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ABSTRACT

Aim. To conduct a direct comparative analysis of single-photon emission computed tomography (SPECT-CT) 
with [99mTc]Tc-ADAPT6 and [99mTc]Tc-(HE)3-G3 in patients with HER2-positive breast cancer (BC) with axillary 
lymph node metastases.

Materials and methods. The analysis included 8 patients with HER2-positive BC with axillary lymph node me-
tastases before the systemic treatment. All patients were injected with [99mTc]Tc-ADAPT6 (500 µg) and [99mTc]
Tc-(HE)3-G3 (3,000 µg) with an interval of 3–4 days. The SPECT-CT scans of the chest and upper abdomen were 
performed after 2 hours for [99mTc]Tc-ADAPT6 and after 4 hours for [99mTc]Tc-(HE)3-G3. The accumulation of 
radiopharmaceuticals was assessed by measuring the maximum standardized uptake values (SUVmax) in metastatic 
axillary lymph nodes, projections of the contralateral axillary lymph nodes, liver, latissimus dorsi muscle, and 
spleen. Additionally, mALN-to-background and mALN-to-reference organs ratios were calculated for each patient.

Results. Comparison of the mALN-to-background ratio revealed the advantage of [99mTc]Tc-ADAPT6 (38.93 
(16.56–56.02)) over [99mTc]Tc-(HE)3-G3 (19.39 (8.43–34.52)), p = 0.0391. The comparative analysis of the 
accumulation of the studied radiopharmaceuticals in the reference organs demonstrated higher SUVmax for [99mTc]
Tc-(HE)3-G3 in the liver and spleen (4.44 (2.85–9.08) and 2.47 (1.28–4.41), respectively) than for [99mTc]Tc-
ADAPT6 (2.98 (1.96–3.65) and 0.43 (0.14–0.62), respectively), p = 0.01 and p = 0.04. Comparison of the SUVmax 
ratios in mALN and reference organs showed higher values of mALN / spleen for [99mTc]Tc-ADAPT6 (5.93 
(1.04–11.85)) compared to [99mTc]Tc-(HE)3-G3 (1.83 (0.46–4.54)), p = 0.02.

Conclusion. According to the results of the performed analysis, the diagnostic advantage of [99mTc]Tc-ADEPT6 
for the detection of HER2/neu expression in metastatic lymph nodes in breast cancer patients was revealed.
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РЕЗЮМЕ

Цель. Провести прямой сравнительный анализ данных однофотонной эмиссионной компьютерной томо-
графии с препаратами [99mTc]Tc-ADAPT6 и [99mTc]Tc-(HE)3-G3 у больных раком молочной железы (РМЖ) с 
HER2-позитивными метастазами в аксиллярные лимфатические узлы.

Материалы и методы. В анализ включены восемь больных РМЖ с HER2-позитивными метастазами в 
аксиллярные лимфатические узлы (мАЛУ) до начала системного лечения. Всем больным последовательно 
проводилось введение препаратов [99mTc]Tc-ADAPT6 (500 мкг) и [99mTc]Tc-(HE)3-G3 (3 000 мкг) с интерва-
лом 3–4 дня. Однофотонная эмиссионная компьютерная томография органов грудной клетки и верхнего 
этажа брюшной полости проводилась через 2 ч для [99mTc]Tc-ADAPT6 и через 4 ч для [99mTc]Tc-(HE)3-G3. 
Оценка накопления соединений выполнялась путем измерения максимального стандартного захвата  
(SUVmax) в метастатических аксиллярных лимфоузлах, проекции контралатеральной аксиллярной области, 
проекций печени, широчайшей мышцы спины и селезенки. Дополнительно у каждой больной рассчитыва-
лись такие параметры, как мАЛУ/фон и мАЛУ/референсные органы.

