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Aromatase inhibitor (AI) is a cornerstone drug for postmenopausal women with estrogen
receptor-positive early-stage breast cancer. Fat-bone interactions within the bone marrow
milieu are growing areas of scientific interest. Although AI treatment could lead to
deterioration of the skeleton, the association between AI medication and subsequent
marrow adiposity remains elusive. A total of 40 postmenopausal, early-staged, and
hormone receptor-positive breast cancer patients who underwent treatment with
adjuvant AIs and 40 matched controls were included. Marrow proton density fat
fraction (PDFF) at the L1−L4 vertebral bodies using 3D Fat Analysis & Calculation
Technique imaging (FACT) sequence at 3.0T, bone mineral density (BMD) by dual-
energy X-ray absorptiometry, and serum bone turnover biomarkers were determined at
baseline and at 6 and 12months. We found that, in comparison to baseline, an increase of
type I collagen cross-linked telopeptide was detected at 12 months (P <0.05). From
baseline to 12 months, the PDFF measured using FACT was greatly increased. At 12
months, the median percent change of PDFF (4.9% vs. 0.9%, P <0.05) was significantly
different between the AI treatments and controls. The same trend was observed for the
marrow PDFF at 6 months relative to the respective values at baseline. Although BMD
values were significantly reduced after 12 months in AI-treated women, changes in BMD
vs. baseline condition were not significantly different between the AI-treated and control
groups [D BMD −1.6% to −1.8% vs. −0.3% to −0.6%, respectively, P > 0.05]. In the AI-
treated group, D PDFF was associated with D BMD at the lumbar spine (r = −0.585, P <
0.001), but not in the controls. Taken together, over a 12-month period, spinal marrow fat
content assessed with FACT sequence significantly increased in postmenopausal women
with hormone-receptor-positive breast cancer receiving AI treatment.

Keywords: breast cancer, aromatase inhibitor, bone mineral density, chemical shift encoding-based, marrow fat,
proton density fat fraction
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INTRODUCTION

Aromatase inhibitors (AIs) are widely recommended for use by
postmenopausal women who have estrogen receptor-positive
early-stage breast cancer. Treatment with AIs provides benefits to
breast cancer patients in terms of improved disease-free survival
and overall survival (1). However, AI-induced deterioration of
bone loss and its management with bisphosphonates is still unclear.
In addition, the optimal duration of AI therapy for early breast
cancer remains elusive.

Extended use of adjuvant endocrine therapy and persistent
deterioration of the skeleton from recent findings emphasized
the need to assess bone loss and fracture risk in women with
hormone-receptor-positive, early-stage breast cancer initiated on
AIs (1, 2). Bone mineral density (BMD) evaluation by dual-
energy X-ray absorptiometry (DXA) is actually limited. Accuracy
of DXA measurements is influenced by degenerative changes in
the spine or aortic mineralization and by the variable proportion
of fat in overlying soft tissue since it uses a two-dimensional
projectional measurement (3). The use of bone quality
assessment by means of a based-DXA trabecular bone score
may contribute to identifying those with a higher risk of fracture
independent of bone density (4, 5). The use of other imaging
techniques, such as high resolution peripheral quantitative
computed tomography by capturing more and different
information on the properties of bone microstructure, have
potential implications for clinical practice in the future (6).

Adipocytes in the bone marrow are highly plastic, and have a
distinctive characteristic to secrete an extensive number of cytokines
and adipokines such as resistin, leptin, and C-C Motif Chemokine
Ligand 2 (CCL2) that exert local and endocrine functions.
Additionally, bone marrow adipose tissue has been proposed to
have mixed brown and white fat characteristics (7, 8). Both animal
and human data supported a clinical association between marrow
adipose tissue content and integrity of skeleton (9, 10). The proton
density fat fraction (PDFF) as a biomarker for osteopenia and
osteoporosis enables discrimination of low bone mass from healthy
controls (9, 11). Accumulating evidence also highlights the
importance of interactions between marrow adipocytes and tumor
cells (12, 13). Although a previous study reported that AI-treated
patients maintained vertebral marrow PDFF values with a relatively
small sample size, prospective changes of marrow fat content in
postmenopausal women with breast cancer at completion of AI
treatment remain poorly understood.

