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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Abstract.

This study evaluates the diagnostic potential of ®*Ga-FAPI PET/
CT in women with newly diagnosed breast cancer (BC), with
an emphasis on molecular subtypes and HER2/neu expression
status. A total of 34 patients (median age: 55.5 years; range:
26-80) with histologically confirmed invasive BC underwent
%Ga-FAPI PET/CT prior to initiating treatment. Tumors were
classified according to immunohistochemical markers (ER, PR,
HER2/neu, Ki-67) into Luminal A, Luminal B (HER2-negative
and HER2-positive), and triple-negative subtypes. A total of 46
malignant lesions were identified, including multicentric tumors
in 9 patients. The highest FAPI uptake (SUVmax and TBR)
was observed in HER2-positive tumors, particularly Luminal
B HER2-positive subtypes. Statistically significant differences
in FAPI uptake and TBR were found between tumors with
HER2 overexpression and those with HER2-zero expression
(p=0.015). The study demonstrates that ®*Ga-FAPI PET/CT
may enhance diagnostic accuracy in aggressive BC phenotypes,
particularly HER2-overexpressing tumors, and could serve as
a valuable complementary imaging modality for staging and
treatment planning.

Key words. ®Ga-FAPI PET/CT, breast cancer, HER2/neu,
tumors.

Introduction.

The breast cancer (BC) remains a significant public health
concern due to high rates of morbidity and mortality [1].
According to GLOBOCAN, 2,308,897 women were diagnosed
with BC in 2022, of which 665,684 cases were fatal [2]. In the
Republic of Kazakhstan, BC occupies a leading position in the
structure of cancer morbidity (1* place) and mortality (4" place)
among women, the morbidity is 36.9 cases and the mortality is
12.3 cases per 100 thousand population [3].

The increasing morbidity and mortality of BC requires the
constant improvement of diagnostic methods and the search for
new approaches that allow the timely diagnosis and selection of
the optimal treatment strategy.

Positron emission tomography (PET/CT) with '®F-FDG plays
a crucial role in the detection, staging, and evaluation of the
effectiveness of treatment [4,5]. Along with advantages, some
studies have shown the limitations of '®F-FDG PET/CT due
to the high background activity, low glucose and hexokinase
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activity in some malignant neoplasms, as well as insufficient
specificity of the method [5,6].

The fibroblast activation protein inhibitor (FAPI) labeled with
gallium 68 (®*Ga) has demonstrated positive outcomes in some
malignant neoplasms [5], including BC [5-9]. However, further
studies are required to assess its diagnostic value [7-11].

The fibroblast activation protein (FAP) is expressed by
cancer-associated fibroblasts (CAFs), which are involved in
various aspects of BC, including tumor proliferation, metastatic
progression, treatment response, and resistance to cancer
therapy [12-14]. The recent studies have shown that changes
in features of the breast cancer microenvironment may serve as
valuable prognostic indicators and support the development of
innovative cancer treatment methods [15].

Prognostic factors for BC include cellular or tissue biomarkers
presented in the tumor tissue. Based on the status of estrogen
receptors (ER), progesterone (PR), human epidermal growth
factor receptor 2 (HER2/neu), as well as the tumor cell
proliferation index determined by Ki-67 antigen (Ki-67)
expression, distinct subtypes of BC are identified, which differ
significantly in prognosis and therapeutic targets. These usually
include Luminal A, Luminal B, HER2-enriched subtype, triple
negative and normal-like molecular subtypes of BC [16].

The human epidermal growth factor receptor 2 (HER2) serves
as a therapeutic target for therapy. In order to standardize and
ensure the accurate detection of BC with amplified HER2 gene
or overexpressed protein to predict a favorable outcome from
HER2-targeted therapy, American Society of Clinical Oncology
(ASCO) and College of American Pathologists (CAP) updated
the practical guidelines for testing the human epidermal growth
factor receptor 2 in BC, in 2018 [17]. According to the updated
guidelines, HER2 expression statuses are divided into three
groups: increased HER2 expression, low HER2 expression,
and zero HER2 expression [17-19], i.e., the previous HER2-
negative status has been reclassified to a status with low HER2
expression and zero HER2 expression.

High expression of HER2/neu receptor serves as a predictor of
tumor sensitivity to the targeted therapy, which requires strict
patient selection [17]. Molecular imaging techniques may play
a meaningful role in improving the detection and treatment
outcomes. A number of researchers suggest that FAPI targets
the tumor microenvironment, and its role as a diagnostic agent
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for BC imaging requires further study [20,21], which revealed
that senescent CAFs are present in BC subtypes.