Результаты. Сравнение соотношения мАЛУ/фон выявило преимущество препарата [99mTc]Tc-ADAPT6 
(38,93 (16,56–56,02)) над [99mTc]Tc-(HE)3-G3 (19,39 (8,43–34,52)), р = 0,0391. Сравнительный анализ ак-
кумуляции изучаемых радиофармпрепаратов в референсных органах продемонстрировал более высокий 
SUVmax в печени и селезенке для [99mTc]Tc-(HE)3-G3 (4,44 (2,85–9,08) и 2,47 (1,28–4,41) соответственно), 
чем при использовании [99mTc]Tc-ADAPT6 (2,98 (1,96–3,65) и 0,43 (0,14–0,62) соответственно), р = 0,01  
и р = 0,04. Сравнение соотношений SUVmax в мАЛУ и референсных органах показало более высокие 
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значения параметра мАЛУ/селезенка для препарата [99mTc]Tc-ADAPT6 (5,93 (1,04–11,85)) по сравнению  
с [99mTc]Tc-(HE)3-G3 (1,83 (0,46–4,54)), р = 0,02.

Заключение. По результатам выполненного анализа выявлено диагностическое преимущество препарата 
[99mTc]Tc-ADAPT6 для детекции HER2 статуса в метастатических лимфатических узлах у больных РМЖ.

Ключевые слова: рак молочной железы, ADAPT6, DARPinG3, радионуклидная диагностика
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INTRODUCTION 

Determining the status of regional lymph nodes 
is a mandatory step in the pre-hospital diagnosis of 
patients with breast cancer (BC). This information is 
primarily needed for planning the optimal scope of 
local and systemic treatment to achieve better overall 
and relapse-free survival rates [1]. Unfortunately, 
existing diagnostic methods, such as ultrasound (US), 
mammography, and computed tomography (CT), are 
not optimal and have a relatively high probability of 
false-positive and false-negative results [2–4]. 

For example, it has been proven that the 
sensitivity and specificity of US directly depend on 
the biological subtype of the tumor. According to R. 
Helfgott et al., the minimum sensitivity level of US 
in assessing the lymph node status was observed in 
patients with luminal HER2-negative BC (less than 
40%), while the maximum sensitivity was noted for 
triple-negative and HER2-positive subtypes (68.8 and 
71.4%, respectively) [3]. Moreover, rapidly evolving 
technologies and demands in clinical medicine create 
the necessity not only for anatomical detection, but 
also for the assessment of the molecular profile of the 
tumor to personalize systemic therapy in BC patients 
[1, 2].

Studying the molecular profile of identified 
metastatic changes is particularly relevant not only 
due to the need for additional invasive (sometimes 
difficult) diagnostic procedures, but also in light of 
existing intertumoral heterogeneity, which causes 

differences in the molecular characteristics of the 
primary tumor and metastatic foci [5]. According to 
the literature, the discrepancy in the receptor status 
between the primary tumor and regional lymph 
nodes can reach 30% for estrogen receptors, 20% for 
progesterone receptors, and 15% for HER2/neu [6]. 

One of the potential solutions to this clinical 
problem is exploring the capabilities of targeted 
radionuclide imaging for a specific molecular target 
[7]. Among “targeting” modules, alternative scaffold 
proteins have demonstrated the highest efficacy. 
These proteins are characterized by high specificity 
and affinity for the target antigen, low toxicity, 
and rapid clearance from the patient’s body after 
administration, thereby significantly reducing the 
time from the injection to the start of the diagnostic 
procedure [8]. One of the options for this targeted 
interaction could be human epidermal growth factor 
receptor 2 (HER2/neu), whose overexpression occurs 
in 20–30% of BC patients and requires the use of 
targeted therapy [9].

Phase II clinical trials with [99mTc]Tc-ADAPT6 
(ClinicalTrials.gov Identifier: NCT05412446) and 
[99mTc]Tc-(HE)3-G3 (ClinicalTrials.gov Identifier: 
NCT15122022) were conducted at the Department 
of Radionuclide Therapy and Diagnostics of Cancer 
Research Institute of Tomsk NRMC and assessed 
HER2/neu expression in metastatic axillary lymph 
nodes (mALNs) in patients with BC. The results 
indicated the efficacy of both agents (p < 0.05,  
Mann – Whitney test) [10, 11]. 
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The aim of this study was to conduct a direct 
comparative analysis of SPECT-CT data using 
[99mTc]Tc-ADAPT6 and [99mTc]Tc-(HE)3-G3 in 
patients with HER2-positive BC and mALNs.

