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Apoptosis, the natural process of programed cell death, 
is crucial to many biological processes and is involved 
in various diseases as well (1). Both chemotherapy 

and radiation therapy cause tumor cell death primarily by 
induction of apoptosis (2). Thus, imaging of apoptosis has 
been intensively investigated to evaluate tumor response to 
various therapeutics (3). 
 A series of biochemical changes during the process of 
apoptosis have been identified as specific targets for apoptosis 
imaging using various imaging modalities, including magnetic 
resonance imaging (MRI), optical imaging, ultrasound, and 
radionuclide imaging. Each imaging modality has certain 
advantages as well as limitations, and the choice of an imaging 
modality or combination of techniques should be determined 
by the specific biological questions being asked (4,5). 
 For example, fluorescence and bioluminescence optical 
imaging either based on external probe or reporter genes 
is helpful in preclinical studies, but not ideal for clinical 
applications (6). Due to superior sensitivity and specificity, 
radionuclide imaging, especially single-photon emission 
computed tomography (SPECT) and positron emission 
tomography (PET), is the dominant imaging modality in the 
clinical setting for apoptosis imaging.
 Phosphatidylserine (PS) exposure occurs within a few 
hours of the apoptotic stimulus. As a near-universal event in 
apoptosis, PS presents a very abundant target that is readily 
accessible on the extracellular surface of the plasma mem-
brane (7). Annexin V, an endogenous human protein, shows 
Ca2+-dependent binding to negatively charged phospholipid 
surfaces including PS (8). Over the past years, a number of 
phase I/II and II/III clinical trials have confirmed the crucial 
value of 99mTc-Annexin V as an in vivo imaging biomarker of 
apoptosis in patients with various tumor types. 
 In patients with head and neck cancer, the quantitative 
99mTc-Annexin V tumor uptake correlated well with the 
number of apoptotic tumor cells derived from TUNEL 
assays (9). In patients treated with different chemotherapies 
and/or radiation therapy, 99mTc-Annexin V uptake also 
correlated well with either Response Evaluation Criteria In 

Figure 1. A. Imaging apoptosis using Annexin V. When cells commit to apoptosis, the inactivation of  
aminophospholipid translocases and the action of scramblase lead to the translocation of phosphatidylserine (PS) 
to the outer membrane leaflet. Annexin V, an endogenous human protein with molecular weight of 35 kDa, 
shows Ca2+- dependent binding to negatively charged phospholipid surfaces and essentially no binding to neutral 
or cationic phospholipids. B. Schematic representation of the mechanism for 18F-CP18 in apoptosis imaging. In 
apoptotic cells, 18F-CP18 is recognized and cleaved by activated caspase-3/7 to lose the C-terminus PEG chain. 
Without PEG chain, the compound is unable to permeate the cell membrane, resulting in the preferential retention 
of the radioactivity in apoptotic cells (Illustrated based on the schematics presented on reference 28). 
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 Based on a meta-analysis performed in 2015, all clinical 
trials using 99mTc-Annexin V demonstrated a pooled positive 
predictive value (PPV) of 100% and a pooled negative 
predictive value (NPV) of 70% for prediction of a tumor 
response after the first course of chemotherapy and/or 
radiotherapy in terms of the change in tumor uptake (ΔU%) 
(12). All these data support the hypothesis that imaging 
of apoptotic response could provide a much faster way to 
predict effectiveness of cancer chemotherapy than currently 
used morphological measurements (13).
 Apoptosis also plays a dominant role in typical pathologic 
processes of cardiovascular disease such as myocardial 
infarction, heart failure, and atherosclerosis. Clinical 
trials with 99mTc-Annexin V imaging in patients with 
cardiovascular disease have therefore been implemented 
to evaluate myocardial apoptosis in the infarct area (14), 
to monitor acute rejection after heart transplantation (15) 
and to determine plaque instability in atherosclerosis (16). 
Moreover, 99mTc-Annexin V has been applied in patients with 
acute stroke or dementia to monitor apoptosis within the 
lesions (17,18).
 Compared with SPECT, PET is more sensitive and 
quantitative (19). In a comparison study with ischemic 
animals, similar accumulation of 18F-annexin V and 99mTc-
annexin V was found in the infarct area. However, the uptakes 
of 18F-annexin V in the liver, spleen and kidneys were much 
lower than those of 99mTc-annexin V (20). Recently, a PS 
targeting F(ab’)2 antibody fragment, PGN650, was labeled 
with 124I to evaluate pharmacokinetics, safety, radiation 
dosimetry, and tumor targeting of this tracer in a cohort of 
patients with cancer. There were no adverse or clinically 
detectable pharmacological effects in any of the 11 patients. 
However, only mildly increased uptake was observed in the 
known tumor foci (21).
 ApoSense molecules, including DCC, NST-732 
and dansyl-ML-10, are small non-peptidic fluorescent 
compounds developed based on the structure of an 
uncommon amino acid Gla. The precise mechanism of these 
compounds targeting the apoptotic cell membrane is unclear. 
However, in response to apoptosis, these molecules manifest 
selective membrane binding, trans-membrane transport, 
and selective accumulation in the cytoplasm of apoptotic 
cells, while being excluded from viable cells (22,23). 
 Besides featuring fluorescence, both ML-10 and NST-732 
contain a fluorine atom, which facilitates radiolabeling with 
18F isotope for PET imaging (23). The safety of 18F-ML-10 
was confirmed in a phase I trial on healthy volunteers. The 
tracer was highly stable in vivo and exhibited favorable bio-
distribution profiles followed by rapid clearance through the 
urine (24). In a phase IIa study involving patients with acute Continued on page 3. See Molecular Imaging of Apoptosis.

