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Systems Molecular Imaging: Right Around the Corner

Abstract
                         

With the development of 'omics', systems biology and molecular imaging technology, a common 
tendency of integration of a variety of multi-modality, multi-target imaging and theranostics 
technology has led to the establishment of a concept that could be called “systems molecular 
imaging”. It can be used to show the complexity, diversity and in vivo biological behavior and the 
development and progress of disease in an organism qualitatively and quantitatively at a systems 
level. Ultimately, systems molecular imaging should enable the physicians not only to diagnose 
tumors accurately but also to provide 'on the spot' treatment efficiently. It will become comprehensive 
research tools and technical means for life science and medical sciences.
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Introduction

Due to the emergence of “omics” (e.g. function 
genomics, proteomics, pharmacogenomics) and the 
application of systems biology, as well as the advance 
in medical imaging technology, molecular imaging is 
now moving from speculation to clinical application. 
In 1999, Professor Ralph Weissleder from Harvard 
University first introduced the concept of “Molecular 
Imaging”, a discipline that studies the biological 
process both qualitatively and quantitatively at cellular 
and molecular level using in vivo imaging technologies 
[1]. Molecular imaging is a result of the merging 
of molecular biology and modern radiology. It is of 
great importantance to the exploration of mechanism 
and development of diseases, to the evaluation of 

medication efficacy. It bridges basic life sciences and 
clinical medicine [2].  

However, with the development of systems 
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biology theory and technology, and further in depth 
understanding of human disease, the molecular imaging 
techniques targeting single biomarker, molecule, gene 
or protein are unable to meet the current needs of life 
science and medical science research. For example, 
single-modality molecular imaging is insufficient to 
acquire multiple information recognition of certain 
biomarker with the high sensitivity, because of the 
complexity of the pathophysiological processes, it is 
not possible to precisely characterize an intricate and 
dynamically changing molecular target of diseases 
by single-target molecular imaging (such as disease 
molecular classification); the specific change of an 
early stage disease can only be revealed by intelligent 
imaging technique. So to disclose and diagnose 
diseases; single molecular imaging method cannot be 
used to synchronously judge the effect of therapeutic 
interventions and determine treatment outcomes.  

Based on original molecular imaging technology, 
we put forward the new concept, systems molecular 
imaging. The molecular imaging technique system can 
be applied to intuitively and systemically investigate 
the complicated biological network of a body and its 
functional process, by dynastically visualization of 
multiple key biomarkers in vivo molecular events of 
different level, and sometime execute interventions. 
Different from molecular imaging of single target, 
single mode and single imaging function, systems 
molecular imaging targets multiple biomarkers of 
different systems and series molecular events of 
biological processes. It combines a variety of imaging 
methods to achieve qualitative and quantitative 
identification, intervention and monitoring function 
and so on. It is necessary to explain that the “system” 
mentioned here is not the traditional histological 
anatomy term, but in accordance with the “system” 
concept defined in systems theory, namely an organic 
whole with certain functions consists of the relevant 
elements interconnected in a certain way. For example, 
in a tumor, the tumor cells, intra and inter-cell signaling 
pathways, stromal cells, and the microenvironment 
make up the tumor system. 

The idea of system molecular imaging originated 
from systems biology [3] – in the hope of intuitively 
and comprehensively learning and understanding the 
normal interrelations among the different parties in 
the process of physiological events, their interactions 
(e.g., cell signal transduction pathways, cell organelles, 
cells, physiological systems and biological process 
related gene and protein network) and the related 

molecular events in the pathophysiological process of 
disease development and progression. Following the 
system theory and by means of molecular imaging 
probes synthesis and optimization, data mining and 
bioinformatics computing, it is an achievable goal to 
develop high sensitive multimodal molecular imaging 
system that can visualize multi-biomarker and multi-
levels molecular events in the biological process, to 
generate intellectualized imaging tools to sensitively 
monitor the biological responses in a certain unique 
microenvironment and to set up multi-function 
molecular imaging method to carry out targeted 
intervention and treatment effect monitoring at the 
same time.