Therefore, the objective of the study is to evaluate the
capabilities of ®Ga-FAPI PET/CT in BC imaging depending
on its molecular subtypes and expression status of HER2/neu
receptor.

Materials and Methods.

Selection of patients:

This study was approved by the local Ethics Committee (No.
1641; individual registration number: AR19679719). Each
participant in the study signed an informed consent.

%Ga-FAPI PET/CT was performed in 38 women with newly
diagnosed, pathomorphologically verified BC for staging
purposes prior to cancer therapy. Four women were excluded
from the study, two of whom had DCIS, one had multiple
primary malignancies (breast cancer and thyroid cancer), and
imaging data (mammography and MR-mammography results)
were unavailable for one patient (Figure 1).

carcinoma

Patients with newly diagnosed breast
n=38

Excluded (n = 2)
e 2had DCIS

invasive breast carcinoma

(Patients with histopathologicaly proven
n=36

Excluded (n = 2)
e 1 had thyroid cancer
e ] patient did not have ultrasound and

MR-mammography for lesion
Eligible patients
n=34

confirmation
Figure 1. Descriptive flowchart of study.

The final analysis includes 34 patients with newly diagnosed
BC (median age: 55.5 years; interquartile range [IQR]: 26-80
years). The criteria for inclusion in the study are: (a) women aged
18 years and older; (b) the presence of pathomorphologically
verified invasive BC; (c) completed immunohistochemical
evaluation; (d) no prior cancer therapy. The patients were
excluded from the study if they were unsuitable for examination
due to pregnancy or lactation, or if they received cancer therapy.
The final diagnosis of BC was verified by pathomorphological
examination. Based on the immunohistochemical examination
of HER2 expression status in our study, all breast tumors were
divided into three groups: group 1 — tumors with increased
HER?2 expression, group 2 — tumors with low HER2 expression,
and group 3 — tumors with zero HER2 expression. In addition,
the malignant neoplasms in our study are divided into subtypes,
according to the molecular classification of BC [16].

All patients with BC underwent mammography, breast
ultrasound and MR mammography with contrast enhancement.
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Patient preparation and PET/CT performance:

Radiopharmaceutical ®Ga-FAPI-04 was synthesized using
Ge68/Ga68 generator (50mKi) and an automated module
(Modular Lab Easy; Eckert & Ziegler, Berlin, Germany) in
accordance with Good Manufacturing Practice (GMP). The
radiochemical purity of ®*Ga-FAPI-04 solution was > 95%. All
quality control parameters corresponded to the recommendations
prescribed by the European Pharmacopocia.

All cases of BC were verified histopathologically. In all cases,
the immunohistochemical analysis was performed to evaluate
the expression of estrogen receptor, progesterone receptor,
proliferative activity index, and HER2 receptor.

The BC subtype that is positive for estrogen and/or
progesterone receptors, negative for HER2, with a low Ki-67
proliferative activity index, is defined as Luminal A (ER+, PR+,
HER2-, low Ki67); subtype that is positive for estrogen and/or
progesterone receptors, or HER2-positive, or HER2-negative,
as well as with a high proliferative activity index (Ki-67), is
defined as Luminal B (ER+, PR+, HER2+, high Ki67), tumors
with negative immunohistochemical expression of hormonal
receptors and negative amplification of HER2/neu are defined
as a triple negative (TN) subtype (ER-, PR-, HER2-) [16].
HER2 expression was determined by positive staining of
tumor cell membranes (+ 1 (score 1): 10 %; + 2 (score 2): <30
%; + 3 (score 3): >30%). To confirm the positivity of HER2,
fluorescent or silver-enhanced in situ hybridization analysis was
performed [22].

According to ASCO/CAP guidelines (2018), the expression
statuses of HER2/neu receptor are defined as increased HER2
expression (HER2-over = score 3), low HER2 expression
(HER2-low = score 1), and zero HER2 expression (HER2-zero
=score 0) [17-19]. In addition, the status of HER2+ and HER2-
has been determined, according to generally accepted criteria
described in ASCO/CAP guidelines (2013) [22]. Tumors
with HER2+ status defined according to the previous ASCO/
CAP (2013) criteria correspond, under the revised ASCO/CAP
(2018) guidelines, to tumors with increased HER2 expression
(HER2-over), whereas tumors with HER2- status correspond to
those with low (HER2-low = score 1) and zero (HER2-zero =
score 0) HER2 expression, respectively [17-19,22].