Therefore, the current study was designed to evaluate the
prospective changes in spinal marrow fat content and bone mass
in postmenopausal women with early-staged breast cancer after
completing AI treatment using chemical shift encoding–based
water-fat magnetic resonance imaging (MRI) at 3.0T.
MATERIALS AND METHODS

Participants
This study was performed in accordance with the ethical standards
described in the 1964 Declaration of Helsinki and its later
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amendments. This study was approved by the Institutional
Review Board of China-Japan Union Hospital of Jilin University,
and all participants provided informed consent. In this prospective,
observational study, we recruited 40 postmenopausal women (age,
51.7-73years) with hormone-receptor-positive early-staged breast
cancer (including carcinoma in situ and stage I−II breast cancers)
who were scheduled to receive treatment with adjuvant AIs (i.e.,
letrozole, anastrozole, and exemestane) between May 2018
and January 2022. Participants were excluded if they had (1):
history of lumbar spinal surgery, known or suspected bone
metastases, irradiation and/or chemotherapy, other malignancies,
distant metastasis, chronic diseases such as rheumatoid arthritis,
diabetes mellitus, liver and kidney dysfunction, severe cardiac,
hematological, psycho, and nervous system diseases; 2) use of
medications known to interfere with fat/bone metabolism such
as glucocorticoids, bisphosphonates, denosumab, teriparatide,
strontium ranelate, anticoagulants, anticonvulsants, alcohol
abuse; (3) bone mineral density or other missing data. A healthy
control group (n = 40; age, 51.5-74years) of age-matched
postmenopausal women was also recruited from the community.

At enrollment, all participants completed self-administered
questionnaires about demographics, medical history, general risk
factors, family history of breast cancer as well as lifestyle factors
(e.g., alcohol consumption, current tobacco smoking, and
physical activity). Physical activity was assessed with the
International Physical Activity Questionnaire short form, with
data reported as Metabolic Equivalent of Task hours per week
(14). According to standard procedures, body weight and height
were measured at baseline. Body mass index (BMI) was
calculated as the weight in kilograms divided by the square of
the height in meters. All participants were scheduled to undergo
chemical shift encoding-based water-fat MRI, DXA, and serum
bone turnover marker analysis at baseline condition, and at 6 and
12 months after receiving endocrine therapy. The study flow
chart is presented in Figure 1.

Biochemical Evaluation
Fasting blood samples were collected after overnight fasting and
between 7 a.m. and 9 a.m. on the DXA evaluation day.
Biochemical evaluation included 25-hydroxyvitamin D, type I
collagen cross-linked telopeptide (CTX-I), N-terminal
propeptide of type 1 procollagen (P1NP) and osteocalcin. 25-
hydroxyvitamin D was measured by immunoassay. Serum CTX-
I, P1NP, and osteocalcin were measured by chemiluminescence
(ECLIA) in the analyzer Tesmi-F3999 (Tellgen Super Multiplex
Immunoassay System, Shanghai, China).

MRI Acquisition and Analyses
MRI of the lumbar spine was performed on a 3.0 T full-body
MRI unit (uMR 780, United Imaging Healthcare, Shanghai,
China) to quantify marrow proton density fat fraction (PDFF)
at the L1-4 vertebral bodies. Subjects were positioned head-first
in the magnet bore in a prone position. Standard clinical MRI
protocols, including T1-weighted imaging and T2-weighted
imaging (sagittal acquisition), were performed with a built-in
12-channel posterior coil.
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For chemical shift encoding-based water-fat separation at the
level of the lumbar spine, a sagittal prescribed 3D Fat Analysis &
Calculation Technique (FACT) sequence allowing PDFF
quantification, was then acquired with the following parameters:
TR= 7.2 ms; six echoes with TE1/DTE = 1.21/1.1 ms; flip angle, 3°
(low spin flip angle excitation to minimize T1 saturation) (11, 15);
slice thickness, 3 mm; interslice gap, 0 mm; acquisition matrix size,
256 × 192; field of view, 380 × 380 mm; 1 average; scan time, 17
seconds. FACT sequence images were transferred to a commercially
available workstation (uWS-MR Advanced Postprocess
Workstation, United Imaging Healthcare, Shanghai, China). One
musculoskeletal radiologist with 5 years’ experience quantitatively
Frontiers in Endocrinology | www.frontiersin.org 3
analyzed PDFF mappings obtained with FACT sequence
(Figure 2). The coefficient of variation was 3.07% for the
repeatability of PDFF measurement.

