ACR d). (B) Moderate

BPE is seen on dynamic contrast-enhanced MRI at 90 s. (C) Mean ADC of breast parenchyma of

contralateral breast on diffusion-weighted imaging with ADC mapping is 1.5 · 10−3 mm2/s. (D) On
18F-FDG PET/CT, lesion is not 18F-FDG–avid, and BPU of normal breast parenchyma is relatively

high, with SUVmax of 3.2.

TABLE 1
ACR Classification for BPE and FGT by Both Readers

Imaging characteristic r1 r2

BPE

Minimal 61 (43.3%) 65 (46.1%)

Mild 56 (39.7%) 52 (36.9%)

Moderate 19 (13.5%) 17 (12.1%)

Marked 5 (3.5%) 7 (5%)

FGT

Almost entirely fat 35 (24.8%) 33 (23.4%)

Scattered fibroglandular 61 (43.3%) 64 (45.4%)

Heterogeneously dense 29 (20.6%) 24 (17%)

Extremely dense 16 (11.3%) 20 (14.2%)

Data are numbers of subjects, with percentages in parentheses.

22 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 61 • No. 1 • January 2020



0.95). Agreement was substantial for all parameters, except inter-
reader agreement of mean ADC, when compared with the others.

DISCUSSION

Hybrid PET/MRI scanners are now being used in clinical practice
(19–21) and can simultaneously assess and spatiolongitudinally
monitor different PET and MRI biomarkers. In this study, we
demonstrate differences in multiparametric 18F-FDG PET/MRI
biomarkers, obtained from contralateral healthy breast tissue, be-
tween patients with benign and patients with malignant breast
tumors. Contralateral BPU, BPE, and, to a lesser degree, FGT are
lower in patients with a breast malignancy; hence, they may be
useful biomarkers for the presence of cancer, with the potential
to significantly contribute to risk-adapted screening and risk-reduction
strategies in clinical practice. However, there are no differences in
the ADCs of contralateral breast parenchyma between patients
with benign and patients with malignant lesions.
To our knowledge, this is the first study using 18F-FDG PET to

examine patients with benign and malignant tumors for differ-
ences in BPU of the contralateral tumor-free breast. In contrast
to both BPE and FGT, which are usually assessed through sub-
jective visual estimation, BPU can be easily quantified, is highly
reproducible (17,27,28), and therefore may serve as a more stable,
noninvasive imaging biomarker. In a recent study that assessed the

correlation and reproducibility of quantita-
tively measured BPU with qualitatively eval-
uated BPE and FGT as well as age, there
were significant direct correlations between
BPU and BPE, and between BPU and FGT,
of the healthy contralateral breast (17), with
almost perfect inter- and intrarater agreement
for all parameters. These results were con-
firmed by Mema et al., who performed qual-
itative and quantitative analysis of BPE (18),
and by An et al., who demonstrated a signif-
icant direct correlation of BPU with BPE (29).
In the present study, we found that BPE of

the contralateral tumor-free breast was signif-
icantly lower in patients with breast cancer.
These findings are unexpected, as previous
studies found that breast cancer risk increases
with higher levels of BPE (11,13). These re-
sults were confirmed by Grimm et al., who
compared 61 high-risk breast cancer patients
with high-risk controls matched for age and

high-risk indication who did not develop cancer (30). An interpretation
of these findings is that BPE represents the metabolic activity of breast
tissue and, as such, a favorable environment for cancer development
(31). Nevertheless, it must be noted that the biologic parameter that
BPE truly represents has not yet been discovered. In this study, we
investigated differences in patients with benign and malignant breast
tumors at average risk of breast cancer. Our divergent results with
respect to BPE might be explained by the fact that prior studies
focused solely on a high-risk population with and without the devel-
opment of breast cancer, whose breast tissue is known to differ sub-
stantially from women of average cancer risk (32). Additionally, in the
first 2 studies, there is no information available on the time point
of MRI examinations during menstrual cycle, and in the study by
Dontchos et al. (13), the proportion of postmenopausal women is un-
clear. However, it has to be noted that so far differences in BPE and
BPU of the contralateral unaffected breast in high-risk women with
benign and malignant lesions have not been investigated. If our find-
ings can be confirmed also in this patient collective, there might be
relevant clinical applications. If there is a longitudinal decrease of BPE
and BPU without concurrent development of a suggestive MRI find-
ing, short-term follow-up might be considered to facilitate detection of
an arising breast cancer at the earliest stage. If there is a longitudinal
decrease of BPE and BPU with concurrent development of a MRI
finding, our results indicate the necessity for image-guided breast bi-
opsy even if the lesion presents with probably-benign imaging features
(BI-RADS 3). Bennani-Baiti et al., the first to investigate BPE in an
average-risk population, found no association between breast cancer
odds and BPE (33). To examine a potential stealing phenomenon of
contrast agent/tracer to the breast with a malignancy due to increased
vascularity, we additionally evaluated BPE and BPU of the ipsilateral
diseased breast with FGT assessed as a reference. We found neither a
left–right asymmetry of FGT in patients with malignant and benign
lesions nor significant differences in BPE and BPU between contralat-
eral healthy and ipsilateral diseased breast, excluding a stealing phe-
nomenon of the diseased breast. At this point, the underlying processes
for the results of our study remain unclear and must be confirmed by
studies with larger numbers of individuals at average cancer risk.
Although FGT in MRI is equivalent to mammographic breast