ischemic cerebral stroke, PET imaging with 18F-ML-10 iden-
tified various intensities of apoptotic cell death within the 
region of infarct on day 3 after onset (25). In patients with 
brain metastases treated with whole-brain radiation therapy, 
the increased uptake of 18F-ML-10 was shown on the PET 
scans, and heterogeneity of signal intensity was observed 
within the 18F-ML-10 hot spots (26). These studies show 
the potential of 18F-ML-10 as a PET radiopharmaceutical for 
clinical imaging of apoptosis in tumors.

Figure 2. Structures of 18F-ML-10 (A) and 18F-ICMT-11 (B). C. Detection of the effect of Whole-brain radiotherapy 
(WBRT) with 18F-ML-10 in a patient with brain metastasis. 18F-ML-10 uptake is seen on the baseline PET scan (left, 
white arrows) and after ten fractions of radiation (right, yellow arrows). The corresponding regions after treatment 
show increased uptake, reflecting the apoptosis induced in the tumor by the radiation (Revised from reference 26 
with permission).

 Both intrinsic and extrinsic apoptosis pathways converge 
on a family of cysteine aspartate-specific proteases known 
as the “caspases”—especially the executive enzymes 
caspase-3/7, which recognize and cleave the DEVD (aspartic 
acid-glutamic acid-valine-aspartic acid) peptide sequence 
(27). Containing a “DEVD-A” penta-peptide motif and a 
short PEG chain, 18F-CP18 was developed as a substrate-
based probe to detect caspase activity (28). After being 
recognized and cleaved by intracellular caspase-3/7, 18F-
CP-18 loses the C-terminus PEG chain, which renders it 
unable to permeate the cell membrane, and results in the 
preferential cellular retention of the radiolabeled metabolite. 
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In a phase I clinical trial involving 7 healthy volunteers, 18F-
CP-18 cleared rapidly from the blood pool with a half-life of 
approximately 30 minutes. Relatively high 18F-CP-18 uptake 
was observed in the kidneys and bladder (29). In a preclinical 
study using an in vivo model of colorectal cancer, a drug-
dependent increase in 18F-CP18 tumor uptake compared to 
baseline was observed. However, the absolute tumor uptake 
was less than 1%ID/g (30).
 Targeting caspase 3/7 by high throughput screening and 
further structural optimization also showed a number of 
isatin (1-H-indole-2,3-dione) sulfonamide analogues to have 
nanomolar potency in inhibiting the executioner caspase-3/7 
(31). 18F-ICMT-11, one of the isatin sulfonamide analogs, 
has been selected as a candidate for clinical development. 
In a phase I study, the safety, biodistribution and radiation 
dosimetry profiles of 18F-ICMT-11 have been reported in 8 
healthy human volunteers (32). However, in one preclinical 
study, PET imaging using 18F-ICMT-11 failed to detect the 
tumor response to treatment due to either the interference 
from tumor necrosis or minimal apoptosis-associated tumor 
changes (33).
 Despite all these promising clinical trial data, we still need 
a better understanding of numerous biochemical features of 
apoptosis in order to develop ideal radiopharmaceuticals 
which have high specificity and selectivity for apoptotic cells, 
can detect the early stage of apoptosis and can preferably 
distinguish apoptosis from other types of programmed 
cell death, such as programmed necrosis and autophagy. 
Optimization of radiolabeling and tracer pharmacokinetics 
is required to achieve increased target/non-target ratios to 
overcome the complexity of apoptosis induced by different 
chemotherapy and/or radiotherapy protocols. The changes 
in blood supply and vascular permeability within tumor 
tissue induced by therapeutics also affect the delivery and 
retention of imaging probes, especially those with relatively 
large molecular sizes.
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im in the Literature
Each month, the CMIIT Editorial Board selects the top molecular imaging research papers from all papers indexed by PubMed. Below are recent 
papers on molecular imaging research. The links below go to these references, including their abstracts and links to the full paper on PubMed.

