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Abstract 

Background:  Imaging of cell death can provide an early indication of treatment 
response in cancer. [99mTc]Tc-Duramycin is a small-peptide SPECT tracer that recognizes 
both apoptotic and necrotic cells by binding to phosphatidylethanolamine present 
in the cell membrane. Preclinically, this tracer has shown to have favorable pharmacoki-
netics and selective tumor accumulation early after the onset of anticancer therapy. 
In this first-in-human study, we report the safety, biodistribution and internal radiation 
dosimetry of [99mTc]Tc-Duramycin in healthy human volunteers.

Results:  Six healthy volunteers (3 males, 3 females) were injected intravenously 
with [99mTc]Tc-Duramycin (dose: 6 MBq/kg; 473 ± 36 MBq). [99mTc]Tc-Duramycin 
was well tolerated in all subjects, with no serious adverse events reported. Follow-
ing injection, a 30-min dynamic planar imaging of the abdomen was performed, 
and whole-body (WB) planar scans were acquired at 1, 2, 3, 6 and 23 h post-injection 
(PI), with SPECT acquisitions after each WB scan and one low-dose CT after the first 
SPECT. In vivo 99mTc activities were determined from semi-quantitative analysis 
of the images, and time-activity curves were generated. Residence times were 
calculated from the dynamic and WB planar scans. The mean effective dose 
was 7.61 ± 0.75 µSv/MBq, with the kidneys receiving the highest absorbed dose (planar 
analysis: 43.82 ± 4.07 µGy/MBq, SPECT analysis: 19.72 ± 3.42 μGy/MBq), followed by liver 
and spleen. The median effective dose was 3.61 mSv (range, 2.85–4.14). The tracer 
cleared slowly from the blood (effective half-life of 2.0 ± 0.4 h) due to high plasma pro-
tein binding with < 5% free tracer 3 h PI. Excretion was almost exclusively renal.

Conclusion:  [99mTc]Tc-Duramycin demonstrated acceptable dosimetry (< 5 mSv) 
and a favorable safety profile. Due to slow blood clearance, optimal target-to-back-
ground ratios are expected 5 h PI. These data support the further assessment of [99mTc]
Tc-Duramycin for clinical treatment response evaluation.

Trial registration: NCT05177640, Registered April 30, 2021, https://​clini​caltr​ials.​gov/​
study/​NCT05​177640.
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Background
In the era of expanding therapeutic options and personalized medicine, early monitor-
ing of tumor response to therapy has gained significant importance. The ability to detect 
changes at the molecular level before they become apparent morphologically has made 
molecular imaging techniques like positron emission tomography (PET) and single-
photon emission computed tomography (SPECT) instrumental for evaluating treatment 
response at an early stage. These techniques can provide higher sensitivity and speci-
ficity in differentiating early responders from non-responders after cancer treatment 
compared to conventional imaging methods such as X-ray computed tomography (CT) 
and magnetic resonance imaging (MRI). 2-[18F]fluoro-2-deoxy-D-glucose-([18F]FDG) 
PET, the clinical reference for monitoring response to therapy in oncology, is depend-
ent on the glycolytic metabolic rate of viable tumor cells (Warburg effect) (Kelloff et al. 
2005; Kostakoglu and Goldsmith 2003). After effective cancer therapy, a decrease in 
tumor metabolic activity and subsequent lower [18F]FDG uptake is observed. Besides 
physiological biodistribution, [18F]FDG also accumulates in activated macrophages and 
other inflammatory cells that infiltrate into solid tumors after the start of certain cancer 
therapies (e.g., immunotherapy). The distinction between FDG uptake due to post-treat-
ment inflammation and tumor cell viability is not always apparent and may complicate 
response assessment (Ben-Haim and Ell 2009; Subbiah et al. 2017). Therefore, a precise 
assessment of tumor response can take several months, and more specific tracers are 
urgently required (Boellaard et al. 2015).

