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Background: Accurate efficacy evaluation of bone metastases (BMs) from breast cancer (BC) is an
intractable issue in clinical practice, for which solutions are urgently needed. This study aimed to investigate
the utility of 18F-fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG
PET/CT) in the response evaluation of bone metastasis of BC.

Methods: In total, 22 patients diagnosed with BC and BM were enrolled. These patients underwent
repeated 18F-FDG PET/CT evaluations. The patients and each BM site were divided into two groups based
on their response to treatment: progressive disease (PD) and nonprogressive disease (non-PD). We analyzed
and compared the changes in PET and CT images, as well as the serum concentration of carcinoembryonic
antigen (CEA), carbohydrate antigen 153 (CA153), alkaline phosphatase (ALP), and calcium (Ca) over the
same time frame. The immunohistochemistry (IHC) of primary lesions between groups and between the
primary focus and BM with high 18F-FDG uptake were compared and analyzed.

Results: Maximum standard uptake value (SUVmax) after therapy [area under the curve (AUC): 0.932] and
A-value of SUVmax (AUC: 0.811) on 18F-FDG PET imaging proved significantly valuable for the efficacy
of therapy outcomes related to BM lesions (P<0.05). In terms of overall evaluation of BM, age and human
epidermal growth factor receptor 2 (HER2) expression were significantly lower in the PD group than in the
non-PD group (P<0.05). There were marked differences in CEA after therapy, the changes of CEA, and
CA153 (A-value) between the groups (P<0.05). The SUVmax and Ca concentration after therapy and A-value
of SUVmax, along with the levels of CA153, CEA, and ALP, were valuable indicators for evaluating the
efficacy of individual BMs (P<0.05). IHC of BM in the PD group showed differences compared to primary
lesions, with antigen Ki-67 being downregulated in metastatic lesions and HER2 being downregulated in a
portion of BMs (2 of 6). Meanwhile, the expression of estrogen receptor (ER) and progesterone receptor (PR)
remained relatively unchanged.

Conclusions: 18F-FDG PET/CT confers precise assessment of the posttreatment efficacy pertaining to
BM in BC. This modality facilitates the identification of poor effect lesions following extant therapies and
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localization for pathological assessment and may substantially contribute to evaluating therapeutic efficacy,

refining treatment strategies, and predicting the disease trajectory of patients with BC and BM.
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Introduction

Breast cancer (BC) stands as the predominant malignancy
afflicting women globally, ranking second in cancer-related
fatality across both the developed and developing world
(1,2). Despite considerable advancements being made
its management, BC remains an intractable disease, with
certain patients progressing to advanced stages and often
mortality fatality. Notably, distal metastases frequently
manifest in sites, including the bones, lungs, liver, and
brain. Of these, bone involvement is the most common,
affecting over 70% of those with metastatic BC (3,4).
This type of bone metastasis often leads to skeletal-related
events, encompassing pathological fractures, pain, neural
compression, and hypercalcemia. A panoply of targeted
therapeutic approaches tailored to this context (e.g., bone-
modifying agents) is currently available. The evaluation
of posttherapeutic bone metastases (BMs) is critical to
devising effective treatment plans. Although pathology
is the gold standard for the diagnosis of bone metastasis,
imaging plays an important role in the diagnosis and
response monitoring of BMs in BC. The diagnosis and
outcomes of BC BMs include osteogenic, osteogenic, and
mixed changes. The osteogenic and mixed changes after
treatment may include metastatic lesion progression or
osteogenic repair after therapy. According to the Response
Evaluation Criteria in Solid Tumors (RECIST) guideline
(version 1.1), osteolytic or mixed lesions without soft
tissue components and osteogenic lesions are considered
as nonevaluable lesions (5). Computed tomography (CT)
was hitherto employed to discern response through lesion
resolution or sclerosis, but this approach has since been
acknowledged to be insufficiently sensitive and requires at
least half a year for a robust assessment of response (6-9).
18F-fluorodeoxyglucose-positron emission tomography
integrated with computed tomography (18F-FDG PET/
CT) can reflect the glucose metabolism, and change in
18F-FDG uptake before and after treatment of BMs
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(osteolytic, osteogenesis, mixed) can be sensitively detected;
thus, it has been recognized as an objective and reliable
indicator of bone metastasis response (10,11). BC is a
highly heterogeneous tumor, and it is exceedingly common
for primary and metastatic lesions to progress again after
a period of stabilization or improvement. The lesions
respond inconsistently to the current treatment (effective
or ineffective). Therefore the means to identifying those
lesions unresponsive to current treatment and the timely
and accurate detection of progressive lesions are crucial to
the prognosis of patients. Even with the help of traditional
imaging modalities, such as CT, magnetic resonance
imaging (MRI), and bone scintigraphy (BS), it remains
difficult to evaluate the response of BMs, especially in
osteogenic and mixed areas. This study aimed to investigate
the application value of 18F-FDG PET/CT in the response
evaluation of bone metastasis of BC through retrospective
analysis. We present this article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1738/rc).

