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Abstract: Current research indicates that prostate-specific membrane antigen (PSMA) is related to angiogenesis
of many solid tumors including breast cancer (BC), our objective is evaluating PSMA expression in primary tumor
and metastatic BC by Positron emission tomography/computed tomography (PET/CT). In this retrospective study
twenty-one patients with BC included all molecular subtypes, was evaluated with 8F-FDG-PET/CT imaging as strati-
fication and %8Ga-PSMA-PET/CT. Primary sites of BC was identifying in all patients with 8F-FDG-PET/CT. We identified
lymph node metastases in 17 patients (81%) and metastatic disease in 15 patients (71%). A total 127 lesions were
detected by *8F-FDG-PET/CT, 30 of which were in the breast, 31 axillary lymph-node metastases, 25 mediastinal
lymph-node metastases, 15 distant non-bone metastases and 26 bone metastases. *Ga-PSMA-11-PET/CT showed
lower detection-rate (DRs) than did *8F-FDG-PET/CT in all patients with LUM-A and LUM-B HER2. All *®F-FDG PET/
CT positive lesions in patients TPN (local, lymph nodes, and metastatic lesions) showed ¢Ga-PSMA-PET/CT uptake
(P<0.05). Sensitivities and specificities of 99.2% and 93.6% for **F-FDG-PET/CT and for 8Ga-PSMA-11-PET/CT of
84% and 91.8% (P<0.05). Accuracy measured as AUC was 0.86-0.95 in *®F-FDG-PET/CT and 0.74-0.94 for %8Ga-
PSMA-PET/CT (P<0.05). In Patient-Based analysis we found that patients triple-negative subtype (TPN) evaluated
with %8Ga-PSMA-PET/CT identified a higher number of positive patients than did LUM A. We conclude that a signifi-
cate DRs to imaging with ®¥Ga-PSMA-PET/CT in the staging of locally advanced and metastatic BC with high rates in
patients TPN, LUM B HER2* and HER2 overexpression. We believe that concept of theranostics it may be considered
as a potential diagnostic and therapeutic target.
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Introduction

The breast cancer (BC) in Mexico is the most
common malignancy and cause of cancer
death in women, according to most recent sta-
tistic among incidence 39.5 per 100,000 and
mortality of 9.9 per 100,000 females annually
even though the incidence of BC is rising in the
last decades. Cancer staging is the most impor-
tant aspect in the decision of a treatment and
for deciding personal treatment strategies [1,
2]. Recent data estimated that approximately
70% of women with metastatic breast cancer
(mBC) were diagnosed in early stages (I-1ll) and
later developed distant recurrence [3].

Positron Emission Tomography/Computed To-
mography (PET/CT) is one of the imaging modal-
ities which become successful not just in the

staging of the disease, but in the therapeutic
response evaluation. In initial evaluation in
absence of signs or symptoms suggesting me-
tastases PET/CT with the most widely used
radiotracer is the *®F-fluoro-deoxyglucose (*8F-
FDG) is not recommend, some guidelines sug-
gest as optional for evaluation of patients with
stage llIA and higher disease according to
American Joint Committee on Cancer (AJCC)
staging system [4, 5].

Selective inhibition of angiogenesis is a key
strategy in BC. This process requires early iden-
tification when first-line therapy fails. Prostate-
specific membrane antigen (PSMA) is a type Il
transmembrane glycoprotein which is first
cloned in the human prostate parenchyma and
exhibits folate hydrolase/glutamate carboxy-
peptidase Il enzymatic activity [6]. In the pros-
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Table 1. Patient characteristics, n = 21

Characteristics
Age median (range) 51 (33-69)
Clinical stage (n, %)
1A 6 (28.5%)
1B 5 (23.8%)
e 4 (19.2%)
% 6 (28.5%)
Breast cancer subtype
LUM A (n, %) 4,19%
LUM B HER2 (n, %) 4,19%
LUM B HER-2* (n, %) 2,9.5%
HER-2 overexpression (n, %) 6, 28.5%
TPN (n, %) 5, 24%

Abbreviations: LUM = molecular subtypes of breast can-
cer including luminal A and luminal B; HER-2 = human
epidermal growth factor receptor 2; TPN = triple negative
breast cancer.

tate gland, PSMA is expressed at low levels in
benign prostatic epithelium and upregulated in
the majority of advanced prostatic malignan-
cies especially in acinar adenocarcinoma [7, 8].