Interpretation and analysis of images:

After the PET/CT examination, the images were
independently reviewed in a blinded manner by two nuclear
medicine physicians with over than ten years of experience.
Any inconsistencies were resolved through discussion. The
classification of additional foci of multicentric breast lesions
without histopathological confirmation was based on the results
of preliminary ultrasound examinations of the breast and
regional lymph nodes, mammography, MR mammography, as
well as in the process of follow-up.

The final report included the patient's full name, identifier,
weight, height, date of birth, date of examination, as well as
the activity of the administered radiopharmaceutical (MBq),
effective dose of ionizing radiation (mSv).

The interpretation of images began with images of maximum
intensity projection (MIP) of the coronary projection. All images
were analyzed in the coronary, axial and sagittal planes using



OsiriX DICOM Viewer, UDI-PI: 14.1.1 (software version).

The radiopharmaceutical uptake was considered positive
in cases of increased radiopharmaceutical uptake, when this
was not related to physiological biodistribution; the results of
other methods were also taken into account in assessment. The
absence of radiopharmaceutical uptake was considered to be
a negative result. A quantitative assessment of the increased
radiopharmaceutical uptake was automatically provided by
the lesion’s standardized uptake value when selecting a three-
dimensional region of interest (3D ROI). SUVmax (standardized
uptake value maximum) and TBR (tumor-to-background ratio)
for primary breast tumors were determined.

Reference standard:

Histopathological results were the standard for determining
malignant breast lesions. In cases of multicentric BC
where additional lesions were detected on PET/CT but not
histopathologically confirmed, due to the availability of results
of histological examination of the main tumor node, these
lesions were evaluated based on previously conducted breast
and regional lymph node ultrasound, mammography, MR
mammography, and through follow-up. In cases of doubtful
presence of a malignant neoplasm in an additional breast lesion
with multicentric growth after all examinations, as well as with
all bilateral BC, a core needle biopsy was performed with further
histopathological confirmation. All regional lymph nodes
suspected of malignancy according to clinical examination and
breast imaging were histopathologically examined.

Statistical analysis:

In the study, continuous variables were used for semi-
quantitative data, including SUV (standardized uptake
value), TBR (tumor-to-background ratio). The verification of
distribution of quantitative data for normality was carried out
using the descriptive statistics, statistical Shapiro-Wilk criteria
for small samples. The median (Me) and quartiles (Q1 and
Q3) were used to describe the asymmetric distributions. Since
the distribution of data in our study did not follow the law of
normal distribution, the testing of null hypothesis about the
absence of differences in two independent samples was carried
out using the nonparametric Mann—Whitney U test; the absence
of differences in three or more independent samples was carried
out using the nonparametric Kruskal-Wallis test, the critical
level of statistical significance (p) was assumed to be equal to
or less than 0.05. For intra—group post hoc comparisons, Mann-
Whitney U test was used with Bonferroni correction (the critical
level of statistical significance (p) was assumed to be equal to
or less than 0.017). The statistical data analysis was performed
using the statistical software package SPSS 17.0 for Windows.

Results.

Characteristics of patients:

This study included 34 patients with newly diagnosed invasive
BC (median age: 55.5 years; range: 26-80 years). The bilateral
breast cancer was detected in 2 women.

All patients with BC underwent mammography, ultrasound of
the breast and MR mammography. The final diagnosis of BC
was verified by histopathology. The pathologic and clinical
characteristics of the patients are summarized in Table 1.
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Table 1. Clinical and Pathologic Features of Patients.

Number of patients 34
Median, age (y, range) 55.5 (range 26-80)
Histopathological characteristics

Invasive ductal carcinoma 31 (91.18%)

Invasive lobular carcinoma 2 (5.88%)

Other 1 (2.94%)
Grade

1 4(11,77%)

2 19 (55.88%)

3 11 (32.35%)
ER

Positive 29 (85.29%)

Negative 5 (14.71%)
PR

Positive 25 (73.53%)

Negative 9 (26.47%)
HER2

Positive 8 (23.53%)

Negative 26 (76.47%)
Ki-67

<20% 12 (35.29%)

>20% 22 (64.71%)
Molecular subtypes

Luminal A 12 (35.29%)

Luminal B (HER2-)

Luminal B (HER2+)

Triple Negative
Bilateral breast cancer

9 (26.47%)

8(23.53%)

5 (14.71%)

2 (5.88%)

9 (26.47%)

8(23.53%)

y —years; ER — estrogen receptor; PR — progesterone receptor; HER2 —
human epidermal growth factor receptor 2 (HER2/neu); Ki-67 — tumor
cell proliferation index determined by Ki-67 antigen expression

Multicentric breast cancer
Metastatic breast cancer

Comparison of ®Ga-FAPI PET/CT parameters between
different molecular subtypes of lesions:

According to imaging and histopathological data, among 34
patients with BC, 25 patients had a solitary tumor in breasts
and 9 had a multicentric process. A total of 46 primary breast
lesions were visualized on **Ga-FAPI PET/CT in 34 patients
and were subsequently analyzed. Based on the results of
%Ga-FAPI PET/CT, the Me size of breast lesions among the
patients with BC was Me=18.5 mm (range, 8.0-58.0), and
Me SUVmax=9.57 (Q1=6.53; Q3=16.24) and Me TBR=17.0,
(Q1=12.76; Q3=21.95) were determined.