density—an established independent risk factor for breast cancer
(31)—the role of FGT with regard to breast cancer risk remains

TABLE 2
Inter- and Intrareader Agreement of Parameters of Healthy

Contralateral Breast

Agreement Concordance correlation coefficient

Intrareader BPU 0.956 (0.942, 0.970)

Interreader BPU 0.949 (0.932, 0.965)

Interreader BPE 0.907 (0.878, 0.937)

Interreader FGT 0.933 (0.911, 0.954)

Interreader mean ADC 0.677 (0.587, 0.766)

95% confidence intervals are given in parentheses.

FIGURE 2. Mucinous carcinoma (arrows) in right breast in 42-y-old premenopausal woman. (A)

Precontrast fat-saturated T1-weighted MR images show extreme amount of FGT (ACR d). (B)

BPE in dynamic contrast-enhanced MRI at 90 s is mild. (C) On diffusion-weighted imaging, ADCs of

normal breast parenchyma are 2.17 · 10−3 mm2/s. (D) SUVmax (BPU) in 18F-FDG PET/CT is 2.58.
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unclear. Although King et al. demonstrated mildly increased
breast cancer odds for patients with increased FGT (odds radio,
1.2) in a high-risk population (11), Bennani-Baiti et al. found no
correlation between FGT and cancer risk in an average-risk popula-
tion (33). In the present study, contralateral FGT was found to be
decreased in patients with breast cancer, although the difference
was not significant. Further research is warranted to explore the
potential of FGT as an imaging biomarker for breast cancer.
Although studies that investigate diffusion-weighted imaging of

healthy breast parenchyma are rare, McDonald et al. showed that breast
tissue ADCs increase with mammographic breast density but are inde-
pendent of BPE (34). Other previous studies have demonstrated stable
ADCs of normal breast parenchyma during different phases of the
menstrual cycle (35,36). A recent study found that the ADCs of 248
benign and malignant lesions were independent of BPE, FGT, and
menopausal status (37). These findings are in good agreement with
our results, in which ADCs did not differ significantly between
patients with benign and patients with malignant breast lesions.
This study has limitations. BPE and FGT were assessed qualita-

tively; the ACR BI-RADS lexicon currently does not recommend
quantitative measurements of those parameters, and no standardized
measurement tool is available (25). However, excellent inter- and
intrareader agreement for BPE and FGT was demonstrated previ-
ously (17). Second, the fact that not all PET/CT and MRI exami-
nations were performed on the same day might have affected BPU
and BPE because of hormonal changes. Nevertheless, the time be-
tween the 2 examinations was short (mean, 1.15 d); hence, substantial
changes in BPU and BPE should not have occurred. Third, it might
be possible that extensive 18F-FDG avidity of a large tumor might
falsely decrease 18F-FDG uptake in the contralateral breast. Never-
theless, we did not find a side difference in BPU between the healthy
and the affected breast in all patients. Additionally, as PET/CT is an
excellent tool for the detection of distant metastasis, and the mean
tumor sizes of benign and malignant lesions in our patient collective
were similar (23 and 27 mm, respectively), an impact seems unlikely.
Further studies with bilateral quantitative assessment of 18F-FDG
PET/MRI biomarkers are warranted to confirm our findings.

CONCLUSION

Differences in multiparametric 18F-FDG PET/MRI biomarkers,
obtained from contralateral tumor-free breast tissue, exist between
patients with benign and patients with malignant breast tumors.
Contralateral BPE, BPU, and FGT are decreased in breast cancer
patients and may potentially serve as imaging biomarkers for the
presence and risk of malignancy.
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KEY POINTS

QUESTION: The aim of this study was to evaluate whether there

are differences in 18F-FDG PET/MRI biomarkers of contralateral

healthy breast tissue between patients with benign and patients

with malignant breast lesions.

PERTINENT FINDINGS: In this retrospective study including

141 patients, a significant difference in BPE and BPU between

patients with benign and patients with malignant lesions was

found. Patients with cancer showed lower BPE and BPU in the

tumor-free breast.

IMPLICATIONS FOR PATIENT CARE: Imaging features of the

contralateral breast may potentially serve as biomarkers for

the risk and presence of malignancy.
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