Methods
Patients and pathology

A retrospective analysis was conducted on a total of 22
patients with BC with bone metastasis who were treated
between August 2019 and October 2023. These patients
underwent multiple 18F-FDG PET/CT evaluations at the
Department of Nuclear Medicine, The Second Hospital
of Dalian Medical University. All participants received a
definitive diagnosis of infiltrating ductal carcinoma through
pathological confirmation. The cohort underwent complete
clinical profiles and were subjected to standardized follow-
up extending beyond 6 months after the last PET/CT
assessment. Participants lacking comprehensive clinical
diagnosis and follow-up data, along with those experiencing
inadequate follow-up duration, were excluded. For cases
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where biopsy proved challenging or multiple bone lesions
were evident, clinical diagnosis was considered sufficient.
Confirmation through diagnosis was secured through
alternative imaging modalities, including CT and MRI,
and augmented by clinical follow-up. The average age of
the patients at the initial PET/CT evaluation in this cohort
was 48.9£11.8 years, and the age range was 34 to 67 years.
Among the 22 patients, the initial stage distribution was as
follows: 1 patient at stage 0, 4 patients at stage I, 3 patients
at stage 11, 8 patients at stage III, and 6 patients at stage IV.
On average, each patient underwent 2.41+0.73 PET/CT
evaluations, with the number of evaluations ranging from 2
to 4. The average time interval between consecutive PET/
CT evaluations was 13.4+8.5 months, with a range of 2 to
40 months. This study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013) and was
approved by the Ethics Committee of The Second Hospital
of Dalian Medical University (2022-103). The requirement
for individual consent in this retrospective analysis was
waived.

Imaging protocol

A fasting duration of at least 6 hours preceded the
intravenous injection. Administered activity was dosed
proportionally to the patient’s body weight (ranging
between 3.70 and 5.55 MBq/kg). PET images, captured
60 minutes after intravenous injection, spanned from the
cranial region to the mid-thigh and were captured with a
PET/CT scanner (Ingenuity TEF, Philips, Amsterdam, the
Netherlands). The images underwent assessment with both
scatter-corrected (SC) and attenuation-corrected (AC) PET
modalities. For localization and attenuation correction,
a CT scan ensued, consisting of 120 kV with automatic
milliamperage selection (ranging between 25 and 150 mA).
In immediate sequence to the CT scan, PET data were
recorded over 3 minutes per bed. Reconstruction of the
data set was completed with a slice thickness of 4 mm. The
reconstruction adhered to the clinical standard, leveraging
the proprietary blob-basis function ordered-subsets time-of-
flight (BLOB-OS-TF) algorithm furnished by the PET/CT
scanner manufacturer (Philips), incorporating reconstructed
time-of-flight data.

Routine follow-up consisted of chest, abdomen, and
pelvis CT scans. Manipulation of window width (WW) and
window level (WL) was used to calibrate the CT image
to accommodate bone alterations [WW: 1,000-1,500
Hounsfield units (HU); WL: 250-350 HU]. The CT

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

Lin et al. Efficacy of 18F-FDG PET for BMs

imaging maintained a 4-mm slice thickness.

Clinical data collection

Comprehensive compilation encompassed the
initial stage, molecular subtypes, pathology, and the
immunohistochemistry (IHC) of primary breast lesions and
BMs. The parameters included estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor
receptor 2 (HER2), and Ki-67 expression. Furthermore,
we measured the serum tumor biomarkers associated with
BC [carcinoembryonic antigen (CEA) and carbohydrate
antigen 153 (CA153)], serum alkaline phosphatase (ALP),
and serum calcium (Ca) ion concentration derived from
patients undergoing 18F-FDG PET/CT and CT during
the corresponding time frames.

Image analysis and efficacy assessment

Two groups of clinicians, each comprising a nuclear
medicine physician and an oncologist, undertook
the evaluation of BMs. These medical professionals
independently assessed metastatic status based on changes
discerned in PET/CT, CT scans, and clinical data.
Remarkable interrater concordance was observed between
the two groups of clinicians. For any discrepancies,
agreement was reached through exhaustive deliberation. In
the evaluation of the skeletal lesions response, we considered
the clinical symptoms, changes in serological indicators,
changes in lesions glucose metabolism, and bone density.
The European Organization for Research and Treatment
of Cancer (EORTC) criteria can be used to identify
heterogeneous responses after treatment. Since this study
mainly focused on the heterogeneity of BMs and examined
lesions that did not respond to therapy, the EORTC
criteria were used for PET assessment (10). Response in
bone density change after therapy was defined according
to the classical World Health Organization (WHO) and
Union for International Cancer Control (UICC) criteria
(7,8). The patients were divided into progressive disease
(PD) and nonprogressive disease (non-PD) groups. The
non-PD group included the improvement and stable cases.
The criteria for the improvement group were as follows:
(I) pain mitigation at the lesion; (II) diminished serum
concentrations of tumor biomarkers, ALP, and Ca; (III)
CT scans revealing decreased extent of osteolytic lesions or
osteogenesis; and (IV) a reduction greater than 25% in the
tumor maximum standard uptake value (SUVmax) in lesions
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observed on the baseline PET scan.

The PD group was defined according to the following
criteria: (I) exacerbated pain at the lesion; (II) escalation in
serum concentrations of tumor biomarkers, ALP, and Ca;
(IIT) CT scans evidencing lesion enlargement or emergence
of new osteolytic foci; (IV) and an increase in 18F-FDG
tumor SUV of greater than 25% within the tumor region
defined on the baseline scan, visible increase in the
extent of 18F-FDG tumor uptake (20% in the longest
dimension), or the appearance of new 18F-FDG uptake in
metastatic lesions. Lesions not precisely aligning with the
aforementioned criteria were classified as stable. The bone
lesions in every group were required to meet at least one of
the clinical manifestations (changes in clinical symptoms or
serum blood indicators), must accorded with at least one of
the imaging changes. When there was a conflict between
the efficacy evaluation results of PET and CT, the PET
result as a conclusive indicator.