Among 46 malignant breast lesions, a Luminal molecular
type of BC was identified in 89.13% (41/46). Luminal type
A accounted for 39.13% (18/46), Luminal type B accounted
for 50.0% (23/46) of cases: 23.91% (11/46) of lesions were B
(HER2-positive) and 26.09% (12/46) of lesions were B (HER2-
negative) subtypes. Triple negative (TN) breast cancer was the
least common molecular subtype, accounting for 10.87% (5/46).
Among all the studied tumors of different molecular subtypes,
BC with negative amplification of HER2/neu receptor (HER2-
negative) was the most common compared with tumors with
positive amplification of HER2/neu receptor (HER2-positive)
(76.09% vs. 26.83%).



Table 2. Comparison of *Ga-FAPI-04-PET/CT parameters between different molecular subtypes of breast cancer.

Molecular subtypes of breast cancer
Luminal A Luminal B

Characteristics

n=18 n=23
Suv__ 9.19 10.05
Me (Q1; Q3) (6.217; 13.77) (7.83; 17.86)
TBR 16.0 20.0
Me (Q1; Q3) (12.05; 20.48) (15.0; 24.0)

*Kruskal-Wallis test (H-test), significance p-value <0.05;

Luminal B TN

Luminal B p-value*
(HER2y+ n-11 (TR nes

16.25 9.515 9.17 5}327
(7.83; 25.25) (5.005:15.25)  (7.52;12.09)  © 56y
21.79 17.50 15.0 5«242
(16.0; 23.0) (8.0; 24.65) (11.0; 16.50) p=0.170

Luminal B (HER2)+ — Luminal B HER2-positive subtype; Luminal B (HER2)- — Luminal B HER2-negative subtype; TN — triple negative
subtype; SUV - standardized uptake value maximum; TBR — tumor-to-background ratio; Me — median; Q1 — first quartile; Q3 — third quartile

To identify associative links between FAPI PET parameters
(SUVmax, TBR) and molecular subtypes of BC, a statistical
analysis was performed between groups of tumors of the main
subtypes (Luminal A, Luminal B, Luminal B (HER2-positive),
Luminal B (HER2-negative), Triple Negative) (Table 2).

As shown in Table 2, only the molecular subtype Luminal
B (HER2+) with Me SUVmax=16.25 (Q1=7.83; Q3=25.25)
and Me TBR=21.79 (Q1=16.0; Q3=23.0) slightly differed
from other molecular subtypes that had similar PET
parameters (Luminal A: Me SUVmax=9.19 [Q1=6.217,
Q3=13.77], Me TBR=16.0 [Q1=12.05; Q3=20.48]; Luminal
B: Me SUVmax=10.05 [Q1=7.83, Q3=17.86], Me TBR=20.0
[Q1=15.0; Q3=24.0], Luminal B (HER2-): Me SUVmax=9.515
[Q1=5.065, Q3=15.25], Me TBR=17.50 [Q1=8.0; Q3=24.65];
Triple Negative: Me SUV max=9.17 [Q1=7.52, Q3=12.09],
Me TBR=15.0 [Q1=11.0; Q3=16.50]). The statistical analysis
completed for several independent samples, which included
breast lesions of various molecular subtypes of BC (Luminal
A, Luminal B, Luminal B (HER2-positive), Luminal B (HER2-
negative) and Triple Negative), showed no significant difference
between them in terms of ®*Ga-FAPI-04 uptake in tumor
(p=0.261), as well as in terms of the tumor-to-background ratio
(p=0.170).

To investigate the association between Ga-FAPI PET/CT
parameters with clinically significant molecular subtypes of BC,
an analysis was conducted comparing tumors with a relatively
less aggressiveness, grouped into Luminal A+ Luminal B
HER2-negative group (corresponding to the group of hormone-
positive tumors, negative for HER2 receptor), as well as with
subtypes with an aggressive BC, including triple negative BC
and tumors, positive for presence of HER2 receptor (HER2-
positive); in addition, a separate sample of tumors was included,
which included all breast lesions negative for presence of HER2
receptor (HER2-negative) (Figures 2 and 3).