The advantages of system molecular 
imaging 

It is indicated in systems biology that biological 
behavior and the development and progress of disease 
in an organism is a very complex network process. 
Systems molecular imaging can provide comprehensive 
research tools and technical means for the life science 
and medical sciences. In the field of life science, 
systems molecular imaging can intuitively visualize 
the complicated biological network and physiological 
change, and significantly promote the development 
of systems biology. As for diseases, for example, the 
development, progression and metastasis of tumor is a 
very complicated dynamic process of molecular events 
that involves multi-steps, multi-stages and multi-targets 
[4]. It is associated with signal transduction from the 
surface of tumor cells, the interactions between tumor 
cells, and between tumor cells and tumor stroma, 
as well as the surrounding microenvironment, the 
interplay of tumor cells and immune cells and so on [5]. 
Although previous molecular imaging technology can 
visualize the critical target that plays an important role 
in progress of disease, it is impossible to exactly reflect 
the complicated biological behavior and characters of 
tumor merely by the visualization of a single molecular 
biomarker [6]. 

System molecular imaging technology can target 
various biological molecules and signal pathways that 
are important to development, progression, and change 
of tumor, and comprehensively reveal the interplay 
between different targets and signal transduction 
pathways and their dynamic changes, and so to 
accurately diagnose disease and evaluate therapeutic 
effect.
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Systems molecular imaging and 
multi-pathways and multi-targets 
imaging 

The heterogeneity of tumor is a critical problem 
in terms of molecular classification and molecular 
targeted therapy [7-10]. Tumor heterogeneity shows 
in three aspects, individual heterogeneity, temporal 
heterogeneity and spatial heterogeneity. The molecular 
pathology examination is relatively unilateral, and it 
is difficult to deliver the accurate in vivo information 
of molecular target of in situ tumor. In vivo multi-
target detection technology is needed to be carried out 
imperatively [11]. Gerlinger M et al. did molecular 
pathology and molecular typing on 101 tissue 
samples randomly from different parts of the tumors, 
differences in molecular typing was found in 63% to 
69% region, which indicated that molecular pathology 
is not able to comprehensively show the molecular 
characteristics of tumor because of limitation of 
sampling [4]. In addition, molecular pathology can 
only reflect the status of a molecular target of a certain 
time point due to difficulty of repeated biopsy. But 
the critical tumor biomarkers and molecular types are 
always changing dynamically during tumorigenesis, 
development and therapy. Rosell R et al. treated 174 
lung cancer patients with tyrosine kinase inhibitor 
erlotinib and found that the molecular type of tumors 
changed from molecular targeted drug sensitive to 
drug-resistance due to a secondary mutation (deletion 
mutation of EGFR exon 19 to T790M mutation), which 
directly results in the failure of molecular targeted 
drug therapy [12]. Thus, it’s critically important 
to dynamically monitor the molecular biomarkers 
and tumor molecular type. Researchers had been 
wondering how to develop a personalized treatment for 
heterogeneous and continuously evolving active tumor. 
Only when we understand and quantify these changes, 
can it be possible to know the prognosis of tumor much 
more comprehensively, and to develop new effective 
therapeutic strategies. Systems molecular imaging can 
solve this issue, as it integrates multi-modal, multi-
targeted molecular imaging and theranostics imaging 
techniques. It can not only provide anatomical, 
functional and molecular information, but also disclose 
the biological relevance of different signal transduction 
pathways and molecular events by in vivo imaging.   

So the open question is how to image the multiple 
targets in multiple signaling pathways. Here, we take 