Current research indicates that PSMA is related
to angiogenesis of many solid tumors including
kidney cancer, colorectal cancer, glioblastoma,
pancreatic cancer, lung cancer, and bladder
cancer; however, studies are limited in the use
of this agent in BC [9-13]. Therefore, the pur-
pose of this study is to demonstrate PSMA
expression in primary tumor and metastatic BC
sites, and assess its potential use as therag-
nostic target, regardless of the hormonal sta-
tus and histology.

Materials and methods

The present retrospective clinical study was
conducted at nuclear medicine and molecular
Imaging department in Instituto Nacional de
Cancerologia, Mexico, between January 2015
and July 2017. All PET/CT examinations were
performed in compliance with 1964 Declaration
of Helsinki, and the responsible regulatory bod-
ies in Mexico. All patients received %8Ga-PSMA
under the “compassionate use” clause of the
Mexico. Written informed consent was obtained
from each patient.

Synthesis of $Ga-PSMA-11

68Ga (half-life 68 min; B+ 89%; ER+ max. 1.9
MeV) was obtained from a ¢Ge/%8Ga generator

136

(Isotope Technologies Garching). The synthesis
of Glu-NH-CO-NH-Lys(Ahx)-N,N’-Bis[2-hydroxy-
5-(carboxyethyl)-benzyllethylenediamine-N,N’-
diacetic acid (HBED-CC) was obtained from
ABX Advanced Biomedical Compounds, and
HBED-CC was selected because of its lipophilic
nature. The synthesis of ®8Ga-PSMA was car-
ried out on an iQS ®8Ga Fluidic Labeling Module
(Isotope Technologies Garching), 0.1-1 nmol of
Glu-NH-CO-NHLys (Ahx)-HBED-CC were added
in a volume of 100 L to a mixture of 10 yL 2.1
M HEPES solution and 10 pL [*8Ga]Ga®* eluate
(50-100 MBq). The pH of the labeling solution
was adjusted to 4.2. The reaction mixture was
incubated at ambient temperature for 2 min.
The radiochemical yield (RCY) was determined
using RP-HPLC. The final product was formulat-
ed in isotonic phosphate-buffered saline (PBS)
with subsequent sterile filtration. The radiola-
belling and purification of the PSMA ligand was
done using an automated module. The radio-
chemical purities of ®8Ga-PSMA were >98% and
were analyzed using reversed-phase highper-
formance liquid chromatography (RP-HPLC;
Chromolith RP-18e, 100 x 4.6 mm; Merck, Dar-
mstadt, Germany).

Patients

Twenty-one patients (range 33-69 years, mean
age 51 years) in our institution with BC were
studied between January 2015 and July 2017.
Four patients were luminal A (LUM-A); Four
patients were LUM B HER2 positive (LUM-B
HER2* [human epidermal growth factor recep-
tor 2]); Two patients were LUM B HER2 negative
(LUM-B HERZ2); Six patients were HER2 overex-
pression (HER2*), and five patients were triple
negative (TPN). Inclusion criteria for ®*Ga-PSMA-
PET/CT were that these patients were diag-
nosed with metastatic-BC (mBC), and baseline
18F-FDG-PET/CT imaging was acquired as strati-
fication before initiate therapy (1-2 week’s). In
all patients, available imaging data performed
as part of the staging. The most representative
characteristics of the population study are
resumed in Table 1. For validation of the metas-
tases in lack of histological proof of bone
metastases in all cases it was based on a con-
sensus review of all available current and fol-
low-up clinical data and imaging studies, all
patients had a follow-up imaging modality avail-
able, confirming or ruling out bone meta-
stases.
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Figure 1. A. Maximal intensity projection (MIP) Positron Emission Tomography PET with 8Ga-PSMA in patient with
TPN breast cancer, showed normal biodistribution and primary site in right breast, multiple bone and lymph-node
metastases. B. MIP in patient with LUM-B HER2 positive breast cancer, showed multiple bone metastases with faint
uptake in primary site in the left breast. C. MIP in patient with Her-2 overexpression breast cancer, showed multiple
bone metastases with faint uptake in primary site in the right breast.