The values of parameters were higher among tumors that are
positive for HER2 receptor, which had Me SUVmax=16.25
(Q1=7.83,Q3=25.25) and Me TBR=21.79 (Q1=16.0; Q3=23.0),
compared with other samples, the parameters in which were
identical to each other, namely, a triple negative subtype with
Me SUVmax=9.17 (Q1=7.52, Q3=12.90) and Me TBR=15.0
(Q1=10.0; Q3=17.0), hormone-positive tumors that are negative
for HER2 receptor, with Me SUVmax=9.19 [Q1=6.217,
Q3=14.56] and Me TBR=17.50 [Q1=12.05; Q3=21.93], tumors
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that are negative for HER2 receptor, with Me SUVmax=9.19
(Q1=6.27, Q3=14.5) and Me TBR=17.0 (Q1=12.05; Q3=20.0).
The analysis performed for these groups of tumors did not
reveal statistical significance between them in terms of %Ga-
FAPI-04 uptake in the tumor (H=5.07, df=3, p=0.167), as well
as in terms of TBR (H=4.69, df=3, p=0.196), however it showed
that subtypes of HER2-positive tumors had the highest uptake
and TBR compared to other subtypes of breast tumors.

To assess the association between the expression status of
HER2/neu receptor and the uptake parameters and TBR on
8Ga-FAPI-04 PET/CT, all breast tumors were divided into three
groups: tumors with overexpression of HER2 (HER2-over), low
expression of HER2 (HER2-low) and zero expression of HER2
(HER2-zero). The group of breast tumors with low HER2
expression accounted for the largest number of cases (47.83%),
compared with breast lesions with no expression (28.26%) and
overexpression (23.91%) of HER2. The statistical analysis
performed for three independent samples (HER2-over, HER2-
low, and HER2-zero) is presented in Table 3.

The statistical analysis performed for three independent
samples (HER2-over, HER2-low, HER2-zero) identified the
significant difference between the degree of ®Ga-FAPI uptake
by the tumor node (p=0.036) and the TBR (p=0.042) (Table 3).

To determine the statistical significance for each studied group
of breast lesions depending on the status of HER2neu receptor
(HER2-over, HER2-low, HER2-zero), post hoc comparisons
were performed between the groups (Figures 4 and 5).

The post hoc comparisons of FAPI-PET parameters among
lesions with low expression of HER2/neu receptor and
absence of expression of this receptor identified that SUVmax
of the tumor and TBR were higher among lesion with low
expression of HER2/neu receptor compared with lesion with
zero expression of this receptor, however, both parameters had
no statistical significance between the compared groups (Me
SUVmax=10.68 [Q1=6.61, Q3=15.68] vs. Me SUVmax=9.17
[Q1=4.43, Q3=9.87], p=0.121; Me TBR=18.0 [Q1=12.76;
Q3=23.25] vs. Me TBR=16.0 [Q1=7.43, Q3=17.25], p=0.062).
The breast tumors with overexpression of HER2/neu receptor
(HER2-over) had higher SUVmax and TBR than tumors
with absence of expression of this receptor (HER2-zero):
both parameters were statistically significant in the compared
groups (Me SUVmax=17.27 [Q1=9.50, Q3=25.25] versus Me
SUVmax=9.17 [Q1=4.43, Q3=9.87], p=0.015; Me TBR=21.90



Table 3. Comparison of ®*Ga-FAPI PET/CT parameters in BC depending on expression status of HER2/neu receptor in the tumor.

HER? status
Characteristics HER2-over HER2-low HER2-zero p-value*
n=11 n=22 n=13
SUVmax 17.265 10.68 9.17 Zzg'm
Me (Q1; Q3) (9.495-25.25) (6.61-15.68) (4.43-9.865) p=0.036
TBR 21.90 18.0 16.0 Zfzg'}z
Me (Q1; Q3) (16.0-23.0) (12.76-23.25) (7.43-17.25) =0.042
*Kruskal-Wallis test (H-test), significance p-value <0.05
SUV,_ - standardized uptake value maximum; TBR — tumor-to-background ratio; Me — median; Q1 — first quartile; Q3 — third quartile; HER2-
over — overexpression of HER2/neu; HER2-low — low expression of HER2/neu; HER2-zero — absence of expression of HER2 /neu

35
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25

20
H-test*
P=0.167

SUV max

15
10

ao 00%—0—|
ogo O%

LmA+LmB- TN HER2+ HER2-

Figure 2. Box plots SUVmax of primary tumor according molecular subtypes BC.
*Kruskal-Wallis test (H-test), significance p-value <0.05.