 
Dual Targeting of Acute Leukemia and Supporting Niche 
by CXCR4-Directed Theranostics.
Habringer S, Lapa C, Herhaus P, Schottelius M, Istvanffy R, 
Steiger K, Slotta-Huspenina J, Schirbel A, Hänscheid H, 
Kircher S, Buck AK, Götze K, Vick B, Jeremias I, Schwaiger M, 
Peschel C, Oostendorp R, Wester HJ, Grigoleit GU, Keller U. 
PMID: 29290814 

Fluorescence-guided surgery for cancer patients: a proof 
of concept study on human xenografts in mice and 
spontaneous tumors in pets.
Mery E, Golzio M, Guillermet S, Lanore D, Naour AL, Thibault 
B, Tilkin-Mariamé AF, Bellard E, Delord JP, Querleu D, Ferron 
G, Couderc B. PMID: 29312629

Development of a PET radioligand for potassium 
channels to image CNS demyelination.
Brugarolas P, Sánchez-Rodríguez JE, Tsai HM, Basuli F, Cheng 
SH, Zhang X, Caprariello AV7, Lacroix JJ, Freifelder R, Murali 
D, DeJesus O, Miller RH, Swenson RE, Chen CT, Herscovitch 
P, Reich DS, Bezanilla F, Popko B. PMID: 29330383

Comparative evaluation of tumor targeting using the anti-
HER2 ADAPT scaffold protein labeled at the C-terminus 
with indium-111 or technetium-99m.
Garousi J, Lindbo S, Mitran B, Buijs J, Vorobyeva A, Orlova A, 
Tolmachev V, Hober S. PMID: 29116215

Novel molecular imaging ligands targeting matrix 
metalloproteinases 2 and 9 for imaging of unstable 
atherosclerotic plaques.
Hakimzadeh N, Pinas VA, Molenaar G, de Waard V, Lutgens 
E, van Eck-Smit BLF, de Bruin K, Piek JJ, Eersels JLH, Booij J, 
Verberne HJ, Windhorst AD. PMID: 29190653

Evaluation of Novel 64Cu-Labeled Theranostic 
Gadolinium-Based Nanoprobes in HepG2 Tumor-Bearing 
Nude Mice.
Hu P, Cheng D, Huang T, Banizs AB, Xiao J, Liu G, Chen Q, 
Wang Y, He J, Shi H. PMID: 28875472

[18F]-BMS-747158-02 PET imaging for evaluating 
hepatic mitochondrial complex-1 dysfunction in a mouse 
model of non-alcoholic fatty liver disease.
Rokugawa T, Momosaki S, Ito M, Iimori H, Kato Y, Abe K. 
PMID: 29209997

Potential of asphericity as a novel diagnostic parameter 
in the evaluation of patients with 68Ga-PSMA-HBED-CC 
PET-positive prostate cancer lesions.
Meißner S, Janssen JC, Prasad V, Brenner W, Diederichs G, 
Hamm B, Hofheinz F, Makowski MR. PMID: 29058157
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 CMIIT hosted the 5th Industry Partners Circle (IPC) meeting 
on January 25, 2018, prior to the SNMMI Mid-Winter  
Meeting in Orlando. The meeting, held just days before the 
FDA announced approval of Lutathera (Lu-177 DOTATATE),  
provided a forum for experts in industry and members of CMIIT, the 
Radiopharmaceutical Sciences Council (RPSC) and Cardiovascular 
Council (CVC) to discuss important current issues in the field that 
will affect the future of molecular imaging and therapeutics. 