Meticulous recording of the SUVmax via 18F-FDG
PET imaging served to reflect the detailed profile of BMs.
The density of lesions indicated by CT imaging was also
scrupulously documented. We took into account both
changes in bone density degree and distribution. There
are four forms of bone density changes in the diagnosis
and treatment of BMs: osteolytic, normal, mixed and
osteoblastic. Mixed foci, were divided into patchy high-
density foci with indistinct margins and ground-glass high-
density foci. To facilitate statistical analysis, the specific
distribution of bone density was graded according to degree
as follows: 4 for well-demarcated nodular high-density foci,
3 for high-density foci with blurred margins, 2 for ground-
glass high-density foci, 1 for normal density, and 0 for low-
density foci.

Statistical analysis

Statistical analysis was performed using SPSS version
22.0. The normality of continuous variables was assessed
using the Shapiro-Wilk test. Normally distributed data are
presented as the mean + standard deviation (¥ =+ s), while
nonnormally distributed data are presented as median and
interquartile range (IQR). Analysis of variance was used to
compare normally distributed continuous variables between
multiple groups. The chi-square test was used for frequency
comparison between multiple groups. Independent
samples 7-tests were used to compare normally distributed
continuous variables between two groups, while the
Mann-Whitney test was used for to compare nonnormally
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distributed continuous variables between two groups.
The diagnostic efficacy of various indicators in evaluating
efficacy was assessed using receiver operating characteristic
(ROCQ) curve analysis. P<0.05 was considered to indicate
statistical significance.

Results

No obvious correlation was found between the initial stage,
subtype, and response of BMs, the expression of HER2 in
the primary lesion of the PD group was lower than that of
the non-PD group.

Efficacy evaluation proceeded on a patient-centric basis,
involving a cohort of 22 patients who underwent 53 PET/
CT examinations in total. A cumulative total of 31 efficacy
assessments were conducted during proximate PET/CT
evaluations. According to the criteria for response of BMs
described above, 19 cases were defined as non-PD and
12 as PD. There was no obvious correlation between the
initial stage, the subtype, or the response of BMs (initial
stage: X’=4.165, P=0.526; subtype: X’=9.961, P=0.076). The
proportion of patients with HER2 low expression in the
primary lesion of PD group was significantly higher than
that in the non-PD group (X°=4.010; P=0.045) (see Tible I).

Younger age and lower HER?2 expression within primary
breast carcinoma lesions was associated with prognosis, and
higher serum CEA levels after therapy and increased serum
CEA the and CA153 concentration could aid in detecting
the progression of BMs.

In terms of the overall patient efficacy evaluation, the
age of the PD group was younger than that of the non-
PD group (P<0.05), the CEA concentration after therapy
and the A-value of CEA and CA153 in PD group were
significantly higher than those in the non-PD group
(P<0.05). Analysis of the basic clinical data indicated that
only HER2 expression within the primary breast lesion was
significantly different between the two groups (P<0.05).
Lower HER2 expression correlated with an increased
likelihood of suboptimal disease control (1able 2).

In terms of the sequential follow-up evaluations, the
glucose metabolic intensity of PET (SUVmax) after
therapy, the change of SUVmax, serum tumor biomarker
level, (CEA, CA153), and ALP concentration could be used
for efficacy assessment; meanwhile, the density and changes
of BMs demonstrated middling performance for efficacy
evaluation.

For the efficacy assessment of individual BMs, a total of
130 BMs were subjected to assessment via 18F-FDG PET/

Quant Imaging Med Surg 2024;14(7):4950-4964 | https://dx.doi.org/10.21037/qims-23-1738



4954 Lin et al. Efficacy of 18F-FDG PET for BMs

Table 1 Patient information and the response of bone metastases

Initial TNM Molecular typing of breast Frequency Comparison Response Number of bone  Comparison of

Patient  clinical . of PET  frequency of of bone metastases included frequency of
stage stage lesions examinations PET metastases in the study bone lesions
1 v TIN2MA1 HER2 enriched 2 1st Non-PD 3 3
2 1l TIN3MO Luminal B (HER2 negative) 3 1st PD 5 10
2nd PD
3 I} T3N1MO Luminal B (HER2 positive) 2 1st Non-PD 1 1
4 Il T2N1MO HER2 enriched 2 1st Non-PD 3 1
5 1} T1N2MO Triple negative 4 1st Non-PD 5 15
2nd Non-PD
3rd PD
6 v T2N1MA1 HER2 enriched 4 1st Non-PD 5 15
2nd Non-PD
3rd PD
7 % T2N1M1 Luminal B (HER2 negative) 2 1st PD 5 5
8 0 TisNOMO Luminal A 2 1st Non-PD 1 1
9 1l T2N1MO Luminal B (HER2 negative) 3 1st Non-PD 1 2
2nd Non-PD
10 1} T4NOMO Luminal B (HER2 negative) 2 1st PD 5 5
11 | TINOMO Luminal B (HER2 negative) 2 1st PD 9 9
12 1l TIN3MO Luminal B (HER2 negative) 4 1st Non-PD 6 18
2nd PD
3rd PD
13 | T1NOMO Triple negative 2 1st PD 5 5
14 v T2N3MH1 Luminal A 2 1st Non-PD 5 5
15 | TINTMO Luminal B (HER2 positive) 3 1st PD 5 10
2nd Non-PD
16 Il T2NOMO Triple negative 2 1st PD 5 5
17 i T4AN3MO HER2 enriched 2 1st Non-PD 5 5
18 1l TIN2MO Luminal B (HER2 negative) 2 1st Non-PD 5 5
19 I} T3N1MO Luminal B (HER2 positive) 2 1st Non-PD 1 1
20 IV T1IN2MO HER2 enriched 2 1st Non-PD 3 3
21 | TIN1MO Luminal A 2 1st Non-PD 5 5
22 IV T2N1Mm1 HER2 enriched 2 1st Non-PD 1 1
Total 53 31 Non-PD 19; PD 89 130
12