Imaging protocol

Imaging was performed with a Biograph mCT
20 PET/CT (Siemens Medical Solutions, USA) at
the nuclear medicine and molecular Imaging
department in Instituto Nacional de Cancer-
ologia. The %8Ga-PSMA was applied to patients
via an intravenous bolus (mean 6, SD 155.5,
6-27.4 MBq; range, 88-240 MBq). PET acquisi-
tion was started at a mean time of 59 + 10.1
min after tracer injection (range, 49-70 min).
Low-dose CT (from skull to mid-thigh) correction
was performed for both attenuation correction
and topographic localization. The CT parame-
ters used for acquisition were 140 kV, 80 mA,
and 0.5 s per rotation, with a pitch of 6:1 and a
slice thickness of 5 mm. After completion of the
CT scan, PET data were acquired for 3 min per
bed position. Emission data were corrected for
randoms, dead time, scatter, and attenuation
and were reconstructed iteratively by an or-
dered-subsets expectation maximization algo-
rithm (4 iterations, 8 subsets) followed by a
post-reconstruction smoothing gaussian filter
(5 mm in full width at one-half maximum).

Imaging analysis

PET/CT images in all standard planes were
reviewed by use of the dedicated software
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(syngo by SIEMENS). Images were analyzed
visually and quantitatively by two nuclear medi-
cine physicians with more than 5 years of expe-
rience (k = 0.85). Maximum standardized up-
take values (SUVmax) were obtained by draw-
ing circular regions of interest, which were auto-
matically adapted (40% isocontour) to a 3D vol-
ume of interest (VOI) using syngo software.
SUVmax was chosen due to its higher reproduc-
ibility between different investigators when
compared to SUVmean and SUVmedian. In
addition, dependent on the VOI's drawn by the
investigators, whereas SUVmax is indepen-
dent.

BE-FDG-PET/CT and ®8Ga-PSMA-PET/CT stud-
ies were interpreted visually and semiquantita-
tively using the SUVmax values, on a patient-
by-patient and lesion-by-lesion basis. In patient-
based analysis, detection rate (DR) was defined
as the ability to detect at least one pathologic
finding in each patient (Figure 1).

Statistical methods

The objective of our investigation was to calcu-
late and compare the DRs of the ®8Ga-PSMA-
PET/CT with the standard imaging 8F-FDG-
PET/CT. DRs were calculated as the ratio be-
tween the number of positive tumor lesions
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Figure 2. (A) Maximal intensity projection (MIP) Positron Emission Tomogra-
phy PET with %8Ga-PSMA in patient with LUM-A breast cancer, showed nor-
mal biodistribution and primary site in left breast, multiple bone and axillar
lymph-node metastases are present; in the left breast are present necrosis

in center of tumor (B).

Table 2. Patient-based analysis

erating-characteristics (ROC)
analysis using MedCalc v.17.1
(MedCalc Software, Ostend,
Belgium). A P<0.05 was con-
sidered to be statistically sig-
nificant. Statistical analyses
were conducted with software
SPSS (version 22).