As many cancer treatments work by the induction of apoptosis and/or necrosis, imag-
ing of cell death could represent a useful alternative for [18F]FDG for early treatment 
response evaluation. Several SPECT and PET cell death imaging radiotracers have been 
developed (Rybczynska et  al. 2018). However, their application has been largely lim-
ited to preclinical research. Given the crucial role of caspase-3 in initiating the apop-
totic pathway, PET imaging of caspase-3 activation has been identified as an attractive 
approach to predict response to anticancer therapy and has been studied in preliminary 
clinical trials (Challapalli et al. 2013; Doss et al. 2013; Dubash et al. 2018a). [18F]CP18 is 
a radiolabeled caspase-3 substrate that crosses the cell membrane, and undergoes intra-
cellular trapping upon caspase cleavage. This metabolic trapping represents an impor-
tant advantage of [18F]CP18 because it can result in signal enhancement. The radiotracer 
was found to accumulate specifically in cultured tumor cells after treatment with 5-FU 
in good correlation with caspase-3/-7 activity (Su et  al. 2013). However, in an in  vivo 
PET imaging study for the early detection of chemotherapy-induced tumor apoptosis, 
[18F]CP18 showed a modest increase in tracer uptake in drug-treated xenograft model 
of colorectal cancer (Rapic et al. 2017). Nevertheless, [18F]CP18 has been evaluated in 
a clinical trial in healthy human volunteers, in which the tracer showed a fast clearance 
via the kidneys, and a safe dosimetry profile (Doss et al. 2013). No further patient studies 
have been reported so far.

Another promising approach to image caspase-3 activity employs the use of selective 
and high affinity caspase inhibitors, so called activity-based probes (ABPs). One of the 
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most promising small-molecule caspase-3-targeting ABPs, [18F]ICMT-11, was exten-
sively evaluated preclinically, where it showed the ability to detect tumor response to 
different anticancer therapies in several tumor models. The promising preclinical results 
supported its translation into clinical evaluation of biodistribution and dosimetry in 
healthy volunteers. Here, despite being considered safe, [18F]ICMT-11 has shown a sub-
optimal pharmacokinetic profile, with high retention of radioactivity in the liver and 
intestines, which may limit its value for imaging the abdominal region (Challapalli et al. 
2013). Furthermore, the tracer was evaluated in a small cohort of breast and lung can-
cer patients, before and 24 h and 7 days after the first cycle of first-line chemotherapy 
(Dubash et  al. 2018a). Overall, low tumor uptake was observed and no changes from 
baseline were visible in these patients, which was attributed to a lack of apoptosis induc-
tion by the treatment and a heterogeneous response to therapy within tumors. Moreo-
ver, most breast cancer patients had necrotic tumors, explaining the low levels of tracer 
uptake.

These results underline potential limitations of both substrate and activity-based 
radiotracers for monitoring treatment response. The failure to detect therapy-induced 
necrosis, contributes to lower signal sensitivity. In addition, given the dynamic nature 
of caspase-3 activation, monitoring of apoptosis using these tracers is time-dependent. 
Thus, selecting the appropriate time window for evaluating tumor response is important 
(Nguyen et al. 2013). Another target to image the apoptotic process involves the redis-
tribution of phospholipids in the cell membrane during the early stages of cell death. 
The aminophospholipids phosphatidylethanolamine (PE) and phosphatidylserine (PS) 
primarily reside in the inner leaflet of the membrane in viable mammalian cells but 
are transported during the process of apoptosis to the outer leaflet (Suzuki and Nagata 
2014). Because the rupture of the plasma membrane during necrosis also results in 
accessible PS and PE, both phospholipids represent high abundance targets for imaging 
both apoptosis and necrosis.

The most studied PS-binding protein is annexin V. Several radiolabeled annexin V 
analogs have been developed and evaluated clinically, most notably [99mTc]HYNIC-
annexin V. Overall, studies with this tracer showed that annexin V has the capability for 
binding apoptotic tumor cells and the potential for evaluating tumor response. However, 
the protein-nature of annexin V-based radiotracers resulted in suboptimal biodistribu-
tion profiles with slow blood clearance and high background activity in the abdominal 
region and limited tumor penetration (Kemerink et al. 2001). Several studies using radi-
olabeled annexin V have highlighted the importance of defining an optimal imaging win-
dow, where the radiotracer uptake in tumors appears to be heavily dependent on the 
timing of imaging after the start of a given therapy (Belhocine et al. 2004; Blankenberg 
2008, 2002).