TNM, tumor-node-metastasis; PET, positron emission tomography; non-PD, non-progressive disease; PD, progressive disease; HER2,
human epidermal growth factor receptor 2.
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Table 2 Comparative analysis of clinical indicators between the two efficacy groups (n=31)

Characteristic Non-PD (n=19)

PD (n=12) P

Age, (¥ £ s), (years) 52.47£12.70

CEA, M (P25, P75), (ng/mL)

Before 1.16 (0.56, 2.20)
After 0.62 (0.59, 1.41)
A-value -0.12 (-0.41, 0.00)

CA153, M (P25, P75), (U/mL)

Before 9.30 (6.07,16.66)
After 6.19 (4.92, 11.25)
A-value -1.78 (~3.84, 1.44)

ALP, M (P25, P75), (U/L)

Before 96.45 (52.51, 130.55)
After 79.77 (61.26, 105.36)
A-value 4.52 (-49.97, 31.66)

Ca, M (P25, P75), (mmol/L)

Before 2.40 (2.26, 2.45)

After 2.42 (2.34,2.47)

A-value 0.06 (-0.02, 0.06)
ER (x £ s) 1.09+1.1.20
PR (x +s) 0.84+1.07
HER2 (x + s) 2.24+1.42
Ki-67 (x £ s) 39.12+25.69

42.67+7.23 0.010"

1.75 (0.50, 27.34) 0.671
5.37 (0.62, 131.59) 0.021*
0.70 (0.00, 31.42) 0.030*
8.55 (5.24, 26.09) 0.744
11.27 (4.68, 64.58) 0.325
3.15 (-1.98, 54.05) 0.043*
68.78 (57.89, 95.50) 0.370
100.77 (56.18, 135.48) 0.813
8.67 (-5.41, 52.09) 0.211
2.42 (2.33, 2.44) 0.679
2.38 (2.28, 2.49) 0.525
-0.05 (-0.17, 009) 0.152
1.33+0.0.98 0.520
0.75+0.0.62 0.833
1.42+0.90 0.013*
47.91+27.09 0.382

*, P<0.05. Non-PD, non-progressive disease; PD, progressive disease; ¥, mean; s, standard deviation; CEA, carcinoembryonic antigen;
M, median; P25, 25th percentile; P75, 75th percentile; CA153, carbohydrate antigen 153; ALP, alkaline phosphatase; Ca, calcium; Before,
pretreatment serum concentration; After, posttreatment serum concentration; A-value, change in serum concentration before and after
treatment; ER, estrogen receptor expression of breast primary lesion; PR, progesterone receptor expression of breast primary lesion;
HER2, human epidermal growth factor receptor 2 of the breast primary lesion; Ki-67, antigen Ki-67 expression of the breast primary lesion.

CT and conventional CT, both before and after therapy.
The status of BMs at baseline (prior to treatment) was
compared to that after change in treatment plan. After
treatment, 93 lesions were assessed as non-PD, while 37
lesions were assessed as PD. Notably, SUVmax values
derived from 18F-FDG PET were significantly higher at
baseline in the PD group than in the non-PD group, and
the SUVmax level in the PD group significantly increased
compared to baseline (P<0.05). There was an increase
in bone density at lesion sites compared to baseline, and
significant differences were noted between the baseline
and the two groups (P<0.05). However, there was no
difference in bone density change between the two groups
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posttreatment (P>0.05) (Table 3).

A comprehensive comparison was conducted between
the non-PD and PD groups, with all indicators being
considered. Remarkably, the SUVmax after therapy and the
change in SUVmax, CEA, CA153, and ALP levels before
and after therapy showed diagnostic value in distinguishing
therapeutic efficacy (P<0.05). Although there was a
significant difference in bone density observed on CT scans
before therapy between the two groups (P<0.05), there was
no significant difference in bone density after therapy or in
the change of bone density before and after therapy (P>0.05).
The posttreatment Ca levels in the PD group were lower
than those in the non-PD group. In contrast, the indicators
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Table 3 Overview of 18F-FDG uptake and bone density before and after treatment of every bone metastasis (n=130)

Characteristic Baseline (n=130) Non-PD (n=93) PD (n=37) P
PET (x £ s)
SUVmax 4.78+3.49 1.22+0.13 6.44+2.53 <0.001*%%
CT (n)
Nodular high-density-4 18 21 5 <0.001**%; 0.446°
Patchy high-density-3 19 30 12
Ground-glass high-density-2 24 24 10
No abnormality-1 35 10 8
Low density-0 34 8 2

*, P<0.05. ®, comparison between three groups (baseline, non-PD, and PD); ®°, comparison between baseline and non-PD group; °,
comparison between baseline and PD group; ¢, comparison between non-PD and PD group. 18F-FDG, 18F-fluorodeoxyglucose; non-
PD, non-progressive disease; PD, progressive disease; PET, positron emission tomography; ¥, mean; s, standard deviation; SUVmax,

maximum standardized uptake value; CT, computed tomography.

that were not effective in determining therapeutic efficacy
were CAE, CA153, and ALP levels before and after therapy;
Ca levels before therapy; and the change in Ca levels after
therapy (See Table 4).

The relevant indicators of PET demonstrated the highest
ability to ascertain efficacy; changes in some serological
indicators were significant in predicting the prognosis of the
disease, while changes in CT density performed relatively
poor in discriminating efficacy.