MATERIALS AND METHODS
The analysis included 8 patients with HER2-

positive BC and metastases in the axillary lymph 
nodes prior to the initiation of systemic treatment. 
All patients were injected with [99mTc]Tc-ADAPT6 
and [99mTc]Tc-(HE)3-G3 with an interval of 3–4 days.

Morphological and immunohistochemical studies 
of biopsy material obtained from the axillary lymph 
node tissue were performed in all patients. HER2/
neu expression was considered positive if the 
immunohistochemistry (IHC) showed a score of 3+ 
or a score of 2+ with positive fluorescence in situ 
hybridization (FISH). Cases with receptor expression 
of 0 and 1+ by IHC were classified as negative, in 
accordance with the ASCO/CAP (American Society 
of Clinical Oncology and the College of American 
Pathologists) criteria from 2018 [12]. The size of 
the lymph nodes was measured using US before the 
initiation of systemic treatment and biopsy collection.

[99mTc]Tc-(HE)3-G3 and [99mTc]Tc-ADAPT6 were 
prepared using the previously described tricarbonyl 
radiolabeling method under sterile conditions at the 

Department of Radionuclide Therapy and Diagnostics 
of Cancer Research Institute of Tomsk NRMC, 
immediately before intravenous administration. The 
dosage was 3,000 µg for [99mTc]Tc-(HE)3-G3 and 
500 µg for [99mTc]Tc-ADAPT6. 

SPECT-CT of the chest and upper abdomen was 
performed in all patients 2 hours after the [99mTc]
Tc-ADAPT6 injection and 4 hours after the [99mTc]
Tc-(HE)3-G3 injection. The accumulation of the 
radiopharmaceuticals was assessed by measuring 
the  maximum standardized uptake values (SUVmax) 
in metastatic axillary lymph nodes and projections of 
the contralateral axillary lymph nodes and reference 
organs, such as liver, latissimus dorsi muscle, and 
spleen. Additionally, mALN-to-background and 
mALN-to-reference organs ratios were calculated for 
each patient. SUVmax was determined in the largest 
mALN, corresponding in anatomical location to the 
US description and biopsy material collection (Table).

Data analysis and visualization were performed 
using Prism 10 software (GraphPad, USA). The 
accumulation values of the agents were presented as the 
median and the interquartile range (Me (Q1–Q3)). The 
non-parametric Wilcoxon signed-rank test was used to 
determine the significance of differences between the 
accumulation values of the two agents. The differences 
were considered significant at p < 0.05.

T a b l e

Accumulation of [99mTc]Tc-(HE)3-G3 and [99mTc]Tc-ADAPT6 in metastatic HER2-positive axillary lymph nodes (SUVmax)  
and reference organs and mALN / reference organ ratios in patients with breast cancer

No. SUVmax
(mALN)

SUVmax
(contralateral 

ALN)

mALNs/back-
ground

SUVmax
(liver)

SUVmax
(LDM)

SUVmax
(spleen) mALN/ liver mALN/ 

LDM
mALN/ 
spleen

[99mTc]Tc-(HE)3-G3
1 1.8 0.3 6.7 9.1 0.3 4.0 0.2 6.2 0.5
2 2.6 0.2 15.2 5.2 0.3 2.5 0.5 8.6 1.0
3 2.2 0.2 13.5 3.0 0.3 1.3 0.7 6.2 1.7
4 10.7 0.3 33.3 4.7 0.4 2.5 2.3 26.0 4.3
5 8.7 0.3 34.9 5.7 0.4 2.1 1.5 21.3 4.2
6 2.4 0.4 5.9 4.1 0.2 1.7 0.6 10.9 1.5
7 14.0 0.3 41.2 2.9 0.5 3.1 4.9 25.9 4.5
8 8.7 0.4 23.5 3.4 0.3 4.4 2.6 27.2 1.9