Evaluation of BMD
Areal BMD values at the lumbar spine (L1-L4), femoral neck,
and total hip were assessed using dual energy X-ray
absorptiometry (DXA, Hologic Discovery). DXA scans were
performed by a certified operator. Precision coefficients were
1.17% for the femoral neck, 1.09% for the total hip, and 1.29% for
the lumbar spine. Both MRI and DXA examinations were
performed on the same day.
FIGURE 2 | Assessment of PDFF derived from six-echo FACT sequence in image set of a healthy woman. Sagittal T2-weighted (A), in-phase (B), out-of-phase
(C), fat-only (D), water-only (E), and the corresponding PDFF map (F) with a mean PDFF of 53% at the L1-L4 levels. FACT, Fat Analysis & Calculation Technique
imaging; PDFF, proton density fat fraction.
FIGURE 1 | Flow diagram of study subjects. AIs, aromatase inhibitors.
June 2022 | Volume 13 | Article 931231
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Statistical Analysis
The sample size calculation was performed using G*Power
software v3.1, taking into consideration the effect of aromatase
inhibitor on fat fraction percentage (16). The effect size of 0.60
showed that with a significance level of 95% and statistical power
of 80% (power 1−b = 0.80), the minimum number of participants
required was 24. Data are presented as mean ± standard
deviation (SD), median (interquartile range, IQR) or n (%) as
appropriate. Normality was evaluated by the Shapiro-Wilk test.
Student’s t-test or Mann-Whitney test was performed to
compare quantitative variables and Fisher’s exact or chi-square
test for qualitative analyses between groups. The marrow MRI
PDFF, DXA BMD, and serum levels of bone turnover
biomarkers at baseline and at 6 and 12 months were assessed
using the paired t test or Wilcoxon rank-sum test. Statistical
analyses were performed using SPSS software version 20.0 for
Windows (SPSS Inc, Chicago, IL, USA). All statistical tests were
two sided, and significance was set at P <0.05.

RESULTS
Baseline Characteristics of
Study Population
A total of 34 postmenopausal women with early breast cancer
receiving AI treatment and 35 healthy controls completed the study.
As shown in Figure 1, 11 participants were excluded from the final
analysis: two participants because of initial bisphosphonate therapy
while being treated by AIs, two with renal dysfunction and thyroid
disease, six with discontinued intervention or lost to follow-up, and
the other one because of image artifacts. Over a 12-month period,
none of the patients reported any new skeletal-related events. The
demographic and clinical characteristics of all participants are
shown in Table 1. At baseline, no significant differences except
for marrow PDFF were observed between the breast cancer women
treated with AIs and control groups. Breast cancer patients had
higher marrow PDFF than that of the controls.
Frontiers in Endocrinology | www.frontiersin.org 4
Changes in Marrow PDFF and BMD
The spinal marrow PDFF, BMD values at the femoral neck, total
hip, and lumbar spine from the hormone-receptor-positive early
breast cancer patients receiving AI treatment and healthy
controls at baseline condition and at 6 and 12 months are
shown in Figure 3. For the AIs and control groups, changes in
marrow PDFF and BMD are shown in Table 2. Marrow PDFF at
the 6-month follow-up visit (60.8 ± 5.5%) increased significantly
compared to PDFF at the initial visit (59.0 ± 6.3%, P < 0.001) in
the breast cancer patients receiving AIs, but not in the controls
(53.7 ± 5.3% vs 53.4 ± 5.9%, P >0.05). Relative to the respective
values at baseline, the marrow PDFF value at 6 and 12 months
markedly increased by a median of 3.1% and 4.9% (all P <0.001)
in the AIs group, respectively, but not in the controls (0.6% and
0.9%, all P >0.05, respectively),