LmA — Luminal A, LmB-— Luminal B HER2-negative, TN — Triple Negative, HER2+ — all subtypes with HER2-positive, HER2- — all subtypes with
HER?2- negative.

40,00
35,00
30,00
25,00
20,00
15,00
10,00

5,00

0,00

H-test*
P=0.196

TBR

LmA+LmB- TN HER2+ HER2-

Figure 3. Box plots TBR of primary tumor according molecular subtypes BC.
*Kruskal-Wallis test (H-test), significance p-value <0.05.

LmA — Luminal A, LmB-— Luminal B HER2-negative, TN — Triple Negative, HER2+ — all subtypes with HER2-positive, HER2- — all subtypes with
HER?2- negative.
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Figure 4. Box plots SUVmax of primary tumor according to HER2-status of BC.\

*Mann—Whitney U test, significance p-value <0.017.
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Figure 5. Box plots TBR of primary tumor according to HER2-status of BC.

*Mann—Whitney U test, significance p-value <0.017.

[Q1=16.0; Q3=23.0] TBR=16.0
Q3=17.25], p=0.015).

Thus, the statistical significance was revealed between
SUVmax and TBR values of primary breast tumors with
overexpression of the human epidermal growth factor receptor 2
(HER2-over) compared with BC in which there was absence of
expression of HER2 receptor (HER2-zero). The degree of %Ga-
FAPI uptake by the breast tumor and its TBR were significantly
higher in BC with high expression of HER2-over compared

with BC with HER2-zero.

Discussion.

versus Me [Q1=7.43,

The tumor microenvironment (TME) plays a critical role
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in carcinogenesis, while gene expression in breast TME is
able to predict clinical outcomes [21]. The cancer-associated
fibroblasts express certain proteins that can be used as tumor-
specific markers. One of them is the membrane protein FAP,
which is expressed in the microenvironment and affects various
tumors, including BC, and FAPI as a radiotracer achieves
optimal results in tissues with high FAP expression, such
as BC [23]. Studies on the use of modern targeted therapies
show that a simple approach to eliminating only the "seed" of
a tumor is usually doomed to failure, therefore, obtaining the
expanded knowledge about TME, including the studying of
heterogeneous nature and complexity of CAF populations, will



provide the desired clinical benefits [24]. This provides grounds
for investigating the possibilities of hybrid imaging methods
with ®Ga-FAPI radioactive tracer aimed at TME in malignant
neoplasms, including BC.

The median size of the tumor node in this study is 18.5 mm
(8.0—58.0). The smallest size of breast tumor nodes detected by
%Ga-FAPI PET/CT is 8.0 mm, which demonstrates the potential
of the method in the diagnosis of BC. Some authors explain
the detection of small foci by the mechanism of action of ®¥Ga-
FAPI-04 impacting on TME, which improves the visualization
of small malignant lesions in the range of 3-5 mm on ®Ga-
FAPI PET/CT [23], expanding the possibilities of this hybrid
imaging method. The study demonstrated high tumor uptake
rates (Me SUVmax=9.57) and tumor-to-background ratio (Me
TBR=17.0), which coincides with the results of other research
groups that demonstrated an overall high uptake of ®*Ga-FAPI
by primary breast tumors and metastatic foci, in particular
compared with FDG [7,8,25-27]. When studying literature
sources, Taralli S. et al. noted that most scientific publications
report about higher uptake of ®®*Ga-FAPI indicator and higher
TBR of primary breast cancer with this tracer compared to
18F-FDG, agreeing that BC belongs to tumors with a higher
frequency of detection on PET/CT with ¥Ga-FAPI [27].

The limited available literature data have demonstrated that
the values of SUVmax and TBR in BC do not depend on the
histopathological phenotype (lobular or ductal), receptor status,
and BC grade [6,8,28,29]. However, a tendency has been shown
toward increasing the values of SUVmax from Luminal A (lower
values) to Luminal B HER2-positive type and HER2-enriched
tumors (higher values) [8]. In addition, TME has a complex
cellular composition, including various subtypes of CAF. Until
now, the contribution of fibroblasts to carcinogenesis remains
unclear [21,23]. A group of researchers found that senescent
(aging) CAFS contribute to the development of breast tumors
and are present in some subtypes of human breast cancer [21].
Given that CAFs are present in human BC samples of ER-
positive, HER2-positive, and triple-negative subtypes [21],
this study suggests that targeting FAP, specifically using **Ga-
FAPI as a radioactive tracer and determining its association
with molecular subtypes, may be beneficial in the diagnosis and
treatment of BC.

