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Abstract
Background  Despite advances in breast cancer imaging, reliable detection of sentinel lymph node (SLN) metastasis 
remains challenging. This study aimed to determine the ability of immuno-positron emission tomography (PET) using 
64Cu-labeled cetuximab to detect SLN metastasis in a model of epidermal growth factor receptor (EGFR)-positive 
breast cancer.

Methods  The SLN metastasis model was established using the EGFR-strongly-expressing MDA-MB-468 breast cancer 
cell line. In this xenograft model, [64Cu]Cu-PCTA-cetuximab was administered intravenously (5.8 ± 0.9 MBq; n = 12) or 
both intradermally and subdermally into the parapapillary region of the tumor-containing mammary gland (4.3 ± 0.4 
MBq; n = 11), after which PET was performed. 18F-FDG PET was also performed intravenously (9.1 ± 1.4 MBq; n = 4) 
or intradermally/subdermally (5.4 ± 2.2 MBq; n = 3) in the same cohort before [64Cu]Cu-PCTA-cetuximab PET. PET/
computed tomography was performed 60 min after administration of 18F-FDG and 24 h after administration of [64Cu]
Cu-PCTA-cetuximab. Delayed PET/CT scans were conducted 48 h after administration for all mice in the intradermally/
subdermally administered [64Cu]Cu-PCTA-cetuximab group and for four of the 12 mice in the intravenously 
administered [64Cu]Cu-PCTA-cetuximab group. SLNs were identified using blue dye, and PET and pathological 
evaluations of the resected SLN were performed to confirm metastases.

Results  After intravenous administration of [64Cu]Cu-PCTA-cetuximab (n = 12), accumulation was detected in 
the primary tumor in all mice and in the axilla of eight mice (67%, SUVmax 1.24 ± 0.51), all of which were found to 
have SLNs with histologically confirmed metastasis. The sensitivity, specificity, accuracy, and negative and positive 
predictive values for PET with intravenously administered [64Cu]Cu-PCTA-cetuximab were 89%, 100%, 92%, 75%, 
and 100%, respectively. In contrast, all mice with intradermal/subdermal administration (n = 11) showed high 
accumulation in both the primary tumor and axillary lymph nodes (SUVmax 4.28 ± 1.19), with six mice (55%, SUVmax 
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Background
Axillary lymph node metastasis is a significant prognos-
tic factor in breast cancer, and its detection is important 
when determining adjuvant treatment strategies. In the 
past, axillary lymph node dissection has been performed 
for axillary staging and regional control. Nowadays, sen-
tinel lymph node (SLN) biopsy is considered a less inva-
sive axillary staging method for clinically node-negative 
(cN0) breast cancer [1]. Nevertheless, SLN biopsy is 
associated with complications, including shoulder abduc-
tion deficit (13.2%), arm volume difference (16.7%), arm 
numbness (7.5%), and tingling (6.7%) [2]. Therefore, a less 
invasive axillary staging method is needed.

Recent studies have explored various non-invasive 
methods for axillary staging, including ultrasound, com-
puted tomography (CT), magnetic resonance imaging, 
and positron emission tomography (PET). The respec-
tive sensitivity and specificity of these methods have var-
ied from 49 to 87% and 56–97% for ultrasound, 40–100% 
and 44–100% for magnetic resonance imaging, 60–80% 
and 76–97% for CT, and 20–89% and 77–100% for 18F 
-fluorodeoxyglucose (FDG) PET [3–5]. Given the low 
false-negative rate of SLN biopsy (7.3–10%) [6], these 
imaging techniques cannot replace SLN biopsy in current 
practice.