In the breast cancer patients receiving AIs, femoral neck BMD
(0.863 ± 0.009 g/cm2 vs. 0.877 ± 0.007 g/cm2), total hip BMD
(0.945 ± 0.009 g/cm2 vs. 0.961 ± 0.011g/cm2), and lumbar spine
BMD (1.033 ± 0.014 g/cm2 vs. 1.052 ± 0.012 g/cm2, all P <0.05)
were decreased at the 12month follow-up visit compared to the
initial visit. In contrast, no significant difference was found in the
DXA BMD values at the femoral neck, total hip, and lumbar
spine, with a median of –0.7%, −0.8%, and −1.0% (all P >0.05),
respectively, between baseline condition and at 6 months.

Changes in Serum Biomarkers
At baseline condition, serum biomarkers including 25(OH)D,
CTX-I, P1NP, and osteocalcin levels were not significantly
different in the breast cancer patients treated with AIs
compared with the controls (Table 1). Similar results were
observed at 6 months. CTX-I level was significantly increased
after 12 months in comparison to baseline values in the AI-
treated group, and significant differences were found between the
AIs and control groups at 12 months (Table 2). No significant
differences in the 25(OH)D, P1NP, and osteocalcin levels were
observed at different timepoints.
TABLE 1 | Baseline characteristics of the study population.

AIs (n = 34) Controls (n = 35)

Age, years 59.2 ± 5.2 59.4 ± 5.8
Time since menopause, years 6.0 (4, 9) 6.5 (4.5, 8.5)
Height, cm 158.8 ± 6.1 159.5 ± 7.0
Weight, kg 60.7 ± 7.1 61.6 ± 7.7
BMI, kg/m2 24.1 ± 3.1 24.4 ± 4.1
Alcohol intake, n (%) 1 (2.9) 2 (5.7)
Smokers, n (%) 2 (5.9) 2 (5.7)
5-hydroxyvitamin D, ng/mL 46.1 (33.5, 67.2) 44.8 (30.2, 63.5)
CTX-I, pg/mL 242 (146, 337) 226 (138, 320)
P1NP, ng/mL 39.6 (29.7, 54.8) 41.0 (30.1, 56.4)
Osteocalcin, ng/mL 15.8 ± 4.9 16.5 ± 5.4
Lumbar spine BMD, g/cm2 1.052 ± 0.012 1.058 ± 0.009
Total hip BMD, g/cm2 0.961 ± 0.011 0.958 ± 0.008
Femur neck BMD, g/cm2 0.877 ± 0.007 0.875 ± 0.008
Spinal PDFF, % 59.0 ± 6.3 53.4 ± 5.9 a
June 2022 | Volume 1
Data are presented as mean ± SD, median (IQR) or n (%) as appropriate.
AIs, aromatase inhibitors; BMD bone mineral density; BMI, body mass index; CTX-I, type I collagen cross-linked telopeptide; IQR, interquartile range Q1-Q3; P1NP, N-terminal propeptide
of type 1 procollagen; PDFF, proton density fat fraction; SD, standard deviation.
aP <0.05 by independent-sample t-test.
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TABLE 2 | Changes in bone turnover biomarkers, BMD and spinal marrow PDFF in AIs-treated group.

Parameters Groups At baseline At 6 months At 12 months % change

D6-0m D12-0m

5-hydroxyvitamin D, ng/mL AIs 46.1(33.5, 67.2) 45.1(29.8, 63.6) 47.7(34.9, 70.1) −2.2 3.5
Controls 44.8 (30.2, 63.5) 45.4 (32.0, 68.1) 47.0 (30.0, 70.4) 1.3 4.9

CTX-I, pg/mL AIs 242 (146, 337) 260 (151, 355) 291 (176, 378) 7.4 20.2 a

Controls 226 (138, 320) 231 (144, 331) 238 (152, 353) 2.2 5.3
P1NP, ng/mL AIs 39.6 (29.7, 54.8) 40.8 (31.5, 57.3) 42.1 (32.0, 60.9) 3.0 6.3

Controls 41.0 (30.1, 56.4) 42.0 (28.6, 58.9) 40.1 (29.7, 60,1) 2.4 −2.2
Osteocalcin, ng/mL AIs 15.8 ± 4.9 15.0 ± 4.5 16.3 ± 5.2 −5.1 3.2