An attractive alternative to annexin V-based cell death imaging is presented by the 
lantibiotic probe duramycin, which exhibits a high affinity and specificity for PE (Zhao 
2011; Iwamoto et  al. 2007). The low molecular weight of duramycin (approximately 
2 kDa) enables rapid clearance from the bloodstream, minimal non-target uptake, and 
efficient penetration into target tissues (Mosayebnia et  al. 2020; Hosseinimehr 2020). 
The higher availability of PE in the plasma membrane, represents another advantage of 
duramycin over annexin V (Vance 2008). Duramycin has been labeled with 99mTc using 
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the bifunctional chelating agent hydrazinonicotinamide (HYNIC) using a kit formula-
tion, enabling its use for SPECT imaging. A μSPECT imaging study showed favorable 
dosimetry for [99mTc]Tc-Duramycin as well as rapid renal clearance and low blood pool 
and hepatic background (Zhao et al. 2008). Because of these good imaging characteris-
tics, the usefulness of [99mTc]Tc-Duramycin to assess early treatment response was dem-
onstrated in human colorectal cancer xenografts using different therapeutic strategies, 
including cytotoxic drugs, radiotherapy and targeted therapy, all directed at promoting 
tumor cell death (Johnson et  al. 2013; Elvas et  al. 2017, 2015; Li et  al. 2018; Liu et  al. 
2020). Of particular significance, [99mTc]Tc-Duramycin was able to differentiate treat-
ment-responding from non-responding tumors in colorectal cancer xenografts in only 
24 h after initiating targeted therapy, while [18F]FDG uptake was not (Elvas et al. 2017). 
All these findings collectively indicate that [99mTc]Tc-Duramycin warrants further inves-
tigation for early treatment response evaluation in cancer patients.

The goal of the current study was to evaluate the safety, pharmacokinetics, and inter-
nal dosimetry of [99mTc]Tc-Duramycin in healthy human volunteers.

Methods
Subjects and safety precautions

Six healthy volunteers aged 18 years (y) or older were included after providing written 
informed consent in accordance with the Declaration of Helsinki guidelines. Exclu-
sion criteria encompassed chronic diseases, pregnancy, lactation, metal implants, body 
weight over 100 kg, severe claustrophobia, and abnormal kidney or liver function. Ethical 
approval was obtained from the local ethics committee (Trial Number: NCT05177640).

Prior to the study, volunteers underwent a medical history review, collection of blood 
samples for clinical laboratory chemistry (renal and liver function, hematology and 
blood coagulation parameters), a 12-lead electrocardiogram, and a physical examina-
tion. Volunteers were hospitalized for 24 h to perform all scans and monitor vital signs 
at different time points. Pregnancy was ruled out in female volunteers through human 
chorionic gonadotropin hormone measurement prior to tracer injection. Clinical labo-
ratory chemistry was repeated 6 h after tracer injection, and an electrocardiogram was 
conducted prior to discharge. Three days after the scans, a medical visit was scheduled 
for a final physical examination and collection of a blood sample for chemistry. Finally, 
volunteers were contacted by phone after 1 month to assess any delayed reactions.

Radiopharmaceutical preparation

[99mTc]Tc-Duramycin was manufactured using a method developed by our group (Palm-
ieri et  al. 2018). HYNIC-duramycin was provided by Primera Analytical Solutions 
Corp. (USA). A good manufacturing practice-(GMP) grade radiolabeling kit containing 
HYNIC-duramycin, tricine and Tris(3-sulfophenyl)phosphine trisodium salt (TPPTS), 
and SnCl2·2H2O, was prepared at University of Iowa Pharmaceuticals (USA) in com-
pliance with GMP, according to a known procedure (Zhao and Li 2012). Labeling with 
99mTc was performed by addition of [99mTc]NaTcO4 (1.85 GBq) to the radiolabeling kit, 
immediately followed by heating at 80 °C for 20 min. After cooling to 25 °C, the reaction 
mixture was purified using solid-phase extraction (SPE), as previously described (Palm-
ieri et  al. 2018). Briefly, the reaction mixture was trapped in a SPE cartridge (Waters 
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Oasis HLB Plus Short, 225 mg, 60 μm, USA), followed by a wash step with 5 mL of water 
for injection and elution with 2 mL 96% ethanol. Finally, [99mTc]Tc-Duramycin was for-
mulated as a 46.25 MBq/mL 0.9% NaCl/Ethanol solution by addition of 18 mL sterile 
0.9% NaCl to the previous solution. Before injection, the preparation was passed through 
a sterile 0.22-μm filter. The radiochemical purity (RCP) was determined by instant thin-
layer chromatography and analytical HPLC, as described before (Elvas et  al. 2015). In 
addition, endotoxin and sterility analysis were performed according to the methods 
described in the European Pharmacopoeia. Full release specifications and validation 
batch analysis are shown in Additional file 1: Table S1.