[99mTc]99mTc-ADAPT6
1 14.6 0.4 39.6 3.7 0.1 2.5 4.0 104.6 5.9
2 4.7 0.2 21.4 1.9 0.3 0.8 2.4 16.2 5.9
3 4.3 0.3 14.9 2.7 0.6 1.9 1.6 7 2.2
4 6.5 0.1 59.3 3.2 0.4 0.6 2.1 14.8 11.9
5 2.9 0.2 13.7 2.9 0.5 1.7 6 1.7 1.0
6 14.6 0.4 38.3 3.1 0.6 1.4 4.7 25.1 10.5
7 8.6 0.1 107.8 2.7 0.4 1.1 3.2 20.5 8.1
8 16.7 0.4 46.3 3.5 0.4 2.9 4.9 40.6 5.7

Note .  mALN – metastatic axillary lymph node; LDM – latissimus dorsi muscle.
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RESULTS

The results of the immunohistochemical analysis 
showed a HER2-positive status in the metastatic axil- 
lary lymph nodes of all patients included in the study. 
The obtained data were consistent with the results 
of the radionuclide studies with both agents. The 
average size of the lymph nodes was 20.5 ± 4.2 mm.

Comparing the accumulation of the agents showed 
comparable SUVmax levels in the metastatic axillary 
lymph nodes for [99mTc]Tc-ADAPT6 at 7.57 (4.43–
14.62) and for [99mTc]Tc-(HE)3-G3 at 5.65 (2.22–
10.18) (p = 0.4609). The comparison of the mALNs 
/ background ratio revealed an advantage of [99mTc]
Tc-ADAPT6 (38.93 (16.56–56.02)) over [99mTc]Tc-
(HE)3-G3 (19.39 (8.43–34.52), p = 0.0391) (Fig. 1).

Fig. 1. SUVmax in mALNs and the mALNs / background ratio using [99mTc]Tc-ADAPT6 and [99mTc]Tc-(HE)3-G3 in patients with 
HER2-positive breast cancer

SUVmax in mALNs
0.4609

mALNS / background

0.0391
20

15

10

5

0

U
ni

ts

U
ni

ts

150

100

50

0
                      ADAPT                   DARPinG3                       ADAPT                   DARPinG3

The comparative analysis of the accumulation 
of the studied radiopharmaceuticals (RPs) in the 
reference organs demonstrated higher SUVmax in 
the liver and spleen for [99mTc]Tc-(HE)3-G3 (4.44 
(2.85–9.08) and 2.47 (1.28–4.41), respectively) than 
for [99mTc]Tc-ADAPT6 (2.98 (1.96–3.65) and 0.43 
(0.14–0.62), respectively) (p = 0.01 and p = 0.04). 
The analysis of [99mTc]Tc-ADAPT6 (0.43 (0.14–
0.6)) and [99mTc]Tc-(HE)3-G3 (0.33 (0.22–0.54)) 
accumulation in the projection of the spleen did not 
reveal any significant differences (p = 0.5) (Fig. 2).

Comparison of the SUVmax ratios in the mALNs 
and reference organs showed higher values for 
mALNs / spleen for [99mTc]Tc-ADAPT6 (5.93 
(1.04–11.85)) compared to [99mTc]Tc-(HE)3-G3 
(1.83 (0.46–4.54), p = 0.02). The comparison of 
the mALNs / liver (3.58 (1.58–6.00) and 1.12 
(0.20–4.91), respectively) and mALNs / latissimus 
dorsi muscle ratios (18.37 (1.70–104.6) and 16.12 
(6.17–27.22), respectively) did not show significant 
differences between the studied agents (p = 0.06 and 
p = 0.55, respectively) (Fig. 3).