Immuno-PET has emerged as a cutting-edge molecular 
imaging method that leverages radiolabeled antibodies 
for precise detection and quantification of cancer-specific 
molecular markers with notable sensitivity and specific-
ity [7]. Beyond its diagnostic ability, immuno-PET shows 
potential as a therapeutic modality by utilizing antican-
cer antibodies, and thus it is a promising candidate for 
theranostic (therapeutic and diagnostic) applications. 
Research has focused primarily on its ability to identify 
human epidermal growth factor receptor 2 (HER2)-
positive breast cancer, which accounts for about 20% of 
cases, by use of radiolabeled trastuzumab, a therapeu-
tic anti-HER2 monoclonal antibody. Findings indicate 
that immuno-PET using 89Zr-labeled or 64Cu-labeled 
trastuzumab has high sensitivity for detection of brain 
metastases in patients with HER2-positive breast can-
cer, although its therapeutic impact is not fully clear [8, 
9]. On the other hand, in estrogen receptor (ER)-positive 

breast cancer, which accounts for more than 70% of all 
cases, ligand-based PET imaging using 16α-[¹⁸F]-fluoro-
17β-estradiol ([¹⁸F]-FES), a radiolabeled form of estradiol, 
has demonstrated high diagnostic accuracy in detect-
ing ER-positive metastases and mapping functional ER 
distribution [10, 11]. Notably, this technique is not clas-
sified as immuno-PET, as it targets the hormone recep-
tor through a ligand-based mechanism rather than using 
radiolabeled antibodies. In contrast, no studies to date 
have investigated immuno-PET for triple-negative breast 
cancer, defined by the absence of hormone receptor and 
HER2 expression.

Our research has concentrated on the epidermal 
growth factor receptor (EGFR), which is present in about 
15% of breast cancers and in 50% of triple-negative cases 
[12]. EGFR overexpression is common in a number of 
cancers, and cetuximab, an anti-EGFR antibody, has 
shown effectiveness in colorectal [13], head and neck 
[14], non-small cell lung [15] cancers, as well as some 
potential in metastatic triple-negative breast cancer [16]. 
When tagged with radioisotopes, cetuximab emerges as 
a viable option for theranostic application. Specifically, 
64Cu, owing to its β+ and β- decay and electron capture 
properties and its relatively long half-life (12.7  h), is an 
ideal radionuclide for theranostics, facilitating both PET 
imaging and internal radiotherapy [17]. The efficacy of 
64Cu-labeled cetuximab in detection of disseminated 
EGFR-positive gastrointestinal cancer and its antitumor 
capability has been demonstrated in a preclinical model 
[18]. Therefore, 64Cu-labeled cetuximab may have diag-
nostic and therapeutic potential for EGFR-positive breast 
cancer, potentially obviating the need for SLN biopsy in 
clinically node-negative (cN0) disease and axillary lymph 
node dissection even when SLN metastasis is present.

This study aimed to determine the diagnostic value of 
immuno-PET using 64Cu-labeled cetuximab in a model 
of breast cancer with strong EGFR expression and SLN 
metastasis by comparing the efficacy of intravenous 
(IV) versus intradermal/subdermal (ID/SD) adminis-
tration, noting that the latter method is conventionally 
used to identify SLNs in clinical practice. This research 
will serve as the first step towards clinical application of 

5.01 ± 1.12) having histologically confirmed metastasis. The sensitivity, specificity, accuracy, and positive predictive 
values for PET with intradermally/subdermally administered [64Cu]Cu-PCTA-cetuximab were 100%, 0%, 55% and 55%, 
respectively. SLN metastasis was not detectable by intravenous or intradermal/subdermal 18F-FDG PET.

Conclusions  PET with intravenously administered [64Cu]Cu-PCTA-cetuximab demonstrated high precision for 
diagnosis of SLN metastasis in a xenograft model of EGFR-positive human breast cancer. Although further evaluation 
is necessary, intradermal/subdermal administration could be a useful therapeutic approach owing to its high 
accumulation in SLNs.
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64Cu-labeled cetuximab PET as a theranostic approach in 
patients with cN0 EGFR-positive breast cancer.

Materials and methods
Synthesis of [64Cu]Cu-PCTA-cetuximab
[64Cu]Cu-PCTA-cetuximab was prepared as described 
previously [18]. In brief, p-SCN-Bn-PCTA (Macrocy-
clics) was dissolved in dimethyl sulfoxide and added to 
2 mg/mL cetuximab (ERBITUX, Merck) in 50 mM boric 
acid buffer (pH 8.5) at a chelate to antibody molar ratio 
of 5:1. The reaction was performed at 37  °C for approx-
imately 24  h with shaking. Next, PCTA-cetuximab, 
solvent-exchanged and adjusted to a concentration of 
0.2 mg/mL with 0.1 M acetate buffer (pH 6.0), was used 
for radiolabeling.