Data acquisition

Images were acquired on a dual-detector SPECT/16 slice CT scanner (Discovery NM/
CT 670, GE) with low-energy, high-resolution, parallel-hole collimators, that was cross-
calibrated with the radionuclide dose calibrator and the automated gamma-counter.

Before injection of [99mTc]Tc-Duramycin, a whole body (WB) transmission scan was 
performed using a 57Co sheet source to obtain a photon attenuation map of each vol-
unteer. Dynamic planar images of the mid-thorax and upper abdominal region were 
acquired immediately upon radiotracer injection (30 frames of 1 min) to visualize initial 
activity distribution.

WB planar images were collected at 1 h, 2 h, 3 h, 6 h, and 23 h post-injection (PI). Dur-
ing each WB acquisition, a syringe with a known activity of 99mTc was placed between 
the volunteers’ feet for cross-calibration between the radionuclide dose calibrator and 
gamma-camera. Attenuation correction was done per organ, self-attenuation and scat-
tering estimates were not included. The WB attenuation correction was done by match-
ing with the total injected activity at the first WB image as the volunteers were requested 
not to void their bladders before the first scan.

After each WB planar scan, a SPECT scan consisting of one bed position (60 projec-
tions, 25 s per projection), over the abdomen was performed to collect data on the activ-
ity distribution in the liver, kidneys and spleen. The SPECT scans were corrected for 
attenuation using one low-dose CT scan (120 kV, Auto mA, Noise Index 21) performed 
immediately after the first SPECT scan.

Blood samples were collected before the first injection and 5  min, 10  min, 15  min, 
30  min, 1  h, 1.5  h, 3  h, 6  h and 23  h PI and residual radioactivity was measured in a 
standardized manner using a gamma-counter. Plasma samples for metabolite analysis 
and protein binding were collected at 5, 30, 60, 180 and 360 min after tracer injection 
and analyzed as previously described (Elvas et al. 2015). Values for plasma binding were 
expressed as % free radiotracer.

Urine and feces were collected during the 23 h PI. After weighing and homogeniza-
tion, the samples were measured in a gamma counter.

Data analysis

The regions of interest (ROIs) were delineated manually on the 3  h WB planar image 
and transferred to all other planar images including the transmission scans to determine 
the uptake of the radiotracer. The WB ROI was considered as the entire image minus 
the standard between the volunteers’ feet. The following source regions were included: 
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WB, liver, kidneys, lungs, spleen, heart, brain, and bladder. For the SPECT reconstruc-
tion, attenuation correction, scatter correction and collimator modeling were applied in 
the iterative image reconstruction (4 iterations, 16 subsets). A semi-automated approach 
using an AI contouring tool (MIM Software) was used to delineate the ROIs, which were 
manually corrected where needed.

At each time point, the percentage injected dose (%ID) of each source organ was cal-
culated according to the formula:

The time-activity curves for the whole body, selected organs and blood were generated 
and fitted in MATLAB (MathWorks Inc.) using a single exponential function:

where A is the measured activity at time point t. The integral of this time-activity curve 
(= a/b) normalized for the injected activity was used as input for the dose calculation 
using IDAC-Dose 2.1 (Andersson et al. 2017). This allowed for a dose calculation using 
ICRP 103 (Valentin 2007).

A two-compartment model was used for kinetic modeling of the blood data using a bi-
exponential function: A = ae−bt

+ ce−dt.