Results
Patient-based analysis

BC was identified in nearly all
patients with *¥F-FDG-PET/CT.
Local metabolic activity was
found in nearly-all patients
(99%). We identified lymph
node metastases in 17 pa-
tients (81%) and metastatic
disease was found in 15
patients (71%). The DRs re-
corded in different subtypes of
BC were considered separately
(Figure 2). Table 2 summarizes

Breast cancer subtype Site lesion 8F-FDG  %8Ga-PSMA-11 the differences in DR between
LUM A Local 4/4 2/4 68Ga-PSMA-PET/CT and *®F-
Lymph-node disease 4/4 1/4 FDG-PET/CT.
metastatic disease 3/3 2/3 . )
LUM B HER2: Local 4/4 2/4 When we considered the differ-
Lymph-node disease 2/2 12 ences betweer_1 the subtypes
metastatic disease 3/3 3/3 of BC populations, we found
that patients TPN evaluated
LUM B HER2® Local 2/2 2/2 with %*Ga-PSMA-PET/CT identi-
Lymph-node disease  1/1 fied a higher number of posi-
metastatic disease ~ 2/2 2/2 tive patients than did LUM A.
HER-2 overexpression Local 6/6 5/6
Lymph-node disease  5/5 Tumor-based analysis
metastatic disease 4/4 4/4 .
PN Local 5/5 5/5 To _determlne_ the DR _of two
) radiotracers in detecting le-
Lymph-node disease 5/5 5/5 sions, we performed a lesion-
metastatic disease 3/3 3/3

based analysis; the results are

Abbreviations: LUM = molecular subtypes of breast cancer including luminal A
and luminal B; HER-2 = human epidermal growth factor receptor 2; TPN = triple

negative breast cancer.

visualized by ®8Ga-PSMA-PET/CT and the total
number of tumor lesions visualized by *¥F-FDG-
PET/CT. The McNemar test was used to com-
pare DRs between both radiotracers on the
same patients. SUVmax values between differ-
ent subtypes were assessed using Student’s t
test. Sensitivities, specificities and areas under
the curve (AUC) were calculated by receiver-op-
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summarized in Table 3. A total
127 lesions were detected by
18F-FDG-PET/CT, 30 of which
were in the breast, 31 axillary
lymph-node metastases, 25 mediastinal lym-
ph-node metastases, 15 distant non-bone
metastases and 26 bone metastases. %¢Ga-
PSMA-PET/CT showed lower DRs than did *&F-
FDG-PET/CT in all patients with LUM-A and
LUM-B HER2. All *¥F-FDG PET/CT positive
lesions in patients TPN (local, lymph nodes,
and metastatic lesions) showed %8Ga-PSMA-
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Table 3. Tumor-based analysis

Breast cancer subtype Site lesion 8F-FDG 68Ga-PSMA-11 p*
LUM A Local 6/6 2/6 0.02
Axillary lymph-node 4/4 1/4
mediastinal lymph-node 3/3 1/3
distant non-bone metastases 2/2 1/2
bone metastases 4/4 2/4
LUM B HER2 Local 5/5 3/5 0.05
Axillary lymph-node 77 3/7
mediastinal lymph-node 5/5 3/5
distant non-bone metastases 4/4 2/4
bone metastases 3/3 3/3
LUM B HER2* Local 8/8 4/8 0.61
Axillary lymph-node 5/5 3/5
mediastinal lymph-node 6/6 5/6
distant non-bone metastases 2/2 1/2
bone metastases 5/5 5/5
HER-2 overexpression Local 6/6 5/6 0.87
Axillary lymph-node 9/9 8/9
mediastinal lymph-node 3/3 3/3
distant non-bone metastases 4/4 4/4
bone metastases 5/5 5/5
TPN Local 5/5 5/5 1.0
Axillary lymph-node 6/6 6/6
mediastinal lymph-node 8/8 8/8
distant non-bone metastases 3/3 3/3
bone metastases 9/9 9/9

Abbreviations: LUM = molecular subtypes of breast cancer including luminal A and luminal B; HER-2 = human epidermal
growth factor receptor 2; TPN = triple negative breast cancer. *McNemar test vs. ®Ga-PSMA-11 PET/CT.