[64Cu]CuCl2 (74–111 MBq) sourced from PDRadio-
pharma was solvent-exchanged with 0.1 M acetate buffer 
(pH 6.0). Next, 600 µL of 0.2  mg/mL PCTA-cetuximab 
(120  µg) were added to 486 µL of [64Cu]CuCl2 solution 
(approximately 60 MBq). The labeling reaction was per-
formed at 40  °C for 60  min to obtain [64Cu]Cu-PCTA-
cetuximab with a radiochemical purity of > 90%.

Preparation of xenograft models
The MDA-MB-468 triple-negative breast cancer cell line, 
characterized by a lack of the estrogen receptor, proges-
terone receptor, and HER2 expression while exhibiting 
strong positivity for EGFR, was used in this study. The 
MDA-MB-468 cells were obtained from the American 

Type Culture Collection and cultured in Dulbecco’s 
Modified Eagle Medium supplemented with L-gluta-
mine and phenol red (Sigma-Aldrich) and with 10% 
heat-inactivated fetal bovine serum (FB-1290, Biosera). 
Tumor xenograft models were established by subcutane-
ous injection of 5 × 106 MDA-MB-468 cells suspended 
in phosphate-buffered saline (0.05 mL) and Matri-
gel (1:1; BD Biosciences) into the left third mammary 
gland of female non-obese diabetic (NOD)/severe com-
bined immunodeficiency (SCID) mice purchased from 
CLEA Japan, Inc. The mice were assessed 3 weeks post-
implantation when the tumor had reached approximately 
0.5–1  cm in diameter. The mice were euthanized under 
deep anesthesia with isoflurane inhalation when signs of 
intolerable distress or weight loss of > 20% was observed.

[64Cu]Cu-PCTA-cetuximab and 18F-FDG PET imaging and 
analysis
To determine the most effective [64Cu]Cu-PCTA-cetux-
imab delivery method for detection of SLN metastasis, 
we compared PET probe administration via two differ-
ent routes, IV and ID/SD, using MDA-MB-468 xeno-
graft mice and negative control mice. In the IV group, 12 
xenograft mice (aged 11 weeks, weight 19.2 ± 0.9  g) and 
one negative control mouse (age 11 weeks, weight 17.2 g) 
received [64Cu]Cu-PCTA-cetuximab (5.8 ± 0.9 MBq; 
around 10.6 ± 1.3 µg of mouse anti-EGFR antibody; total 
volume 50–100 µL) via the tail vein, followed by PET/CT 
imaging (Fig. 1). Four of the 12 xenograft mice were also 

Fig. 1  Summary of the study protocol for administration of radiotracers and PET/CT imaging
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evaluated by 18F-FDG PET (9.1 ± 1.4 MBq; total volume 
50–100 µL, administered IV) one day before administra-
tion of [64Cu]Cu-PCTA-cetuximab. In the ID/SD group, 
11 xenograft mice (age 11 weeks, weight 20.5 ± 1.2 g) and 
a negative control mouse (age 11 weeks, weight 18.0  g) 
received [64Cu]Cu-PCTA-cetuximab (4.3 ± 0.4 MBq; 
approximately 9.6 ± 0.9 µg of mouse anti-EGFR antibody; 
total volume 50–100 µL) administered to the parapapil-
lary region of the mammary gland containing the pri-
mary tumor. Of these, three xenograft mice were also 
evaluated by 18F-FDG PET (5.4 ± 2.2 MBq; total volume 
50–100 µL).

PET/CT scans were performed under isoflurane 
anesthesia using an Inveon PET/CT scanner (Siemens 
Healthcare) 60 min after administration of 18F-FDG and 
24 h after administration of [64Cu]Cu-PCTA-cetuximab. 
Delayed PET/CT scans were conducted 48 h post-admin-
istration for all mice in the ID/SD [64Cu]Cu-PCTA-cetux-
imab group, as well as for four of the 12 mice in the IV 
[64Cu]Cu-PCTA-cetuximab group, due to an identical 
experimental timeline. After final PET/CT scanning, 
SLN biopsies were performed under isoflurane anesthe-
sia. The mice and the excised SLNs were then imaged by 
PET/CT, which identified the SLN by PET positivity and 
disappearance of axillary accumulation in the post-SLN 
biopsy on PET.