tumor signaling pathways as an example, it has been 
known that EGFR, HER2, VEGFR, Integrin, HIF-1 
and other targets in tumor cells play important roles 
on tumordevelopment and metastasis [13-17], the 
probes targeting these molecular signaling pathways 
have been developed [2]. For the EGFR signaling 
pathway, researchers used Cy5.5 to label modified 
hEGF, a natural ligand for EGFR. The synthetic 
EGF-Cy5.5 probe can target and visualize EGFR 
receptor extracellular binding domains [18-20]. Other 
investigators used radionuclide fluorine-18 or I-125 
to labeled EGFR receptor tyrosine kinase inhibitor 
to target and image the mutated EGFR intracellular 
tyrosine activation domain [21, 22]. Some others 
targeted the EGFR downstream phosphorylation 
signaling pathways, upregulated MDM2 messenger 
RNA [23], microRNA (microRNA-21) [24] and 
HIF-1 af ter  phosphorylat ion and s tudied the 
microenvironment hypoxic events [25]. For HER2 
receptor, Gao J et al. developed a non-toxic quantum 
probe for in vivo HER2 fluorescence imaging [26], 
Capala J et al. reported the recent progress of HER2-
targeted probes using trastuzumab, pertuzumab or 
a small molecule scaffold protein (e.g., affibody 
molecules) [27]. And for angiogenesis signaling 
pathways, Sipkins DA et al. utilized paramagnetic 
coupled contrast agents LM609 to target αvβ3 on 
endothelial cells to realized MR targeted molecular 
imaging [28]. Schmieder AH et al. used paramagnetic 
nanoparticles to target αvβ3 and achieve the real-time 
imaging of integrin and monitor its dynamical change 
in process of tumorigenesis and pulmonary embolism 
[29, 30]. Sun X et al. visualized αvβ3 expression 
with constructing 18F-FPPRGD2 specific vascular 
molecular probes [31].      

Systems molecular imaging and 
multi-modalities imaging    

Clinicians have always been puzzled by choosing of 
the best clinical imaging modality for cancer patients. 
Normally, the sensitivity of the equipment with the 
highest resolution is relatively low and vice versa. How 
to “have it both ways” is a problem to be solved in the 
development of systems molecular imaging equipment 
field. Each imaging modality has its own advantages 
and disadvantages. Due to limitations of sensitivity, 
specificity and resolution, it is difficult to get 
systematic and comprehensive picture of the disease 
characteristics with a single imaging modality. For 
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example, MRI based on magnetic nanoparticles can 
be used as an imaging tool to get oncology anatomical 
information (such as tumor volume and location), but 
cannot get the in vivo microscopic information, such as 
the internalization of magnetic nanoparticles, specific 
tumor molecular types and therapeutic efficacy at the 
cellular level, or the exact boundaries of residual tumor 
after surgical resection. However, optical imaging (e.g. 
fluorescence imaging) may satisfy the above goals [32]. 
With the integration of the anatomical and functional 
imaging modalities (such as CT, MRI, PET and optical) 
appears [33], multi-modality imaging combines the 
advantages of various imaging modalities (e.g., nuclear 
medicine with labeling various radioactive nuclides, 
positron tracers, SPECT tracers, imaging sequences of 
MR, optical, photoacoustic and ultrasound) to provide 
the anatomical, functional, molecular information, thus 
make imaging on the same object in different modality 
equipments possible [32]. Recently, researchers have 
developed a number of magnetic nanoparticles that can 
also be used for optical imaging [34-36]. These optical 
active magnetic nanoparticles can be synthesized by 
coupling fluorescent dye to the nanoparticles, or by 
using inorganic material-wrapped (e.g. gold, quantum 
dots, etc.) magnetic nanoparticles to synthesize 
the nanoparticles with surface plasmon resonance 
characteristics. Moreover, triple function reagents 
have been developed that can be used for PET, MRI 
and fluorescence imaging [37, 38]. Multi-modality 
magnetic nanoparticles can provide clinicians with 
powerful probes for tumor diagnosis and monitoring 
treatment effect. 