The ROC curve was plotted, and the efficacy assessment
parameters underwent screening based on the comparison
of the area under the curves (AUCs) for each index. The
posttherapy SUVmax and the A-value of SUVmax emerged
as the most precise metrics for efficacy evaluation, yielding
AUC:s of 0.932 and 0.811, respectively. Certain serological
indicators provided certain value in efficacy assessment: the
A-value of CA153 and the A-value of CEA yielded AUCs
of 0.747 and 0.704, respectively, while the A-value of ALP
yielded an AUC of 0.675. Blood Ca levels after treatment
could also serve as a reference for evaluating the therapeutic
effectiveness of BMs (AUC: 0.386), while lower blood
Ca concentration indicated poor efficacy. The P values of
these indices were all below 0.05, indicating a significant
difference between the groups. Meanwhile, the other
parameters, including CT-derived density changes, did not
demonstrate significant intergroup differences (P>0.05) (See
Figure 1, Table 5).

Compared with the pathological IHC of the primary
lesion, the BMs in the PD group showed downregulation of
Ki-67 and HER? in some lesions.

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

Pathological analysis was performed on BMs in 6 of
the 22 patients. The analysis focused on the bones that
exhibited abnormal glucose metabolism as shown by PET
imaging. The IHC phenotypes of the BMs were found
to differ from those of the primary lesions, indicating the
inherent heterogeneity in the process of tumor metastasis. It
is worth noting that in these limited six cases, the expression
of Ki-67 was downregulated to varying degrees. In one
patient (Case 2), there was a difference in the subtype of the
primary lesions (triple negative and luminal B). Although
the molecular subtypes of the primary lesion and BMs were
generally similar, there were two cases where the HER2
expression in the metastatic lesion was downregulated
compared to that in the primary lesion (see Figure 2, Tuble 6).

Discussion

With the steady advancement of medical science, a greater
number of patients with advanced-stage tumors are able to
receive successful treatment, leading to prolonged survival.
However, owing to the inherent heterogeneity of tumors,
certain primary and metastatic lesions recur despite effective
intervention. The accurate identification of these lesions at
an early stage and the precise assessment of their efficacy
are pivotal to patient prognosis. Unlike the evaluation of
other malignancies, alterations within treated BMs exhibit
a range of complexities. Abnormal bone density increase
can signify osteogenic repair, a limited presence of active
tumor cells within an osteogenic repair background,
or emerging osteogenic metastases. These interacting,
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Table 4 Intergroup and pairwise comparison of indicators between the two groups

Characteristic Non-PD (n=93) PD (n=37) P
PET (SUVmax) (x + s)

Before 4.63+3.49 5.13+£3.19 0.458

After 2.17+1.21 6.43+2.53 <0.001*

A-value -2.46+3.37 1.31£3.42 <0.001*
CT(x+5s)

Before 1.70+1.44 1.46+1.19 0.003*

After 2.49+1.20 2.27+1.12 0.446

A-value 0.80+1.24 0.81+1.37 0.978
CEA (ng/mL), M (P25, P75)

Before 1.61(0.50, 16.85) 5.451.06, 31.62) 0.054

After 1.16 (0.50, 32.81) 1.47 (0.53, 94.47) 0.471

A-value 0.00 (-0.50, 0.14) 2.77 (0.00, 32.28) <0.001*
CA153 (U/mL), M (P25, P75)

Before 9.30 (6.06, 28.08) 9.10 (5.16, 102.00) 0.937

After 6.68 (6.19, 11.74) 5.60 (2.71, 25.85) 0.167

A-value -0.39 (-3.31,2.79) 3.51(2.09, 68.10) <0.001*
ALP (U/L), M (P25, P75)

Before 91.00 (69.38, 130.90) 85.93 (65.00, 123.25) 0.787

After 71.11 (53.10, 137.00) 66.00 (59.00, 97.00) 0.392

A-value 4.52 (-43.60, 27.23) 11.06 (-1.00, 56.60) 0.002*
Ca (mmol/L), M (P25, P75)

Before 2.41(2.31,2.48) 2.41(2.32, 2.45) 0.350

After 2.39 (2.31, 2.48) 2.21(2.15, 2.42) 0.045*

A-value 0.02 (-0.05, 0.09) -0.05 (-0.20, 0.17) 0.437

*, P<0.05. Non-PD, non-progressive disease; PD, progressive disease; PET, positron emission tomography; SUVmax, maximum
standardized uptake value; ¥, mean; s, standard deviation; Before, pretreatment serum concentration; ¥, mean; s, standard deviation;
After, posttreatment serum concentration; A-value, change in serum concentration before and after treatment; CT, computed tomography;
CEA, carcinoembryonic antigen; M, median; P25, 25th percentile; P75, 75th percentile; CA153, carbohydrate antigen 153; ALP, alkaline

phosphatase; Ca, calcium.

complex changes pose significant challenges to conventional
imaging diagnostics. 18F-FDG PET, which targets regions
manifesting abnormal glucose metabolism and identifies
areas with active tumor cells, allows for the assessment
of tumor status via the glucose metabolism, facilitating
the determination of lesion status prior to anatomical
transformations. This is critically important for patient
treatment and prognosis.

Patients with BC are particularly susceptible to BMs,

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

with the related changes after treatment being diverse.
Precisely gauging the effectiveness of interventions on
BMs constitutes a challenge in clinical practice. Prior
nuclear medicine studies on diagnosing BMs in BC
have predominantly focused on assessing the diagnostic
sensitivity, specificity, and accuracy of 18F-FDG PET/
CT (12). Our study examined the potential of 18F-FDG
PET/CT in the posttreatment evaluation of BMs, with a
specific emphasis on distinguishing between osteogenic

Quant Imaging Med Surg 2024;14(7):4950-4964 | https://dx.doi.org/10.21037/qims-23-1738



4958
ROC curve
1.0 v 7| SUVmax after therapy
Ta—— b =~ | ——A-value of SUVmax
J'-f 7 CT before therapy
7, A-value of CEA

0.8 /_/—‘ - A-value of CA153
A-value of ALP
Ca after therapy
Reference line

206
=
S /
» 0.4 / /
Vi
0.2 e
,/’/
/ |
0.0
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Diagonal segments are produced by ties.