The PET data were reconstructed using three-dimen-
sional ordered-subset expectation maximization (16 
subsets, two iterations), followed by maximum a poste-
riori estimation with scatter and attenuation correction. 
Radioactivity uptake was decay-corrected to the injec-
tion time and expressed as the standardized uptake value 
(SUV). Ellipsoid regions of interest were placed manu-
ally on the SLNs, tumors, heart, liver, spleen, and muscle 
using AMIDE (Ver. 1.0.6) [19]. PET accumulation was 
considered positive when the signal intensity exceeded 

that of the surrounding muscle or soft tissue by more 
than two standard deviations.

SLN biopsy in xenograft models
The SLN biopsy was performed using blue dye (Fig. 2a). 
Specifically, 40 µL of patent blue were injected both ID 
and SD into the parapapillary region of the left third 
mammary gland. After confirming that the lymphatic 
vessels stained blue from the body surface, the abdomi-
nal skin was incised in the midline. The subcutis was then 
peeled off, and the blue-stained axillary lymph node was 
sampled. The mice were observed and SLN biopsies were 
performed under deep anesthesia with isoflurane.

Immunohistochemistry of SLN
After the animals were euthanized, the tumor xenografts 
and SLNs were resected and fixed with 10% paraformal-
dehyde overnight at room temperature. The fixed tissues 
were paraffin-embedded, and 4-µm-thick sections that 
were spaced at 100  μm intervals were prepared. Immu-
nohistochemical staining was performed to confirm SLN 
metastasis in xenografts using an anti-pan cytokeratin 
(CK) antibody (AE1AE3; Nichirei Biosciences) and an 
anti-EGFR antibody (clone D38B1; Cell Signaling Tech-
nology) at a dilution of 1:50 in dilution buffer according 
to the manufacturer’s protocols.

For anti-CK staining, antigen retrieval was performed 
at 98 °C in pH 9 solution (S2367; Agilent) for 20 min in 
a water bath. For EGFR staining, antigen retrieval was 
performed at 98 °C in pH 8 (#14747; Cell Signaling Tech-
nology) solution for 15 min in a microwave. The stained 
slides were imaged at 40× and 200× magnification using 
BZ-9000 (Keyence) and ECLIPSE Ci (Nikon) micro-
scopes. Representative results are shown in Fig. 2b.

Fig. 2  MDA-MB-468 xenograft model with SLN metastasis. (a). MDA-MB-468 xenograft model with the primary tumor in the third left mammary gland 
(red arrow and yellow dotted circle). SLN is detected by SLN mapping using patent blue (yellow arrow). (b). SLN metastasis detected by EGFR and CK 
immunohistochemistry (left, low magnification [×40]; right, high magnification [×200])
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Statistics
Continuous variables were compared between 
groups using the t-test in EZR* (version 4.3.1) [20]. A 
p-value < 0.05 was considered statistically significant.

Results
Detection of SLN metastasis by IV [64Cu]Cu-PCTA-
cetuximab PET
Figure  3a, b and c show representative PET images fol-
lowing IV administration of [64Cu]Cu-PCTA-cetuximab 
in an MDA-MB-468 xenograft mouse model with SLN 
metastasis. Notably, IV [64Cu]Cu-PCTA-cetuximab 
PET demonstrated significant accumulation in the pri-
mary tumor (diameter 7  mm) located in the left third 
mammary gland (SUVmax 4.95) and left axillary lymph 
nodes (SUVmax 2.32). Subsequent to an SLN biopsy, we 
observed both the presence of [64Cu]Cu-PCTA-cetux-
imab uptake in the excised SLN and absence of [64Cu]
Cu-PCTA-cetuximab uptake in the resected axillary 
lymph node area, confirming accurate identification of 
the metastatic SLN. Immunohistochemical analyses with 

anti-CK and anti-EGFR staining revealed a metastatic 
lesion measuring 0.5 mm within the SLN (Fig. 3d).