In this study, the conducted analysis of uptake parameters of
8Ga-FAPI-04 and TBR in breast tumors of main molecular
subtypes (triple negative, Luminal A, Luminal B: B HER2-
positive, B HER2-negative) did not reveal statistically
significant differences between them, which coincides with the
limited available literature sources on this topic [8,27-29].

In this study, molecular subtypes of breast cancer were
reclassified by their clinical aggressiveness: tumors of the
Luminal A + B HER2-negative subtypes were analyzed in
contrast to TN and HER2-positive cancers due to differences
in prognosis and approaches to systemic therapy. Luminal A
and HER2-negative Luminal B tumors are generally associated
with responsiveness to hormonal therapy and better outcomes,
although luminal B tends to display a broader range of
proliferative activity and often shows a less favorable prognosis
compared to Luminal A. In contrast, both TN and HER2-
positive breast cancers are known for their aggressiveness
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and worse clinical prognosis [16,30]. TN BC, in particular, is
classified as a high-grade malignancy and remains challenging
due to the lack of targeted treatments [16]. Meanwhile, HER2-
overexpressing tumors are characterized by early metastatic
spread and recurrence but good treatment outcomes [31].

Taking into account the presence of clinically important
molecular subtypes of BC and their combinations, a comparative
analysis was carried out between tumors with a relatively
less aggressive course of BC, combined into Luminal A +
Luminal B HER2-negative group, and subtypes characterized
by the aggressiveness, including triple negative BC and tumors
that are positive for the presence of HER2 receptor (HER2-
positive) [16]; as well as all breast lesions that are negative
for the presence of HER2 receptor (HER2-negative). Analysis
of clinically significant molecular subtypes of BC and their
combinations revealed no statistical significance between %Ga-
FAPI-04 uptake (p=0.167) and values of TBR (p=0.196). The
absence of association between ®Ga-FAPI-04 uptake and main
molecular subtypes reflects the heterogeneity of breast tumors
and the complex structure of the tumor microenvironment.
However, this study revealed that HER2-positive tumors, which
included only Luminal B HER2-positive subtypes, had the
highest uptake and TBR compared to other subtypes of breast
cancer. These results coincide with the data of Elboga et al., who
determined that HER2 expression appears to provide the highest
activity of ®*Ga-FAPI among the Luminal group, with significantly
higher uptake in Luminal B HER2-positive groups compared with
Luminal A or Luminal B HER2-negative groups [8,27].

In 2018, ASCO and CAP updated the practical guidelines for
testing the human epidermal growth factor receptor 2 in breast
cancer [17-19]. One of the goals of this revision was to predict a
favorable outcome from HER2-targeted therapy [17]. According
to the updated guidelines, tumors with overexpression of HER2
(HER2-over), low expression of HER2 (HER2-low) and zero
expression of HER2 (HER2-zero) have been identified, i.e.
HER2-negative status has been reclassified to the status with
low expression of HER2 and zero expression of HER2.

The statistical analysis conducted for three groups of tumors
with overexpression, low and zero expression of HER2 revealed
a significant difference between the degree of ®¥Ga-FAPI uptake
by the tumor node (p=0.036) and the tumor-to-background ratio
(p=0.042). The post hoc (pairwise) comparisons were carried
out in these groups. The PET parameters among tumors in
HER2-over group, which showed higher SUVmax and TBR
values on PET/CT compared to tumors in HER2-zero group,
were statistically significant (Me SUVmax: 17.27 vs. 9.17,
P=0.015; Me TBR: 21.90 vs. 16.0, P=0.015). Considering that
breast cancer with overexpression of HER2 belongs to tumors
with the aggressive type of tumor growth [16], it is logical
to assume that ¥Ga-FAPI accumulates more actively in such
aggressive tumors. In addition, it is known that tumors that are
positive for HER2 receptor, the so-called HER2-positive, have
a higher percentage of proliferating cells than other molecular
types of BC [21]. The literature describes the results indicating
that the expression of HER2 in breast tumors appears to provide
the highest activity of ®*Ga-FAPI [8], which is consistent with
the results obtained in our study. Also, the high activity of ¥Ga-



FAPI in breast tumors with overexpression of HER2 receptor in
this study is explained by the fact that the increased expression
of HER2 can enhance the attraction and activation of CAFs,
which remodulate the extracellular matrix, contributing to tumor
invasion. These results may be explained by data showing, on
the one hand, a link between the activation of stromal fibroblasts
by BC cells and the induction of a phenotype similar to cancer
stem cells [13,14], and, on the other hand, estrogen and HER2
receptors are regulated by some of the same signaling pathways
as breast tissue stem cells [16]. According to the results of
Chen L. et al., the immunohistochemical analysis showed that
SUVmax and TBR on %Ga-FAPI PET/CT positively correlated
with high FAP expression in the stroma of BC foci [10].