Controls 16.5 ± 5.4 16.7 ± 5.8 16.0 ± 5.7 1.2 −3.0
Lumbar spine BMD, g/cm2 AIs 1.052 ± 0.012 1.042 ± 0.011 1.033 ± 0.014 −1.0 −1.8 b

Controls 1.058 ± 0.009 1.054 ± 0.012 1.052 ± 0.013 −0.4 −0.6
Total hip BMD, g/cm2 AIs 0.961 ± 0.011 0.953 ± 0.010 0.945 ± 0.009 −0.8 −1.7 b

Controls 0.958 ± 0.008 0.955 ± 0.009 0.954 ± 0.012 −0.3 −0.4
Femur neck BMD, g/cm2 AIs 0.877 ± 0.007 0.871 ± 0.008 0.863 ± 0.009 −0.7 −1.6 b

Controls 0.875 ± 0.008 0.874 ± 0.009 0.872 ± 0.008 −0.1 −0.3
Spinal PDFF, % AIs 59.0 ± 6.3 60.8 ± 5.5 61.9 ± 6.0 3.1 b 4.9 b

Controls 53.4 ± 5.9 53.7 ± 5.3 53.9 ± 5.5 0.6 0.9
Frontiers in Endocrinology | www.fron
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Data are presented as mean ± SD, median (IQR) or % as appropriate.
AIs, aromatase inhibitors; BMD bone mineral density; CTX-I, type I collagen cross-linked telopeptide; IQR, interquartile range Q1-Q3; M, month; P1NP, N-terminal propeptide of type 1
procollagen; PDFF, proton density fat fraction; SD, standard deviation.
To detect difference between various time points, aP value by Wilcoxon rank-sum test and bP value by paired t test (all P <0.05).
A B

C D

FIGURE 3 | Mean percent change in marrow PDFF (A), BMD at the femoral neck (B), total hip (C) and lumbar spine (D) over time. AIs, aromatase inhibitors; BMD,
bone mineral density; PDFF, proton density fat fraction.
31231

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wan et al. Aromatase Inhibitor Increases Marrow Fat
Relationships Among Marrow PDFF, BMD,
and Serum Biomarkers
In the breast cancer patients receiving AIs group, a significantly
negative relationship was found between change of marrow
PDFF and change of lumbar spine BMD values (r = −0.585,
P < 0.001) at 12 months relative to the respective values at
baseline, but not in the controls group. Spinal marrow PDFF
variation over time was not significantly related with changes of
BMD at the femoral neck and total hip in both the AI-treated
breast cancer patients and healthy controls. In the AIs group, D
bone turnover biomarkers at 6 months and 12 months versus
baseline condition was not associated with D spinal marrow
PDFF or D BMD at the femoral neck, total hip, and lumbar spine.
DISCUSSION

In this prospective observational study, we performed DXA
scans, MR FACT sequence, and serological tests to clarify
changes in spinal marrow PDFF, BMD at the femoral neck,
total hip and lumbar spine, and bone turnover biomarker levels
in postmenopausal women with estrogen receptor-positive early-
stage breast cancer receiving AIs. We found that vertebral
marrow PDFF was significantly increased at 6 and 12 months
post-AI treatment onset. We also showed that BMD values at the
total hip, femoral neck, and lumbar spine were decreased at the
12-month follow-up visit compared to the initial visit. Changes
in marrow PDFF and D lumbar spine BMD values were
negatively associated in the AIs group.

Bone marrow adipose tissue is now recognized as an
endocrine organ. Accumulating evidence indicates that bone
marrow fat plays a complex role in bone health, energy
metabolism, and hematological diseases like aplastic anemia,
multiple myeloma, and leukemia (9, 17). A previous study
demonstrated that breast cancer patients had higher marrow
fat content in comparison with the age-matched controls.
Expansion of marrow fat may be an independent risk factor
for postmenopausal breast cancer and clinicopathological
characteristics of breast cancer (14). In this present work, as
compared with the healthy controls, the hormone-receptor-
positive early breast cancer patients receiving AIs showed fat
expansion within the bone marrow.