Results
Subjects and safety

The mean age of the 6 volunteers was 30 years (range, 24–46 years), and their mean bod-
yweight was 80 kg (range, 74.6–91.3 kg). The mean injected [99mTc]Tc-Duramycin activ-
ity in all volunteers was 473 ± 36 MBq (range, 436–533 MBq). The overall radiochemical 
purity was 97.38 ± 1.22% (n = 6), with a minor polar compound remaining in the for-
mulation after SPE purification. [99mTc]Tc-Duramycin was safe and well tolerated in all 
subjects. No tracer-related serious adverse events (AEs) were observed. Two volunteers 
had minor AEs (grade 1). One subject had marginally elevated D-dimers 6 h after tracer 
injection, without clinical signs of thrombosis and with normalization at 23 h. Another 
volunteer had an injection site reaction that was present up to 3 days after the removal of 
the catheter. No significant changes in vital signs, other clinical laboratory blood tests, or 
electrocardiograms were observed.

Biodistribution

After administration of [99mTc]Tc-Duramycin, radioactivity was detected in the vascular 
compartment and rapidly distributed to the liver and kidneys (Fig. 1). Uptake in the liver 
was faster compared to the kidneys, with peak activity at 5  min PI (16.49 ± 3.69%ID), 
versus 25  min PI in the kidneys (10.06 ± 2.96%ID) (Fig.  2). Additionally, the clearance 
was faster in the liver with an effective half-life of 3.30 h for the liver versus 6.91 h for the 
kidneys. The clearance rate for the kidneys was 0.14%/min. About 56% of the injected 
activity was eliminated within the first 24 h through the kidneys, and no hepatobiliary 
excretion was observed (0.2%ID in the feces after 24 h). There was no significant uptake 
in any brain structure. The clearance of activity from the blood pool was slow (effective 

%IDsource organ(t) =
Asource organ(t)

Ainjected dose
× 100.

A = ae−bt
,
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half-life of 2.03 h), as shown by the visualization of several major arteries up to 6 h PI 
(Fig. 1). The results of the kinetic modeling showed a fast component with a fraction of 
47 ± 11% eliminated with a half-life of 48 ± 9 min and a slow component with a fraction 
of 51 ± 9% eliminated with a half-life of 12 ± 1 h. As a result, the WB retention was high 
with an effective half-life of 4.15 h and corresponding biological half-life of 14.67 h.

Quantification of radioactivity uptake values in organs was different between planar 
and SPECT images (Fig. 3), with lower activity measured in the kidneys on SPECT (peak 
2.4 ± 0.37%ID) vs. the planar images (peak 9.29 ± 2.62%ID). There were no differences 
in the biodistribution profiles between male and female volunteers. The mean residence 
times (RT) averaged over male and female subjects are summarized in Table 1, with the 
liver showing the highest RT. The individual half-lives and RT for each volunteer are 
described in Additional file 1: Tables S2 and S3.

Dosimetry

Table  2 summarizes the mean organ absorbed dose estimates for [99mTc]Tc-Duramy-
cin. The kidneys (43.8 ± 4.07), heart wall (23.5 ± 7.75), liver (15.7 ± 2.33), and spleen 
(14.3 ± 1.67) showed the highest absorbed dose (µGy/MBq) among all organs based on 
WB planar images. The mean effective dose averaged over male and female subjects was 
estimated to be 7.61 ± 0.77 µSv/MBq. When the dose estimation was based on values 
from the SPECT images, the absorbed organ dose was overall lower, and the effective 
dose was 7.10 ± 0.67 µGy/MBq (Fig. 4; Table 2).