 The half-day session covered four timely topics in molecular  
imaging: 
• What can be done to facilitate academic/industry collaborations?
• What are the challenges and opportunities in the translation of

radiotherapeutics?
• What types of training in academia will be most valuable to industry?
• What are the strategies for approaching large data sets and data

analytics?
CMIIT is developing projects and programs in response to

recommendations made and will provide a full meeting report in the 
next few months. 

Highlights from the discussion:
• Examples of strong academic/industry collaboration in nuclear

medicine and molecular imaging already exist, and the community 
would benefit from forums (such as webinars, online learning 
and live sessions at conferences) where these best practices can be 
shared and promulgated.

• The community would also benefit from a mechanism to connect
industry and academia with shared research interests.

• As new nuclear medicine therapies are approved, a system is
needed to ensure that clinics have the necessary training and
infrastructure to administer the therapies.

• The community needs to continue its outreach efforts to referring
physicians for utilization of nuclear medicine therapies and find
advocates in institutions outside of nuclear medicine.

• The challenges for nuclear medicine continue to be demonstrating
improved patient outcomes and encouraging utilization of com-
panion diagnostics after therapy.

• Industry values nuclear medicine researchers with strong knowl-
edge in radiochemistry science. Clinicians are also needed in in-
dustry, as they provide insight into what is needed for patient care.

• Machine learning from big data is still the Wild West! The field is
not yet at the point of making medical decisions. Data collection
remains important, and the community could benefit from creat-
ing a standard format for data collection which could be used by
researchers and clinicians.

Call for Nominations: 2018 CMIIT Board of Directors 
 The Center for Molecular Imaging Innovation and Translation 
(CMIIT) Nominating Committee has opened nominations for the 
2018 Board of Directors election for the positions of vice president, 
secretary/treasurer and four board members. 

CMIIT NEWS
CMIIT Industry Partners Circle  CMIIT members are invited to nominate candidates for these 

positions. Elected individuals will begin their three-year terms at 
the end of the SNMMI Annual Meeting in June 2018. 
 CMIIT board members are tasked with helping the Center move 
forward with new goals and initiatives, and they should plan on  
attending all CMIIT board meetings (2-3 per year) and participat-
ing in conference calls. This is a great opportunity to get involved 
in CMIIT activities!

Nomination Process
• Nominations should be sent to K. Malaika Walton, SNMMI 

associate director of Governance at mwalton@snmmi.org by 
March 9, 2018.

• Nominations must include: CV, photo, 2-3 paragraph biosketch, 
and platform statement

• Nominee must be a member of CMIIT
• CMIIT encourages self-nominations, as well as nominations 

of technologist members and members with expertise in 
non-nuclear molecular imaging.
Please help us by nominating creative leaders who will build 

upon CMIIT’s existing strong foundation.

SNMMI Annual Meeting
 Join CMIIT at the 2018 SNMMI Annual Meeting (June 23-26). 
CMIIT is sponsoring the following continuing education sessions: 
• Categorical Session: Radiomics and Machine Learning

Methods and Applications in Radiology and Nuclear
Medicine (co-sponsored with CaIC) – Saturday, June 23,
8 AM – 4 PM

• CE Sessions
n  Imaging Guided Therapy and Dosimetry (co-sponsored

with the Therapy Center of Excellence), organized by Cathy 
Cutler, PhD, and George Sgouros, PhD – Saturday, June 23, 
1:30 – 3 PM

n  Molecular Imaging in Interventional Radiology and 
Surgery, organized by Marty Pagel, PhD – Sunday, June 24, 
3 – 4:30 PM

n  Emerging Molecular Imaging Targets in Neurological 
Disease, organized by Georges El Fakhri, PhD, DABR, and 
Marc Normandin, PhD – Monday, June 25, 10 – 11:30 AM

n  Academic-Industry Research Partnerships, organized by 
Marty Pagel, PhD, and Kimberly Kelly, PhD – Monday, June 
25, 3 – 4:30 PM

n  U.S. Regulatory Pathways for Radiopharmaceutical 
Research (co-sponsored with CTN), organized by Steve 
Cho, MD; Delphine Chen, MD; and Thomas Ng, MD, PhD 
– Tuesday, June 26, 3 – 4:30 PM

 CMIIT will also host a Young Investigators Award session  
and four Emerging Technologies (non-CE) Sessions during  
the Annual Meeting. For more information and to register, visit 
www.snmmi.org/AM2018

www.snmmi.org/cmiit
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im in the News
MI Gateway presents a sampling of research and news of interest to the community of molecular imaging scientists. 