PET/CT uptake (Figure 3). No difference in bone
metastases DR was observed between 28F-
FDG-PET/CT and %8Ga-PSMA-PET/CT in the dif-
ferent subtypes of BC. The difference between
the DR of %8Ga-PSMA-11 PET/CT lesions TPN
and HER2 overexpression with lesions by
LUM-A was statistically significant (P = 0.02).

This resulted in sensitivities and specificities of
99.2% and 93.6% for *¥F-FDG-PET/CT and for
68Ga-PSMA-PET/CT of 84% and 91.8% respec-
tively (Table 4), because twenty-seven lesions
remained equivocal (P<0.05) in comparison to
18F-FDG-PET/CT), maybe due to maybe more
active tumoral cells are better visualized with
68Ga-PSMA due to lower uptake in the associ-
ated inflammatory process (see Figure 3).
Accuracy measured as AUC was 0.86-0.95 in
18F-FDG-PET/CT and 0.74-0.94 for %8Ga-PSMA-
PET/CT (P<0.05).
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Discussion

PSMA regulates tumor cell invasion and tumor
angiogenesis by modulating integrin signal
transduction in endothelial cells. The transcrip-
tion of PSMA can be selectively activated
through a transcriptional enhancer region in
endothelial cells of the tumor neovasculature,
but this region is absent in normal blood ves-
sels [14].

68Ga-PSMA-PET/CT imaging was originally con-
sidered to be prostate specific valuable imag-
ing modality for evaluation of primary prostate
cancer and it seems to have potential for the
detection of lymph node and bone metastases,
meanwhile this demonstrated that other
tumors have overexpression of this glycopro-
tein in-vitro, and the PET technique can be
demonstrated in-vivo [15-17].

Am J Nucl Med Mol Imaging 2020;10(3):135-142



68Ga-PSMA PET/CT in the evaluation of metastatic breast cancer

Figure 3. (A) Maximal intensity projection (MIP) Positron Emission Tomography PET with 8F-FDG in patient with TPN
breast cancer, showed normal biodistribution and primary site in right breast, and axillary lymph-node metastases;
axial and sagittal fused slices showed primary site with non-uniform pattern due to necrosis (B). In the same slices
with PET with 58Ga-PSMA the necrosis in the primary site are more pronounced and axillary lymph-node metastases
showed uptake (C), and MIP showed similarly pattern (D), maybe more active tumoral cells are better visualized with
%8Ga-PSMA due to lower uptake in the associated inflammatory process.

Table 4. Lesion-based analysis of *F-FDG-PET/CT
and %8Ga-PSMA-PET/CT

PET/CT *8F-FDG PET/CT %8Ga-PSMA p value

Sensitivity 100 (100) 84.0 (63.9-95.5) 0.044
Specificity 93.6 (88.5-96.6) 91.8(83.8-96.6) 0.039
AUC 0.91 (0.86-0.95) 0.86(0.74-0.94) 0.040

Values are percentages in sensitivity and specificity and deci-
mals in AUC and p-values. 95% ClI are given in parentheses.
P-values are related to AUC comparison. AUC = Area under the
curve. The percentages represent are summarized all molecular
subtypes of breast cancer.

To date, our study is the second that has
assessed PSMA expression in-vivo in a cohort
of patients with primary and metastatic BC.
Unlike the previous study conducted by Sa-
thekge M et al. [11], our study did not evaluate
recurrence because the objective was to evalu-
ate the locally advanced and metastatic dis-
ease from the initial evaluation, and to avoid
any possible effect of the oncological therapy
used. In addition, our study evaluated DR
Patient-Based analysis and Tumor-Based An-
alysis.