Figure 1 ROC curves for indicators relevant to efficacy
assessment. ROC, receiver operating characteristic; SUVmax,
maximum standardized uptake value; After, posttreatment serum
concentration; A-value, change in serum concentration before and
after treatment; CT, computed tomography; Before, pretreatment
serum concentration; CEA, carcinoembryonic antigen; CA153,

carbohydrate antigen 153; ALP, alkaline phosphatase; Ca, calcium.

Table 5 ROC curves for the various research indicators

Lin et al. Efficacy of 18F-FDG PET for BMs

repair and active tumor tissue in the osteogenic region
after the administration of antitumor therapy. Our findings
suggest that regions displaying abnormal bone density grow,
as observed through 18F-FDG PET scans with normal or
absent 18F-FDG uptake, and this may signify osteogenic
repair following treatment of metastatic lesions and not
the presence of active tumors. Conversely, heightened
18F-FDG uptake implies the presence of active tumor cells
and not therapeutically effective osteogenic repair.

Bone marrow stromal cells elicit the migration of tumor
cells by expressing chemotactic molecules, thus providing a
conducive growth milieu for tumor cells (13). The capacity
of tumor cells to adhere to the bone matrix, fostering
osteoclast maturation and activity, plays a pivotal role in
the genesis of BMs. This primary osteoblastic activity
might be indiscernible in imaging from the reactive and
reparative osteoblastic activity that emerges after successful
management of osteoblastic metastases (6). Depending on
the chosen imaging modalities, the detection of metastatic
bone tumor can be performed via two approaches: direct
identification of the tumor and its tissue infiltration or

Variable AUC (95% Cl) P
SUVmax after therapy 0.932 (0.878-0.986) <0.001*
A-value of SUVmax 0.811 (0.723-0.900) <0.001*
A-value of CA153 (U/mL) 0.747 (0.651-0.844) <0.001*
A-value of CEA (ng/mL) 0.704 (0.602-0.806) <0.001*
A-value of ALP (U/L) 0.675 (0.574-0.776) 0.002*
CEA before therapy (ng/mL) 0.608 (0.492-0.720) 0.057
SUVmax before therapy 0.564 (0.459-0.668) 0.263
CEA after therapy (U/mL) 0.541 (0.432-0.649) 0.476
CA153 before therapy (U/mL) 0.505 (0.377-0.632) 0.937
D-value of CT density 0.489 (0.376-0.602) 0.851
ALP before therapy (U/L) 0.485 (0.368-0.602) 0.787
CT density before therapy 0.459 (0.354-0.564) 0.471
A-value of Ca (mmol/L) 0.456 (0.325-0.587) 0.438
ALP after therapy (U/L) 0.451 (0.346-0.557) 0.393
Ca before therapy (mmol/L) 0.447 (0.333-0.561) 0.352
CT density after therapy 0.427 (0.318-0.537) 0.202
CA153 after therapy (U/mL) 0.422 (0.296-0.547) 0.168
Ca after therapy (mmol/L) 0.386 (0.279-0.494) 0.046*

*, P<0.05. ROC, receiver operating characteristic; AUC, area under the curve; 95%CI, 95% confidence interval; SUVmax, maximum
standardized uptake value; CT, computed tomography; CEA, carcinoembryonic antigen; CA153, carbohydrate antigen 153; ALP, alkaline
phosphatase; Ca, calcium; Before, pretreatment serum concentration; After, posttreatment serum concentration; A-value, change in serum

concentration before and after treatment.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 2 A case of invasive ductal carcinoma of the left breast. A 38-year-old female patient. The primary lesion exhibited an
immunohistochemical phenotype of ER (1+), PR (1+), and HER2 (1+). The initial PET/CT examination was conducted 2 years after
surgery and systemic medical oncology therapy in June 2019. The patient’s serological parameters (CEA, CA153, Ca, and ALP) were within

the normal range. PET/CT revealed abnormal 18F-FDG uptake at the second lumbar vertebra (L2), with no other tumor-associated
18F-FDG uptake foci detected on the MIP image (Al). CT images displayed a low-density focus (6x8 mm) within the left half of the L2
(A2). PET and PET/CT fusion images (A3,A4) indicated significantly heightened 18F-FDG uptake (SUVmax 6.8) at the low-density focus
and the perifocal bone with normal density. Subsequent pathological examination confirmed the presence of breast cancer metastasis, with
ER-, PR—, and HER2 1+ status. PET/CT was conducted 18 months after the treatment regimen was administered (March 2021), with the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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patient exhibiting elevated serum tumor markers (CEA and CA153) but stable Ca and ALP levels. The MIP image revealed an expanded
and intensified range of radiotracer accumulation at the L2 and a new metastatic lesion at the 11th thoracic vertebra (T'11) and the left
psoas major muscle (L3 level) (B1). The previously observed low-density focus within the L2 had transformed into a high-density nodule
(12x11 mm), with persistent high 18F-FDG uptake (SUVmax 6.8). Additionally, a ground-glass density region had emerged outside the
nodule, displaying heightened 18F-FDG uptake (SUVmax 7.9). The patient was continued on the planned therapy, leading to another
PET/CT examination year later due to escalating tumor markers, elevated Ca levels, and an increased ALP concentration (March 2022).
Multiple BMs were discovered, along with fresh lesions in the right axilla and right lung. The range of radiotracer accumulation at the L2
was substantially expanded and included the involvement of the left psoas major muscle (C1). The nodular high-density focus exhibited
an enlarged range (17x16 mm), and abnormal glucose metabolism was essentially absent (SUVmax 2.3). Notably, new regions of ground-
glass density emerged around the area, displaying elevated glucose metabolism (SUVmax 9.2) (C2-C4). The red arrow indicates 18F-FDG
uptake in the L2, the blue arrow indicates a low-density nodule with high 18F-FDG uptake, a yellow arrow indicates a high-density nodule
with high 18F-FDG uptake, a green arrow indicates high 18F-FDG uptake in a ground-glass density region, and a purple arrow indicates a
high-density nodule with low 18F-FDG uptake. MIP, maximum intensity projection; CT, computed tomography; PET, positron emission
tomography; PET/CT fusion, positron emission tomography and computed tomography fusion imaging; CEA, carcinoembryonic antigen;
CA153, carbohydrate antigen 153; Ca, calcium; ALP, alkaline phosphatase; ER, estrogen receptor; PR, progesterone receptor; HER2,
human epidermal growth factor receptor 2; 18F-FDG, 18F-fluorodeoxyglucose; SUVmax, maximum standardized uptake value.