Metabolite and protein binding analysis

The analysis of the plasma samples showed that [99mTc]Tc-Duramycin remained 
mostly intact up to 360  min after injection (93 ± 3%). The radio-HPLC analysis 
detected the intact parent radiotracer and one minor polar metabolite (Fig. 5). This 

Fig. 1  Anterior planar decay-corrected whole-body images of a volunteer from 1 to 23 h after [99mTc]
Tc-Duramycin injection. All other subjects had a similar distribution
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Fig. 2  Mean percentage injected dose (%ID) for all regions-of-interest from the planar scans of the 6 
volunteers, as a function of time after injection. Error bars indicate one standard deviation (SD)

Fig. 3  Side-by-side comparison of the mean percentage injected dose for the 6 volunteers obtained by 
SPECT and planar image analysis for kidneys, liver, and spleen. Error bars indicate one SD
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radiolabeled species (∼ 2%) was also present in the reference tracer radio-HPLC 
chromatogram. Therefore it was not related to in  vivo metabolization of [99mTc]Tc-
Duramycin. This pattern is consistent with what was previously observed in preclini-
cal studies (Elvas et al. 2015).

Binding of [99mTc]Tc-Duramycin to plasma proteins was analyzed after injection. 
A high association to plasma proteins was found (Additional file  1: Table  S4). The 
mean percentage of free radiotracer in healthy subjects decreased from 3.4 ± 1.5% to 
2.2 ± 0.8% from 5 to 1440 min after injection.

Discussion
We have shown in this first-in-human study that [99mTc]Tc-Duramycin is safe and well 
tolerated in healthy human volunteers. The cell death imaging tracer showed a long 
retention in the blood with predominantly renal elimination of activity at a clearance 
rate of 0.14%/min. In addition, high uptake was also found in the liver and spleen. 
Optimal target-to-background ratios are expected 5  h PI. However, the prolonged 
retention in the liver and spleen even after 23  h PI, could hamper tumor response 
assessment in these organs.

We determined the mean effective dose of [99mTc]Tc-Duramycin as 7.6 µSv/MBq, 
corresponding to a total effective dose of 3.60  mSv for a patient dose of 473  MBq. 
This value compares favorably to those for other cell death imaging tracers such as 
[18F]ICMT-11 (12.5  mSv), [18F]CP18 (2.8  mSv), [99mTc]HYNIC-annexin V (5.5  mSv) 
or [18F]ML-10 (7.7  mSv), and is comparable with the effective dose of [18F]FDG 
(9.0  mSv) (Challapalli et  al. 2013; Doss et  al. 2013; Hoglund et  al. 2011; Kemerink 
et al. 2003; Quinn et al. 2016). Moreover, this dosimetry study showed that [99mTc]Tc-
Duramycin meets the criteria for radiation exposure specified by the European guide-
lines and US Food and Drug Administration.

Consistent with the predominant renal excretion of [99mTc]Tc-duramycin, the kid-
ney was the dose-limiting organ (23  µSv/MBq). Therefore, good hydration and fre-
quent bladder voiding are recommended in future patient studies. Another organ 
receiving a relatively high dose was the heart wall (20 and 44  µGy/MBq for SPECT 
and planar imaging, respectively), reflecting slower blood clearance and high radi-
otracer association with plasma proteins, such as lipoproteins that are known to con-
tain PE (Zhao et al. 2008). Protein-bound radiotracer is less likely to partition across 
capillary membranes into tissues when compared with free radiotracer in plasma. 

Table 1  Mean residence times (h) for [99mTc]Tc-Duramycin calculated from the planar images for the 
different organs averaged over male and female subjects

Values are expressed as mean ± SD

Target organs Residence times (h)

Heart 0.37 ± 0.24

Kidneys 0.34 ± 0.08

Liver 0.81 ± 0.20

Urinary bladder 0.35 ± 0.25

Whole body 6.32 ± 0.49
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Table 2  Mean organ absorbed dose calculations using the ICRP 103 model as implemented in 
IDAC-Dose 2.1