Statistically significant differences identified between the
HER2-over and HER2-zero groups but not between HER2-low
and HER2-zero groups suggest that HER2 overexpression may
indicate that HER2 overexpression is associated with higher
FAPI uptake due to the recruitment and activation of CAFs.
In contrast, the absence of significant differences between the
HER2-low and HER2-zero groups could be attributed to the
greater heterogeneity within the HER2-low group.

This heterogeneity may be attributed to the challenges of
immunohistochemical (IHC) assessment. A HER2 IHC score of
1+ is typically assigned when over 10% of tumor cells display
weak and incomplete membrane staining that are susceptible to
subjective interpretation and may lead to misclassification [30].
Another challenge is heterogeneity of HER2 immunostaining,
which complicates accurate subgroup differentiation within
HER2-low tumors [30].

This study aims to investigate the association between
the metabolic activity of %Ga-FAPI (targeting the tumor
microenvironment) with molecular subtypes of breast
cancer and expression of HER2/neu receptor. In general,
understanding the complex interaction between HER2, tumor
microenvironment, and therapeutic interventions is essential for
improving outcomes in HER2-positive breast cancer [32].

In this study, for the first time, as far as we know, the
parameters of %Ga-FAPI PET/CT in BC were compared
depending on the status of molecular expression of the human
epidermal growth factor receptor 2 (HER2/neu), according to
the recommendations of ASCO/CAP (2018) [17].

The study results have shown that PET/CT with %Ga-FAPI
may be used as an additional imaging for BC, emphasizing
the importance of this method for breast cancer types with low
glucose metabolism [8]. Moreover, considering its theranostic
potential and the obtained results, ®*Ga-FAPI may be used
for selecting breast cancer patients based on molecular and
metabolic information.

The association between FAPI uptake and HER2 status
observed in this study, particularly related to HER2-targeted
therapy or the development of anti-FAP therapies, highlights
the clinical and translational relevance of these findings.

Conclusion.

%Ga-FAPI PET/CT is a promising imaging modality for breast
cancer, offering distinct advantages in visualizing aggressive
subtypes, particularly those with HER2 overexpression. The
findings of this study indicate that tumors with high HER2
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expression demonstrate significantly elevated tracer uptake and
tumor-to-background ratios, suggesting a potential link between
FAPI accumulation and tumor biology. This supports the
utility of ®Ga-FAPI PET/CT not only for diagnostic purposes
but also for treatment planning and potentially for theranostic
applications.

Given its ability to detect multicentric lesions and visualize
tumors with low glycolytic activity, ®*Ga-FAPI PET/CT may
serve as a valuable complement to standard imaging techniques,
especially in challenging diagnostic scenarios. While current
data are encouraging, future studies with larger and more diverse
populations, as well as direct comparisons with established
PET tracers like 18F-FDG, are essential to fully determine the
clinical role and cost-effectiveness of FAPI-based imaging in
breast cancer management. Considering the presence of CAFs
across ER-positive, HER2-positive, and TN BC subtypes [21],
this study proposes that utilizing ®®*Ga-FAPI as a radiotracer
and exploring its correlation with molecular subtypes could be
beneficial in breast cancer management.

Strengths and Limitations.

This study presents several notable strengths. First, it addresses
a clinically relevant and emerging imaging modality, ®Ga-FAPI
PET/CT, which remains under-investigated in breast cancer,
particularly in relation to molecular subtypes. Importantly, the
study highlights significantly higher tracer uptake in HER2-
overexpressing tumors, supporting the hypothesis that FAPI
PET/CT may reflect aggressive tumor biology. Finally, the
results are corroborated by recent literature, enhancing their
validity. However, the study has limitations inherent to its
design. The sample size is relatively small and may limit the
generalizability of the findings. The representation of triple-
negative breast cancer cases is limited (n=5), and the cohort
lacks HER2-enriched tumors as a distinct group. Additionally, the
absence of a direct comparison with 18F-FDG PET/CT precludes
conclusions about diagnostic superiority. Future studies with larger,
more diverse cohorts and comparative imaging arms are necessary
to confirm and expand upon these findings.
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