Table 6 Comparison of pathological characteristics between primary lesions and bone metastases

Patient Focus ER PR HER2 Ki-67 (%) Molecular typing

Case 1 Primary 1 1 1 80 Luminal B (HER2 negative)
BM 1 0 1 30 Luminal B (HER2 negative)
BM 0 0 1 10 Triple negative

Case 2 Primary 0 0 0 70 Triple negative

Primary 2 0 3 20 Luminal B (HER2 positive)

BM 2 2 3 10 Luminal B (HER2 positive)

Case 3 Primary 2 2 2 40 Luminal B (HER2 negative)
BM 2 1 2 15 Luminal B (no FISH testing, HER2 unknown)

Case 4 Primary 2 1 1 30 Luminal B (HER2 negative)
BM 3 0 0 30 Luminal B (HER2 negative)

Case 5 Primary 3 0 2 30 Luminal B (HER2 positive)
BM 2 0 2 20 Luminal B (HER2 positive)

Case 6 Primary 1 1 1 30 Luminal B (HER2 negative)
BM 3 0 0 30 Luminal B (HER2 negative)

The categorization of ER, PR, and HER2 expressions relied on the findings of pathological examination and were classified as follows:
negative assignment, 0; weak positive (1+), 1; moderate positive (2+), 2; and strong positive (3+), 3. Ki-67 expression was quantified
as a positive percentage. ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; Ki-67,
antigen Ki-67; BM, bone metastasis; FISH, fluorescence in situ hybridization.

the visualization of bone response in the presence of BMs, and it has long been a routine clinical methodology
tumor cells. Osteoblastic metastasis is characterized by for assessing the efficacy the therapy for bone lesions,
reduced bone resorption and an augmented stimulation of providing remarkable spatial resolution and the ability to
osteoblasts (14). evaluate bone trabeculae and cortical constituents (15).

CT is a keystone imaging modality in the diagnosis of Nevertheless, CT lacks the capability to discriminate
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between metabolically active and inert bone lesions, which
impedes its ability to evaluate therapeutic efficacy. In this
study, we stratified osteogenic lesions into five grades based
on CT alterations. Subsequently, based on the observed
alterations in the lesion state, we segregated BMs into two
models: a sclerosis-improvement and stabilization model
and a sclerosis-progression model. We found that when the
CT value of BMs was increased, the precise condition of the
lesion remained elusive.

MRI is also a staple clinical imaging diagnostic modality.
It particularly excels in the diagnosis of bone marrow
metastases, as it enables the early detection of lesions prior
to the manifestation of its structural changes in bone and
bone marrow. Nonetheless, MRI remains confined to local
imaging and is insufficient for comprehensively diagnosing
and appraising the entire body’s bone and bone marrow
condition. Furthermore, the intricate signal changes across
various sequences within the lesion area posttreatment pose
significant challenges to diagnostic imaging physicians.
Thus, when other imaging assessments are unable to
confirm the presence of a lesion at a specific site, local MRI
examinations can prove valuable for diagnosis; however, its
utility is confined to assessing the effectiveness of systemic
bone and bone marrow lesions.

Radionuclide bone imaging, particularly whole-body
static imaging (WBS), can offer insights into osteoblast
activity and vascular networks within the skeleton. This
technique exhibits a proclivity for tracer absorption at sites
of vigorous bone formation (16,17). Although it is popular
among clinicians, it is considered to be relatively insensitive
and nonspecific for the assessment of systemic treatment
response to BMs. Furthermore, radionuclide bone imaging
often requires weeks or even months to confirm a treatment
response (18-20). The flare phenomenon that follows
chemotherapy or endocrine therapy can interfere with the
differentiation between disease progression and reparative
osteoblastic activity. Moreover, the temporal lag for
accurately appraising treatment efficacy from the initiation
of therapy ranges from 3 to 6 months, imposing constraints
on the use of WBS for efficacy evaluation within routine
clinical practice. Despite the advent and use of single-
photon emission CT (SPECT) and CT, which provides
anatomical localization and structural insights into skeletal
lesions upon diagnosis, gauging the efficacy of radionuclide-
concentrated osteogenic areas remains challenging. This
study refrained from conducting a comparison between
PET and SPECT due to the limited number of patients
concurrently subjected to PET and SPECT. This will be

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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addressed independently in future studies.