Organs SPECT analysis Planar analysis

Adipose/residual tissue 1.76 ± 0.07 1.69 ± 0.10

Adrenals 10.81 ± 1.30 15.88 ± 1.64

Alveolar-interstitial 14.20 ± 1.76 14.25 ± 1.72

Brain 2.48 ± 0.85 2.37 ± 0.87

Breast 2.74 ± 0.24 2.64 ± 0.24

Bronchi bound 8.96 ± 1.24 8.88 ± 1.22

Bronchi sequestered 8.95 ± 1.24 8.88 ± 1.22

Bronchioles 11.04 ± 1.39 11.07 ± 1.35

Colon wall 5.03 ± 0.24 5.46 ± 0.37

Endosteum (bone surface) 4.36 ± 0.78 4.18 ± 0.86

ET region 1.30 ± 0.17 1.03 ± 0.22

ET1 basal cells 0.85 ± 0.12 0.67 ± 0.16

ET2 basal cells 1.30 ± 0.17 1.03 ± 0.22

Eye lenses 0.87 ± 0.13 0.65 ± 0.17

Gallbladder wall 7.98 ± 1.42 10.11 ± 0.97

Heart wall 23.10 ± 7.64 23.35 ± 7.75

Kidneys 19.72 ± 3.42 43.82 ± 4.07

Left colon wall 4.71 ± 0.32 5.13 ± 0.63

Liver 13.83 ± 3.18 15.70 ± 2.33

Lung 11.42 ± 1.38 11.38 ± 1.32

Lymphatic nodes 4.46 ± 0.27 4.66 ± 0.28

Lymph nodes in ET region 1.37 ± 0.31 1.15 ± 0.27

Lymph nodes in sys 4.59 ± 0.29 4.87 ± 0.31

Lymph nodes in thoracic region 6.13 ± 0.90 6.02 ± 0.90

Muscle 2.10 ± 0.18 1.94 ± 0.24

Oesophagus 8.56 ± 1.05 8.60 ± 1.08

Oral mucosa 1.86 ± 0.20 1.53 ± 0.26

Ovaries 6.34 ± 3.23 6.02 ± 3.06

Pancreas 8.54 ± 0.91 10.68 ± 0.73

Pituitary gland 1.81 ± 0.44 1.55 ± 0.48

Prostate 3.81 ± 2.09 3.16 ± 1.81

Recto-sigmoid colon wall 5.20 ± 1.04 4.81 ± 1.08

Red (active) bone marrow 8.49 ± 1.82 8.59 ± 1.82

Right colon wall 5.26 ± 0.40 6.12 ± 0.62

Salivary glands 1.21 ± 0.16 0.90 ± 0.22

Skin 1.62 ± 0.19 1.46 ± 0.23

Small intestine wall 5.80 ± 0.72 6.45 ± 0.69

Spleen 12.37 ± 2.31 14.25 ± 1.67

Stomach wall 8.03 ± 0.88 9.01 ± 0.76

Testes 1.61 ± 0.81 1.08 ± 0.54

Thymus 3.71 ± 0.44 3.44 ± 0.40

Thyroid 3.76 ± 0.35 3.45 ± 0.41

Tongue 1.74 ± 0.20 1.50 ± 0.23

Tonsils 1.38 ± 0.20 1.03 ± 0.23

Ureters 3.84 ± 0.47 4.87 ± 0.41

Urinary bladder wall 8.72 ± 4.25 8.31 ± 4.27

Uterus/cervix 5.67 ± 3.25 5.36 ± 3.07

Effective dose 103 [mSv/MBq] 7.10 ± 0.67 7.61 ± 0.75

For the individual organ doses (expressed in µGy/MBq), the highest dose of either the male or female dose is included in the 
table. Data are mean ± SD; n = 6

Highest mean organ absorbed doses and effective dose are presented in bold
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However, the equilibrium between bound and free radiotracer in the plasma is usually 
rapid; therefore, most of the protein-bound radiotracer is expected to become avail-
able to the tissue (Marc 2009).

Fig. 4  Comparison of the organ absorbed doses between values obtained from SPECT and planar images



Page 12 of 15Metelerkamp Cappenberg et al. EJNMMI Radiopharmacy and Chemistry            (2023) 8:20 