Table  1 summarizes the diagnostic performance of 
IV [64Cu]Cu-PCTA-cetuximab PET and IV 18F-FDG 
PET for detection of SLN metastasis. Eight (67%) of 
the 12 mice evaluated showed accumulation of [64Cu]
Cu-PCTA-cetuximab in the axillary nodes (mean SUVmax 
1.24 ± 0.51); all were histologically confirmed to be meta-
static SLNs. The median size of these metastatic lesions 
was 0.4 mm (range 0.1–1.0). One of the mice in the sub-
set without accumulation of [64Cu]Cu-PCTA-cetuximab 

Table 1  Comparison of PET/CT detection of SLN metastasis 
using IV [64Cu]Cu-PCTA-cetuximab and IV 18F-FDG
PET/CT Pathology

Positive Negative
IV [64Cu]Cu-PCTA-cetuximab PET/CT
Positive 8 0
Negative 1 3
IV 18F-FDG PET/CT
Positive 0 0
Negative 4 0

Fig. 3  PET/CT images and immunostaining of SLN metastasis in MDA-MB-468 xenograft after IV [64Cu]Cu-PCTA-cetuximab. Representative (a). coronal 
PET/CT, (b). coronal PET and (c). MIP images in an MDA-MB-468 xenograft with SLN metastasis at 60 min after IV 18F-FDG injection, 24 h and 48 h after IV 
[64Cu]Cu-PCTA-cetuximab injection, and following SLN biopsy. Red arrows indicate metastatic SLN and the green arrow denotes disappearance of the 
lymph node with accumulation of [64Cu]Cu-PCTA-cetuximab. The blue arrow denotes the primary tumor. (d). EGFR and CK immunostaining of the SLN in 
the MDA-MB-468 xenograft (left, low magnification [×40]; right, high magnification [×200])
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had histologically confirmed SLN metastasis with a 
lesion size of 0.4 mm. The diagnostic metrics of sensitiv-
ity, specificity, accuracy, negative predictive value (NPV), 
and positive predictive value (PPV) were calculated to be 
89% (8/9), 100% (3/3), 92% (11/12), 75% (3/4), and 100% 
(8/8), respectively.

In a further experiment in which both 18F-FDG and 
[64Cu]Cu-PCTA-cetuximab were administered IV to four 
mice, there was no significant accumulation of 18F-FDG. 
Conversely, accumulation of [64Cu]Cu-PCTA-cetuximab 
was observed in the axillary nodes, which were patholog-
ically confirmed as metastatic SLNs. On the other hand, 
the accumulation of 18F-FDG in the brain (mean SUV-
max 3.68 ± 0.34) and tumor (mean SUVmax 2.33 ± 0.26) 
was observed in all mice.

Detection of SLN metastasis on ID/SD [64Cu]Cu-PCTA-
cetuximab PET
Figure 4a and b show PET images obtained following ID/
SD delivery of [64Cu]Cu-PCTA-cetuximab. In the MDA-
MB-468 xenograft model of SLN metastasis, high uptake 
of [64Cu]Cu-PCTA-cetuximab was noted in both the 
primary tumor (SUVmax 11.08, 6 mm in diameter) of the 

left third mammary gland and the adjacent left axillary 
lymph nodes (SUVmax 5.09). Post-SLN biopsy analyses 
confirmed that [64Cu]Cu-PCTA-cetuximab was pres-
ent in the excised SLN and absent in the axillary region, 
which identified the excised node as the true SLN. His-
tology and immunohistochemistry (anti-CK and anti-
EGFR) revealed a 1.1  mm metastatic focus within the 
SLN (Fig. 4c).