18F-FDG PET/CT serves as a precise method for
appraising the treatment response of hypermetabolic bone
and bone marrow metastases and is contingent upon the
quantitative evaluation of 18F-FDG uptake. The metabolic
effects engendered by treatment manifest earlier than
do morphological changes. PET/CT has demonstrated
superior sensitivity and specificity in comparison to
conventional imaging modalities (21). PET/CT can directly
identify the presence of tumor cells via the quantification
of metabolic vigor, facilitating the detection of active tumor
tissue throughout the body (22). Changes in SUVmax
after treatment facilitate the differentiation between lesion
improvement, stability, and progression, especially when
guided by changes (A-value) before and after treatment. The
uptake of 18F-FDG in viable BMs is primarily attributed
to tumor cells of the primary BC and not bone cells, thus
functioning as a tumor-specific tracer rather than as a direct
reflection of the altered bone microenvironment (21).
A decrease in 18F-FDG uptake during bone metastasis
treatment may be attributed to osteoblast proliferation
within BMs leading to augmented production of bone
matrix and a concomitant relative decrease in cell density.
This results in reduced 18F-FDG accumulation since
tissue 18F-FDG uptake reflects the underlying glucose
metabolism and cell density. The heightened sensitivity
of PET compared to WBS may stem from its capacity to
detect metastatic tumor cells prior to the full activation of
osteoblasts within the bone marrow, thus facilitating the
detection of bone-specific tracers (14,23).

A number of studies have demonstrated a strong
correlation between alterations in 18F-FDG uptake and
clinical and tumor-marker responses, suggesting that they
may serve as predictive indicators until progression and
skeletal-related events occur (24,25). In our study, the pre-
and posttherapy serum tumor biomarkers (CEA and CA153),
ALP concentration, and their change before and after
therapy were indeed different between the groups and could
support the evaluation of therapeutic efficacy. However, it
is imperative to acknowledge that serum tumor markers
reflect changes in tumor burden throughout the entire body,
encompassing alterations within BMs. Thus, when a patient
has metastases in other organs, the assessment of changes
in bone lesions necessitates integration with changes in
other tumor sites. Furthermore, the tumor markers fail
to accurately locate the malignant lesions. In contrast,
18F-FDG PET excels at precisely and promptly identifying

even a limited number of progressing lesions.
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In our study, younger women had a higher probability
of disease progression. Young age has been reported to
be an independent risk factor of death or recurrence and
is associated with a poor prognosis for BC. Although
diagnostic delays may lead to a more advanced initial
stage, biological differences nonetheless play an important
role. It has been established that BC is more histologically
aggressive in young women compared with their older
counterparts (26).

BC is a highly heterogeneous tumor, and many lesions
show therapeutic resistance during treatment due to
changes in subtype or/and the expression of Ki-67. It
is critical to implement the individualized treatment of
BC on the basis of standardized treatment. 18F-FDG
PET is highly suitable for finding the treatment-tolerant
lesions (malignant foci) and guiding biopsy. 18F-FDG
concentration in PET examination is associated with
series of mechanisms including cell adhesion, invasion,
metastasis, and antitumor gene downregulation. 18F-FDG
uptake is also associated with the molecular subtypes of
BC. Some researcher have asserted that HER2/ER-positive
BC may be the most suitable BC subtype for 18F-FDG
PET. HER2/ER-positive BC often has high Ki-67 levels,
a marker of cell proliferative potential, and the PI3K/Akt/
mTOR pathway is also activated. The phosphatidylinositol
3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) pathway is also involved in the expression and
function of glucose transporters, which are involved in
glucose uptake (27-29). Other studies have reported that
18F-FDG SUVmax is significantly associated with ER
negativity, PR negativity, HER2 positivity, a high Ki-67
index, a larger tumor size, a higher histological grade, the
presence of axillary lymph node metastasis, and a more
advanced stage (30,31). Therefore, the uptake of 18F-FDG
is associated to the subtype, with the triple-negative
subtype and HER2-positive subtype showing a higher
SUVmax and the luminal A subtype showing a lower
SUVmax (32). In the six cases that we observed, compared
with that of primary site, the Ki-67 of the metastatic sites
were all downregulated to varying degrees; moreover, the
molecular subtypes of the primary and metastatic lesions
were basically the same, and only a portion of the BMs
in PD group showed downregulation of HER2 (2/6),
which is not consistent with the previous reports. Thus
this may be attributed to our limited sample size and the
lack of accounting for other factors that may contribute to
suboptimal efficacy, which should be further explored by

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

Notably, our study revealed there to be a connection
between the low expression of HER2 in primary breast
carcinoma lesions and prognosis. Lower HER2 expression
was correlated with an increased likelihood of suboptimal
disease control. Pathological examination was carried out
on regions demonstrating anomalous glucose metabolism
as identified by 18F-FDG PET. This method can enable
clinicians to promptly and accurately detect changes,
allowing for timely treatment plan adjustments and
ultimately enhancing patient prognosis.

There were certain limitations to this study which should
be addressed. First, we employed a retrospective design and
a limited sample size, particularly for the subgroups, which
precluded the implementation of multivariate analysis.
An additional constraint was the absence of quantitative
assessments for bone metastasis state and HU due to the
complexity of bone density changes after treatment of BMs;
we will further attempt to address this challenge through
image texture analysis.

Conclusions

Alterations in bone density posttreatment can be observed
via CT, and variations in serum tumor biomarkers for
BC (CEA, CA153), serum ALP, and serum Ca may be
valuable for the assessment of therapeutic outcomes in BC
BMs; however, their discriminatory capacity diminishes
in conditions involving multiple posttreatment changes.
In contrast, the fluctuations in bone glucose metabolism
depicted by 18F-FDG PET provide an effective means of
discerning the posttreatment conditions in BMs, offering
accurate identification of lesions resistant to prevailing
treatments. Consequently, 18F-FDG PET/CT may be
highly valuable for the evaluation of treatment efficacy,
adjustment of treatment strategies, and prediction of
outcomes for patients with BC and BMs.
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