Evaluation of the diagnostic value of preoperative 
sentinel lymph node imaging in penile carcinoma 
patients without palpable inguinal lymph nodes SPECT/
CT as compared to planar scintigraphy
UroToday
This German study shows that SPECT/CT is capable of 
visualizing SLNs that cannot be detected with planar imaging. 
The SPECT/CT technique reduces the number of false positive 
findings from planar SLN imaging and is able to show anatomic 
SLN localization more precisely.

Molecular imaging technique identifies lung nodules for 
resection in osteosarcoma patient
MedicalXpress
A case report by researchers at the University of Pennsylvania 
and Purdue University demonstrates that targeted fluorescence 
successfully identified pulmonary metastases in a patient with 
osteosarcoma, making it easier for surgeons to locate the tumors 
for resection.

An Innovative PET Tracer Can Measure Damage from 
Multiple Sclerosis in Mouse Models
Science Newsline–Medicine 
In the journal Scientific Reports, a multi-institutional team based 
primarily at the University of Chicago Medicine and NIH, 
describe early tests of a novel minimally-invasive way to assess 
myelin damage using PET. 3-fluoro-4-aminopyridine (3F4AP) 
is the first tracer that has a signal increase with demyelination.

Artificial intelligence guides lower PET tracer dose
Aunt Minnie
Researchers at Stanford University have trained a deep-learning 
algorithm to process ultralow-dose PET image data and then 
create synthetic images that approximate PET scans acquired 
using a standard radiotracer dose. The synthetic images yielded 
comparable image quality to standard full-dose exams.

The Utility of PET/CT in External Radiation Therapy 
Planning of Prostate Cancer
UroToday
This UCLA study published ahead of print in The Journal of 
Nuclear Medicine shows that the integration of PET into the 
routine evaluation of prostate cancer patients may improve 
both staging accuracy and radiotherapy planning.
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Advances in brain imaging settle debate over spread of 
key protein in Alzheimer’s
MedicalXpress
PET scanning has made it possible to compare hypotheses for 
how tau builds up in the brain and damages networks. A study 
led by scientists at the University of Cambridge and published 
in the journal Brain, confirms the transneuronal spread 
hypothesis. This suggests we might be able to slow down or 
halt the progression of Alzheimer’s disease by developing drugs 
to stop tau from moving along neurons.

Intraoperative molecular imaging helps identify more 
cancerous lung nodules
Healio
Intraoperative molecular imaging identified 94.9 percent of 
malignant pulmonary nodules identified by PET scan. It also 
identified nine nodules not previously detected with PET or 
traditional intraoperative imaging, according to study results 
published in Annals of Surgery.

Shining Molecules Distinguish Between Proteins in the 
Brain
RDmag.com
Small, shining molecules developed by Swedish scientists can 
distinguish between plaque of different proteins in the brain 
and could improve diagnosis of neurodegenerative diseases. 
The researchers now plan to label the tracer molecules with 
radioisotopes for PET scan studies.

New fluorescent nanoparticle technique may be a more 
precise cancer treatment
DOTmed
A new technique that involves fluorescent nanoparticles can 
guide tumor resection as well as kill any remaining cancer cells, 
according to research published in Theranostics.

PRRT: “She probably wouldn’t be alive”
KFBB.COM
This peptide receptor radiotherapy (PRRT) success story 
on Montana television reports on a woman who had tumors 
throughout her body and is now in stable condition.  

Baby cured of rare disease goes home for Christmas
NBCDFW.COM
Thanks to use of the investigational PET radiotracer 18F-DOPA, 
which helps diagnose focal lesions in children with congenital 
hyperinsulinism, a baby girl with the condition was cured at 
the Hyperinsulinism Center at Cook Children’s Medical Center, 
Fort Worth, Texas. (Note: SNMMI is currently working on filing 
a new drug application for 18F-DOPA.)
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