The ability of [64Cu]Cu-PCTA-cetuximab (ID/SD) 
PET/CT and 18F-FDG (ID/SD) PET/CT to detection 
SLN metastasis when administered via the intradermal 
lymphatic route is summarized in Table  2. All 11 mice 

Table 2  Comparison of PET/CT detection of SLN metastasis 
using ID/SD [64Cu]Cu-PCTA-cetuximab and ID/SD 18F-FDG

Pathology
Positive Negative

ID/SD [64Cu]Cu-PCTA-cetuximab PET/CT
Positive 6 5
Negative 0 0
ID/SD 18F-FDG PET/CT
Positive 0 0
Negative 2 1

Fig. 4  PET/CT images and immunostaining of SLN metastasis in MDA-MB-468 xenograft after ID/SD [64Cu]Cu-PCTA-cetuximab. Representative (a). PET/
CT and (b). MIP images in an MDA-MB-468 xenograft with SLN metastasis at 60 min after ID/SD administration of 18F-FDG, at 24 and 48 h after ID/SD 
injection of [64Cu]Cu-PCTA-cetuximab, and following SLN biopsy. Red arrows indicate metastatic SLN and the green arrow denotes disappearance of the 
lymph node with accumulation of [64Cu]Cu-PCTA-cetuximab. The blue arrow denotes the primary tumor. (c). EGFR and CK immunostaining of an SLN in 
an MDA-MB-468 xenograft after SLN biopsy (left, low magnification [×40]; right, high magnification [×200])
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studied had PET-positive axillary nodes (mean SUVmax 
4.28 ± 1.19), which were confirmed as SLNs. Six (55%) 
of the 11 mice had histologically confirmed metastases 
in PET-positive SLNs (mean SUVmax 5.01 ± 1.12), with 
a median size of 0.6  mm (range 0.1–1.1). This modality 
demonstrated sensitivity, specificity, accuracy, and a posi-
tive predictive value of 100% (6/6), 0% (0/5), 55% (6/11), 
and 55% (6/11), respectively.

In three of the 11 mice, [64Cu]Cu-PCTA-cetuximab 
(ID/SD) PET/CT identified hotspots not visible on 18F-
FDG (ID/SD) PET/CT, 67% of which were pathologically 
confirmed to show axillary node involvement. On [64Cu]
Cu-PCTA-cetuximab (ID/SD) PET (mean 24-h SUVmax 
2.02 ± 0.74; mean 48-h SUVmax 1.32 ± 0.79), four (36%) 
of these mice showed uptake in the contralateral axillary 
lymph nodes, which were confirmed to be SLNs by pat-
ent blue mapping (Supplementary Fig. S1a–1c). These 
contralateral SLNs were all pathologically negative for 
metastasis (Supplementary Fig. S1d).

Comparison of [64Cu]Cu-PCTA-cetuximab uptake in SLNs
Figure  5 shows a quantitative comparison of PET SUV-
max in the axillary lymph nodes, examining the effects 
of [64Cu]Cu-PCTA-cetuximab administered IV and ID/
SD in nodes with or without pathological SLN metasta-
ses. The mean SUVmax was significantly higher in SLNs 
positive for metastasis than in those without metastasis 
at 24 h after IV administration (1.24 ± 0.51 vs. 0.35 ± 0.02, 
p = 0.016; Fig.  5a). Although uptake tended to be higher 
in lymph nodes with metastasis, there were no significant 
differences in SUVmax between the lymph node groups 
at 24 and 48  h following ID/SD administration (24  h, 
5.01 ± 1.12 vs. 3.79 ± 1.32, p = 0.132; 48  h, 3.35 ± 0.79 vs. 
2.60 ± 0.91, p = 0.179; Fig.  5b and c). Furthermore, the 
change in SUVmax between 24 and 48 h did not differ sig-
nificantly according to SLN metastasis status (1.46 ± 1.63 
vs. 1.04 ± 0.90, p = 0.616).

We evaluated the mean SUVmax in SLN at 24  h post-
administration according to route of delivery (Fig. 6) and 
found that it was significantly higher in the ID/SD group 
than in the IV group in both the SLN metastasis-positive 
group and the metastasis-negative group (5.01 ± 1.12 vs. 
1.24 ± 0.51, p < 0.001, Fig.  6a.3.79 ± 1.32 vs. 0.35 ± 0.02, 
p = 0.004, Fig.  6b). Comparison of biodistribution of 
[64Cu]Cu-PCTA-cetuximab at 24  h after administration 
between the IV and ID/SD groups did not reveal any sig-
nificant between-group difference in SUVmax in the liver, 
spleen, heart, or muscle (Supplementary Table S1).