The level of serum b-CTX is used as the reference marker for
bone resorption, and P1NP can be measured as one of bone
formation biomarkers. During bone formation as well as bone
resorption, osteocalcin can be released into the circulation.
Several studies indicated that P1NP and b-CTX are the most
efficient biomarkers to predict the BMD changes (18). As
expected, serum b-CTX markedly elevated at 12 months after
AI treatment. Similar to our results, Catalano et al. found that b-
CTX levels increased significantly after 9 and 18 months in
comparison to baseline values in the AI-treated group (19, 20). In
contrast to ours and other studies (19), no significant change was
found in serum b-CTX from baseline condition to 12 months in
postmenopausal women with early breast cancer at lower and
moderate risk of fragility fracture who received AIs (21).
Frontiers in Endocrinology | www.frontiersin.org 6
AIs are in widespread use for hormone-receptor-positive
breast cancer patients. Several clinical trials have reported AI-
related bone loss and fracture risk in both premenopausal and
postmenopausal women (4 19, 20, 22). In clinical practice,
BMD was used to assess bone strength and risk of fracture.
However, in some pathologic conditions such as diabetes
mellitus patients, there is an apparent contradiction of
elevated bone mass associated with a higher fracture (5),
which may be due to poor bone quality assessment with BMD
measurement. Seeking imaging methods other than BMD to
evaluate bone strength and risk of fracture is of important
implication, such as marrow fat fraction, an indirect measure
of bone quality (23, 24). The use of chemical shift-encoded
MRI or magnetic resonance spectroscopy and bone quality by
means of PDFF could additionally help to identify those with
bone deterioration or higher risk of fracture independent of
BMD (11, 24).

Bone marrow fat tissue composition and quantification may
play an important role in bone pathophysiology, but has not
been thoroughly studied in AI users. A recent study with a
relatively small sample size (n = 8) done by Dieckmeyer et al. (16)
showed that over a 12-month period, vertebral bone marrow
PDFF was increased by 3.1% in subjects receiving AIs, however it
was not significant (P = 0.52). Additionally, there was no
significant association between PDFF and BMD for the AI
treatment group at baseline or follow-up. In our current study
with a large sample size and including a group of age-matched
healthy controls, we observed that over a 12-month period spinal
marrow PDFF was significantly increased in postmenopausal
women treated with AIs. Ex vivo, estradiol may induce
osteogenesis and suppress adipogenesis differentiation of bone
marrow mesenchymal stromal cells (25). In vivo, estradiol
deficiency leads to the increase in bone marrow adipocyte
size and number, particularly in postmenopausal osteoporotic
women (26). Since treatments with AIs decrease already
low endogenous postmenopausal estradiol levels, we found
that the PDFF at the lumbar spine was increased by a median
of 3.1% at 6 months and 4.9% at 12 months (all P < 0.05),
respectively. Change of marrow PDFF was associated with
change of lumbar spine BMD values at 12 months relative
to the respective values at baseline. Thus, marrow PDFF
assessed with FACT sequence may be used as a useful early
response indicator.

We acknowledge that our study has some limitations. First,
the sample size was relatively small, which did not allow to
analyze the effects of different AIs (i.e., letrozole, anastrozole,
and exemestane) on marrow fat content. This was a single-
center study which limits the generalizability of our results.
Second, many of the AI-treated breast cancer patients are
postmenopausal women who not infrequently have history of
multidrug use. Possible interactions between different drugs may
affect the bone-fat metabolism that could not be specifically
excluded. Third, although we examined both the marrow fat
content and BMD, we did not explore their relationships with
risk of fractures. Finally, the observation period of AI treatment is
typically 5 – 10 years (1), evaluating longitudinal effects over a
June 2022 | Volume 13 | Article 931231
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longer period of time may help to further elucidate the longer-
term effects of AIs on vertebral marrow PDFF.

In conclusion, over a 12-month period, spinal marrow proton
density fat fraction as measured by FACT sequence significantly
increased in postmenopausal women with early breast cancer
receiving AI treatment. Our results demonstrated that healthcare
professionals for postmenopausal women who received AIs must
pay attention to marrow fat content measurements during and
after hormone-receptor-positive early breast cancer treatment.
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