Systems molecular imaging in 
theranostics and drug development

With the  development  of  nanoscience and  
nanotechnology, the “image-guided drug delivery” 
(IGDD) and “Theranostics” technology of systems 
molecular imaging are promising to provide a novel 
and more effective tool for early diagnosis, imagining 
and treatment. IGDD is one of the advantages of the 
systems molecular imaging techniques in drug research 
and development,it maximize the therapeutic effect of 
agents on lesions and to minimize the toxic side effects 
by reducing systemic drug exposure [39, 40]. For 
example, multi-target combined therapy is one of the 
focuses of anti-cancer research, because patients with 
the same type tumor may require different targeting 
inhibitors. How can we know which molecular targeted 

inhibitor is the best for each patient? The systems 
molecular imaging techniques can display not only 
whether the targeted drugs are effectively targeting 
or delivered to the expected targets and released in 
local tumor or lesion, but also demonstrate the effect 
of the drugs on other related targets and signaling 
pathways disclosed by multi-targets imaging. Thus it 
can help to understand the pharmaceutical mechanism 
of specific biomarker targeting drug, and its the 
effects on biological systems, to select the appropriate 
population to the drug, and to analyze whether the 
patient is suitable for a specific treatment more 
comprehensively [41] . 

Theranostics is an integration of diagnosis and 
therapy techniques, which is another new trend of 
molecular imaging. This technology brings the imaging 
capabilities into the design of nanoparticles, to achieve 
real-time monitoring biodistribution of nanoparticles 
in individual patients and to develop personalized 
t rea tment  protocol  by adjus t ing the  par t ic le 
pharmacokinetics and uptake [42, 43]. Theranostics 
can improve diagnosis, deliver drug specifically to 
the tumor, and reduce injury to normal tissue [44]. It 
can also provide information on the mechanism of the 
effect of nanoparticles, for example, the distribution, 
clearance mechanism of nanoparticles in the tumor 
can be monitored by a longitudinal dynamic imaging. 
It help us to understand the specific uptake, the rate 
of uptake, the distribution of these materials in the 
heterogeneous tumor microenvironment, the clearance 
rate and pathway, as well as the mechanisms of 
nano anticancer drug resistance or sensitivity. The 
information is critically important for the patient and 
for nanoparticles anticancer drug therapy selection 
[45] . Theranostics technology shortens the treatment 
and improves treatment by saving more tedious steps. 
Theranostics nanoprobes, including various types of 
nanoshells, plasmonic nanobubbles and quantum dots, 
have unique physical and chemical properties which 
some small molecules normally do not have. These 
characteristics can be used for designing new cancer 
treatment. The emergence of new integrated nano-
probes brings hope for cancer treatment, however, there 
are some huge obstacles and challenges for the clinical 
application of these agents: 1) Effective delivery. 
Increase the uptake of nano-probes in tumor will 
enhance the killing of tumor cells, reduce the damage 
to normal tissue, and increase the therapeutic window. 
2) Image guidance. Real-time imaging is crucial for 
the design of cancer treatment and monitoring the 
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efficacy. 3) Multi-mode treatment. Mono-therapy mode 
(including the application of nano-treatment probe) 
can not completely remove the residual tumor cells. 
Therefore, integrated a variety of treatment modes into 
a nano-particle system will be very promising [43].  

To integrate multi-modality, multi-targets imaging 
and theranostics technology in the drug development 
process, scientists can quantitatively evaluate the 
function of small molecules, biological products, 
antibodies, proteins, ligands, gene therapy and 
vaccines at anatomical, functional and molecular level, 
which can screen potential candidate drugs, test new 
biomarkers, determine and optimize the therapeutic 
regimen and evaluate medical imaging equipment, 
new imaging probes and the imaging strategies in 
clinical trials. Researchers can also use this new 
technology: 1. To evaluate candidate drugs on living 
disease related and disease prevention animal model; 
2. To comprehensively monitor the process of disease 
progression from the multiple related systems; 3. 
Besides observation of the dynamic changes of related 
target, to assess the impact of drug side effect on the 
whole system, provide detailed data to enhance the 
decision-making confidence; 4. To quantify experiment 
endpoint for clinical translation and beyond.

It is true there is foregoing ‘‘could,’’ ‘‘would,’’ 
and ‘‘potential’’ when describing systems molecular 
imaging, same as a decade ago when the emergence of 
molecular imaging. However, the potential successful 
integration of a variety of multi-modality, multi-targets 
imaging and theranostics technology is definitely 
encouraging and give credibility to expectations and 
theories. It’s far beyond imagination and will certainly 
expand with the advancing of molecular imaging 
technology. 
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