The biodistribution of [99mTc]Tc-Duramycin in human subjects was consistent 
with previous results in mice showing slow blood clearance, and high liver and spleen 
accumulation, which can potentially limit tumor response assessment in these organs 
(Elvas et  al. 2015; Palmieri et  al. 2018). The latter was suggested to be attributable to 
the increased retention of the radiotracer in the reticuloendothelial cells in the liver and 
spleen. We have found that HPLC purification of kit-prepared [99mTc]Tc-Duramycin 
resulted in better imaging properties with faster clearance from the blood and lower 
uptake in the liver. In addition, in animal studies, we have demonstrated that this need 
for purification of kit-prepared [99mTc]Tc-Duramycin is a species-related phenomenon 
(Palmieri et al. 2018). For human use, producing a radiotracer under GMP compliance 
is essential. Therefore, in this study we have chosen a production method for [99mTc]
Tc-Duramycin using SPE cartridges, which has an easier technical implementation com-
pared to the HPLC method. However, using the SPE purified [99mTc]Tc-Duramycin in 
humans, we could not obtain a reduced liver and spleen accumulation like previously 
demonstrated in mice with the HPLC purified tracer (Marc 2009). Further research is 
needed, and we will consider the possibility of utilizing HPLC purification in future 
human studies, if necessary.

Response to cancer therapy is associated with the induction of various cell death 
molecular mechanisms. Since [99mTc]Tc-Duramycin can bind both apoptotic and 
necrotic tumor cells, it is likely that PE accessible in necrotic cells might contribute to 
an increased signal observed in the tumors. In addition, the higher availability of PE 
binding sites represents a clear advantage of duramycin over PS binding counterparts, 
such as annexin V, as PS is a representative minor constituent of the plasma membrane 
(Vance 2008). In a comparison study with [99mTc]HYNIC-annexin V, [99mTc]Tc-Duramy-
cin showed higher affinity to apoptotic cells and improved uptake in apoptotic athero-
sclerotic lesions (Hu et al. 2018).

Imaging agents that target activated caspase-3, an executioner caspase in the 
apoptosis pathway, may suffer from additional limitations for detecting of cell death 
in  vivo. Since caspase-3 activation is a fast and transient process, following treat-
ment, it is necessary to select appropriate timing for imaging carefully (Dubash et al. 
2018b). Although the exposure of PE in the cell surface is a more stable marker during 
the whole apoptosis process, the choice of the temporal imaging window following 
treatment is also critical for [99mTc]Tc-Duramycin. Therefore, similarly to other cell 

Fig. 5  Stability of [99mTc]Tc-Duramycin after injection in human volunteers. Representative radio-HPLC 
chromatograms of a human plasma sample after [99mTc]Tc-Duramycin injection
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death imaging tracers, we may find it beneficial to use multiple imaging time points 
after radiotracer injection, allowing greater tracer accumulation in apoptotic cells and 
the detection of peak apoptotic activity, therefore improving our assessment of thera-
peutic efficacy.

The next step is to assess the ability of [99mTc]Tc-Duramycin to assess tumor response 
in cancer patients. Currently, a phase II study (EudraCT 2023-000064-64) is ongoing in 
which newly diagnosed metastatic cancer patients will undergo a [99mTc]Tc-Duramy-
cin scan before and 2 and 7 days after the start of first-line systematic therapy (chemo-
therapy, targeted therapy, immunotherapy, or combination of both). Changes in [99mTc]
Tc-Duramycin uptake in different organ metastases will be correlated with [18F]FDG 
response after 7 days and the best overall RECIST response after 6 months. Given the 
high physiological background uptake in liver, the ability to detect response in liver 
metastases could be hampered. Therefore, an interim analysis after 10 patients with 
liver metastases is scheduled. If less than 30% of the responding liver lesions show an 
increased [99mTc]Tc-Duramycin uptake, a switch from SPE to HPLC tracer purification 
will be made in the remaining patients in an attempt to reduce the non-specific liver 
uptake. Results of this clinical study will provide crucial insights into the radiopharma-
ceutical’s clinical performance and its potential to improve patient outcomes. Ultimately, 
these evaluations will determine whether the radiopharmaceutical can be successfully 
translated into routine clinical practice as a valuable tool for cancer treatment planning 
and monitoring.

Conclusion
[99mTc]Tc-Duramycin was well tolerated in all subjects, and did not cause significant 
side effects. Despite higher radiation dose, when compared with the estimates obtained 
from animal studies, [99mTc]Tc-Duramycin showed a favorable radiation dosimetry pro-
file, comparable or lower than other cell death imaging agents. These results support the 
further validation of [99mTc]Tc-Duramycin for clinical imaging of treatment-induced cell 
death in cancer patients.
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