Discussion
This study assessed the diagnostic potential of [64Cu]
Cu-PCTA-cetuximab PET/CT for detection of SLN 
metastasis in EGFR-positive breast cancer and the effects 
of its route of administration in an EGFR-strongly-
expressing breast cancer xenograft model.

Fig. 6  [64Cu]Cu-PCTA-cetuximab uptake in SLN according to whether the 
route of administration was IV or ID/SD. (a). SUVmax in metastatic SLN at 
24 h after injection of [64Cu]Cu-PCTA-cetuximab (****p < 0.001). (b). SUVmax 
in the non-metastatic SLN at 24 h after injection of [64Cu]Cu-PCTA-cetux-
imab (**p = 0.004). Black bars indicate the mean SUVmax

 

Fig. 5  Quantitative analysis of SLN uptake of [64Cu]Cu-PCTA-cetuximab PET with or without pathologically confirmed SLN metastasis. Comparisons of 
uptake at (a). 24 h after IV [64Cu]Cu-PCTA-cetuximab PET (**p = 0.016), (b). 24 h after ID/SD [64Cu]Cu-PCTA-cetuximab PET (p = 0.132), and (c). 48 h after ID/
SD [64Cu]Cu-PCTA-cetuximab PET (p = 0.179). Black bars indicate the mean SUVmax
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On IV [64Cu]Cu-PCTA-cetuximab PET, 67% of mice 
showed accumulation of radiotracer in the axillary lymph 
nodes, all of which were identified as SLNs and histologi-
cally confirmed to contain metastases. Notably, all the 
SLN metastases detected, including those in the solitary 
false-negative case, were no larger than 1.0 mm, indicat-
ing that they were clinically micrometastases [21], which 
are notoriously difficult to detect on radiological images 
obtained preoperatively. Despite the diminutive size of 
these metastatic lesions, the sensitivity, specificity, and 
negative predictive value of IV [64Cu]Cu-PCTA-cetux-
imab PET was 89%, 100%, and 75%, respectively. Given 
the potentially enhanced accuracy of [64Cu]Cu-PCTA-
cetuximab PET/CT for detection of larger metastases 
and that the resolution of PET/CT is better in animals 
than in humans, further clinical research is needed to 
determine the value of [64Cu]Cu-PCTA-cetuximab PET/
CT in diagnosis of SLN metastases.

In contrast, PET/CT scans performed 24 and 48 h fol-
lowing ID/SD injection of [64Cu]Cu-PCTA-cetuximab 
consistently revealed accumulation in axillary lymph 
nodes, identifying each as the SLN. However, pathologi-
cal analysis revealed a false-positive rate of 46%. Typi-
cally, antibody agents administered via the ID/SD route 
are absorbed either directly into the systemic circulation 
or indirectly through lymphatic vessels. Given that cetux-
imab has a molecular weight of 145,782 Da, absorption 
of antibodies with a molecular weight exceeding 20 kDa 
occurs primarily occurs via the lymphatic vessels [22]. 
Therefore, we speculate that [64Cu]Cu-PCTA-cetuximab, 
when administered ID/SD into the parapapillary region, 
is significantly absorbed by the lymphatic vessels, trans-
ported through the lymphatic system of the third mam-
mary gland, and subsequently accumulates in the SLN.

In this study, we anticipated that cetuximab would 
selectively accumulate in metastatic lesions [23], poten-
tially resulting in a higher SUVmax in metastasis-positive 
SLNs than in negative ones, and that the elevated SUVmax 
would be sustained over time. Unexpectedly, although 
the SUVmax tended to be higher in metastasis-positive 
SLNs at 24 and 48 h in the ID/SD group, this finding did 
not reach statistical significance. Furthermore, the rate of 
reduction in the amount of tracer in the SLNs between 24 
and 48  h remained consistent irrespective of metastasis 
status. We speculated that [64Cu]Cu-PCTA-cetuximab, 
when non-specifically trapped in the SLN could specifi-
cally re-accumulate in SLN metastases after entering the 
systemic circulation, but our findings did not support 
this theory. It is possible that the tracer injected subcu-
taneously into the third mammary gland remained at the 
injection site, resulting in sustained flow into the lym-
phatic vessels and subsequent accumulation in the SLN. 
This non-specific accumulation could potentially obscure 
cancer-specific binding within the SLN. Employing 

autoradiography could enable a more detailed analysis of 
the specificity of tracer uptake via the ID/SD route. Our 
research demonstrated that ID/SD injection of [64Cu]
Cu-PCTA-cetuximab leads to non-specific accumulation 
of tracer in SLNs and is therefore unable to detect SLN 
metastasis.