               ADAPT            DARPinG3                ADAPT            DARPinG3                ADAPT            DARPinG3

0.0156
0.4609

0.0391

Liver
LDM

Spleen

Fig. 2. SUVmax in the liver, latissimus dorsi muscle, and spleen using [99mTc]Tc-ADAPT6 and [99mTc]Tc-(HE)3-G3 in patients with 
HER2-positive breast cancer
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DISCUSSION
 Despite advancements in imaging technology, the 

challenge of assessing the status of regional lymph 
nodes in BC patients remains unresolved. This issue 
is particularly critical at the pre-hospital diagnostic 
stage, where obtaining the most accurate information 
is essential for determining appropriate local and 
systemic treatment strategies. One approach to 
anatomical detection and molecular typing of detected 
lesions (both primary tumors and metastatic sites) is 
to expand the use of radioisotope methods and focus 
on targeted molecular imaging. This approach, based 
on the use of RPs that are tropic to specific molecular 
targets, has gained significant popularity over the 
past 10 years. It was during this period that the active 
use of alternative scaffold proteins as “targeting” 
modules began, along with their clinical testing for 
the theranostics of cancers.

The Department of Radionuclide Therapy and 
Diagnostics at Cancer Research Institute of Tomsk 
NRMC has extensive experience in conducting clinical 
trials on the diagnosis of malignant tumors using 
labeled scaffold proteins [13]. Studies involving RPs 
targeting the human epidermal growth factor receptor 
2 (HER2) have been particularly widespread. Phase I 
clinical trials of [99mTc]Tc-ADAPT6 (ClinicalTrials.
gov Identifier: NCT03991260 and NCT05412446), 
[99mTc]Tc-(HE)3-G3 (ClinicalTrials.gov Identifier: 
NCT05695859), and [99mTc]Tc -ZHER2:41071 
(ClinicalTrials.gov Identifier: NCT05203497) were 
conducted in patients with BC in collaboration with 
Tomsk Polytechnic University (Tomsk), Shemyakin – 
Ovchinnikov Institute of Bioorganic Chemistry 
(Moscow), and Uppsala University (Sweden) and 
demonstrated the feasibility of determining the 
HER2/neu status in the primary tumor [14, 15].

The results obtained and the accumulated 
experience have allowed for the expansion of 
the scope of clinical characteristics studied with 
[99mTc]Tc-ADAPT6 and [99mTc]Tc-(HE)3-G3. This 
expansion aims at defining diagnostic algorithms in 
the anatomical staging of metastatic axillary lymph 
nodes and assessing their molecular characteristics 
[10, 11].

The results obtained in this study almost 
completely replicate the direct comparison of [99mTc]
Tc-ADAPT6 and [99mTc]Tc-(HE)3-G3 performed 
within phase II clinical trials on the effectiveness 
of detecting the HER2/neu status in primary breast 
tumors [16, 17]. At the same time, it is obvious 
that the compound [99mTc]Tc-ADAPT6 has greater 
diagnostic accuracy in typing the HER2/neu status 
in primary tumors and metastases to regional lymph 
nodes, which can be widely used in clinical practice. 
In the meantime, the agent [99mTc]Tc-(HE)3-G3 could 
be used for the dynamic assessment of the malignant 
process during neoadjuvant treatment, as it does not 
have competing characteristics with targeted agents, 
such as trastuzumab and pertuzumab.

CONCLUSION

Therefore, [99mTc]Tc-ADAPT6 has greater 
efficacy in determining the HER2/neu status in 
primary tumors and regional lymph node metastases. 
The clinical use of [99mTc]Tc-(HE)3-G3, upon further 
study, may be possible for assessing tumor dynamics 
during preoperative treatment.
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Fig. 3. Ratios of mALNs / liver, mALNs / latissimus dorsi muscle (LDM), and mALNs / spleen using [99mTc]Tc-ADAPT6 and 
[99mTc]Tc-(HE)3-G3 in patients with HER2-positive breast cancer
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