This study demonstrates in-vivo PSMA positivi-
ty in up to 76% of BC and metastatic disease in
more than 90% of patients. Importantly, PSMA
tumoral uptake is pronounced in subtype TPN
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and HER2 overexpression. Our findings are
consistent, in part, with Sathekge results
which observed that PSMA SUVmean values
was higher metastases when compared to
those of primary or local recurrences.
Nevertheless, we showed more pronounced
uptake in lymph nodes especially in patients
TPN and HER2 overexpression in contrast to
Sathekge, they report SUVmean values of
hormone receptor-positive lesions not signifi-
cantly different from hormone receptor-nega-
tive negative lesions.

We previously report the case of a 45-year-old
woman with a single brain metastasis from
breast carcinoma HER2 positive seen on
68Ga-PSMA-PET/CT. Biopsy documented dis-
ease progression despite treatment [18].

Chang et al. [19] were perhaps the first to dem-
onstrate by immunohistochemistry the pres-
ence of PSMA in 5 of 6 cases of breast cancer,
characterized by the monoclonal antibody
7E11 and those of four recently developed anti-
PSMA mAbs (J591, J415, and Hybritech
PEQ226.5 and PM2J004.5), each of which
binds a distinct epitope of PSMA; this study
confirm PSMA expression in the neovascula-
ture of a wide spectrum of malignant neo-
plasms; rather than a PSMA-like molecule, is
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expressed in tumor-associated neovascul-
ature.

Moreover Nguyen et al. [20] studied four exter-
nal domain-binding anti-PSMA mAbs (J591,
J415, 1533, and E99) and showed that each
bound the tumor-associated neovasculature in
several variety of carcinomas (including lung,
colon, breast, and others).

Wernicke et al. [9] evaluated a ninety-two pa-
tients had primary breast cancer (invasive
breast carcinoma with or without co-existing
ductal carcinoma in situ (DCIS) or DCIS alone).
In addition, 14 patients with breast cancer
metastases to the brain. Tumor-associated
vasculature was PSMA-positive in 68/92 (74%)
of primary breast cancers and in 14/14 (100%)
of breast cancers metastatic to brain. PSMA
was not detected in normal breast tissue or
carcinoma cells.

Tolkach Y et al. [21] they have the most large
study in patients with breast cancer evaluate
with they have the most large study in patients
with breast cancer evaluate PSMA expression
on tumor endothelia by immunohistochemistry
and mRNA expression of the FOLH1 gene in a
large cohort. 315 patients had of invasive carci-
noma and lobular breast cancer. Sixty percent
of breast cancer cases showed PSMA positivity
in tumor vessels with higher expression rates in
tumors of higher grade, HER2 overexpression,
and lack of positive hormone receptors. These
findings were confirmed on mRNA expression
levels. The highest PSMA rates were observed
in  TPN. Nevertheless, they did not use
68Ga-PSMA PET/CT, except in one patient with
metastatic breast cancer who underwent
PSMA-radionuclide therapy with poor results.

Another study development by Kasoha M et al.
[22] evaluated by immunohistochemical analy-
sis that primary breast tumors and distant
metastases showed PSMA expression in tumor
cells and in tumor associated neovasculature.
In addition, distant metastases showed higher
PSMA expression in tumor-associated neovas-
culature comparing with primary tumors asso-
ciated with histologic type and tumor grade
with statistical significance.

Some important limitations should be observed.
First, we assessed only the DRs of the %Ga-
PSMA PET/CT, assuming a priori that all patients
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were true-positives, we not performed immuno-
histochemical analysis for evaluate PSMA
expression. This study is limited by its retro-
spective study design. Histological proof was
not available as reference standard to deter-
mine the true dignity of bone metastases.
Another potential limitation was our limited
number of patients by subtypes of BC, so we
decided to evaluate the DRs based on the
Tumor-Based Analysis.

Conclusion

Our study showed a significate DRs to PET
imaging with ¢8Ga-PSMA in the staging of local-
ly advanced and metastatic BC with high rates
in patients TPN LUM B HER2* and HER2 overex-
pression. We believe that concept of theranos-
tics it may be considered as a potential diag-
nostic and therapeutic target. Based in this
findings larger trials are necessary to further
define the role according the subtype of BC.
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