The SUVmax in SLNs was higher after ID/SD admin-
istration of [64Cu]Cu-PCTA-cetuximab than after IV 
administration regardless of metastasis status, indicat-
ing enhanced uptake and retention of [64Cu]Cu-PCTA-
cetuximab in SLNs via the ID/SD route. Although IV 
delivery is preferred for accurate diagnosis of SLN metas-
tases, the ID/SD route may be beneficial for localized 
therapy because of its high accumulation. Further stud-
ies are needed to confirm the potential of ID/SD [64Cu]
Cu-PCTA-cetuximab as a treatment for SLN metastases.

In this study, we compared the ability of 18F-FDG to 
detect SLN metastasis using PET/CT with that of [64Cu]
Cu-PCTA-cetuximab according to whether delivery was 
IV or ID/SD. We found that 18F-FDG did not have suf-
ficient ability to accumulate in SLNs, irrespective of 
metastasis status, possibly because of the predominance 
of micrometastases detected in the SLN metastases and 
the limited sensitivity of 18F-FDG for detection of small 
early-stage lymph node lesions [24]. Furthermore, the 
molecular characteristics of 18F-FDG (molecular weight, 
181 Da) favor its rapid systemic absorption through 
blood vessels over lymphatic uptake when administered 
ID/SD.

This study has several limitations that warrant atten-
tion in future research. First, the sample size was small, 
so the findings require confirmation. Second, autoradiog-
raphy is a valuable technique for confirming tissue-level 
tracer-specific distribution in the resected SLNs; how-
ever, this analysis was not performed in the present study. 
Third, further investigation is required into the efficacy 
of [64Cu]Cu-PCTA-cetuximab as a treatment for pri-
mary breast cancer and SLN metastases, as well as non-
specific accumulation in inflammatory lymph nodes and 
side effects, as does the optimal route of administration. 
Finally, only an MDA-MB-468 triple-negative breast can-
cer cell line with high EGFR expression was used. There-
fore, the generalizability of our findings may be limited. 
Given that EGFR is overexpressed in approximately 15% 
of breast cancers [25], future research should examine 
the theranostic potential of [64Cu]Cu-PCTA-cetuximab 
PET/CT in other subtypes of breast cancer with varying 
EGFR expression levels to broaden its applicability to a 
wider patient population.

Our findings, that immuno-PET using IV [⁶⁴Cu]
Cu-PCTA-cetuximab exhibited high precision for detect-
ing SLN metastases in a xenograft model of EGFR-pos-
itive breast cancer, demonstrate significant potential 
for clinical application. Considering the future clinical 
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development of this approach, IV [⁶⁴Cu]Cu-PCTA-cetux-
imab PET could offer a non-invasive method for axillary 
staging, eliminating the need for conventional invasive 
surgical procedures such as SLN biopsy or ALND in 
EGFR-positive breast cancer. Furthermore, we have initi-
ated investigations into the therapeutic effects of [⁶⁴Cu]
Cu-PCTA-cetuximab administered via ID/SD or IV 
for SLN metastases in an in vivo model of EGFR-posi-
tive breast cancer. Depending on the outcomes, [⁶⁴Cu]
Cu-PCTA-cetuximab could potentially replace surgery 
and serve as a less invasive local treatment for axillary 
metastases in EGFR-positive breast cancer.

Conclusion
This study demonstrated that immuno-PET with IV 
administration of [64Cu]Cu-PCTA-cetuximab is a highly 
precise method for detecting SLN metastases in a model 
of EGFR-strongly-expressing triple-negative breast can-
cer. Its results suggest that [64Cu]Cu-PCTA-cetuximab 
could be a diagnostic option for axillary staging of breast 
cancer and have a therapeutic role when administered 
ID/SD in view of its high accumulation in SLNs.
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