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Abstract: Multi-modal imaging approaches of tumor metabolism that provide improved specificity, physiological rel-
evance and spatial resolution would improve diagnosing of tumors and evaluation of tumor progression. Currently, 
the molecular probe FDG, glucose fluorinated with 18F at the 2-carbon, is the primary metabolic approach for clinical 
diagnostics with PET imaging. However, PET lacks the resolution necessary to yield intratumoral distributions of 
deoxyglucose, on the cellular level. Multi-modal imaging could elucidate this problem, but requires the develop-
ment of new glucose analogs that are better suited for other imaging modalities. Several such analogs have been 
created and are reviewed here. Also reviewed are several multi-modal imaging studies that have been performed 
that attempt to shed light on the cellular distribution of glucose analogs within tumors. Some of these studies are 
performed in vitro, while others are performed in vivo, in an animal model. The results from these studies introduce 
a visualization gap between the in vitro and in vivo studies that, if solved, could enable the early detection of tumors, 
the high resolution monitoring of tumors during treatment, and the greater accuracy in assessment of different 
imaging agents.
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Introduction

Glucose uptake is a main indication of cellular 
metabolism, a key hallmark of cancer invasion 
and progression [1]. Imaging the cellular uptake 
of glucose in tumor models and clinical sam-
ples is therefore an important biomedical 
research and diagnostic tool. In order to best 
do this, however, analogs of glucose need to be 
created that have properties conducive to the 
desired imaging modality. The most important 
of these in current clinical use has been 18F 
labeled 2-fluoro-2-deoxy-D-glucose (FDG) desi- 
gned for positron emission tomography (PET). 
The synthesis of 18F labeled FDG was first 
described in 1969 by Pacak et al [2]. Its use as 
a tracer for PET imaging was investigated in the 
1970’s and early 1980’s [3-7]. Since then, it 
has been used in hundreds of thousands of 
PET diagnostic imaging procedures and has 
been the subject of over 15,000 studies [8-11]. 

These studies have elucidated the glycolytic 
activity of tumors in animal models and humans 
in response to various cancer treatments.

Due to the clinical importance of FDG PET 
approaches, there has been recent effort to 
characterize the intratumoral distribution of the 
molecule in various tumor models [12, 13]. 
However, this is not an easy task due to sensi-
tivity and spatial resolution challenges. There 
have already been several studies that have 
yielded rough distributions of FDG, mainly 
through the use of PET imaging [14]. However, 
the low intrinsic resolution of PET makes the 
determination of the distribution of FDG on a 
cellular level impossible with traditional appro- 
aches. 

The use of other imaging modalities may offer 
new ways to investigate the intratumoral distri-
bution of FDG. There are other imaging modali-
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ties that do not have the resolution limits that 
PET has, such as magnetic resonance imaging 
(MRI) or optical imaging. While each of these 
modalities does have limitations, they can be 
used for many different applications to provide 
complementary information to the information 
that is already available through PET [15, 16]. A 
multi-modal approach with FDG-PET and other 
imaging modalities could provide improve-
ments in physiological sensitivity and spatial 
characterization. 

Imaging glucose uptake with other imaging 
modalities introduces a new and major prob-
lem in detection. The method of contrast in 
imaging with FDG is positron emission through 
the decay of 18F. Other imaging modalities such 
as optical and MRI will not be able to take 
advantage of this decay to provide contrast. 
Therefore, several deoxyglucose analogs have 
been developed such as ones that are fluores-
cently labeled for optical imaging, and 19F-FDG, 
labeled for MRI and NMR, that will help 

Figure 1. Chemical structures of all the molecules discussed in this review.
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researchers study molecules that are similar to 
FDG with new imaging modalities [17-19]. There 
is also at least one example of a deoxyglucose 
analog that was developed for PET imaging, but 
that goes through a slightly different metabolic 
pathway [20].

Many cancer treatment plans take FDG-PET 
information into account [21, 22]. Due to this 
clinical importance an increased understand-
ing of the distribution of FDG within a tumor 
could lead to better treatment planning for a 
more effective treatment overall. There are 
many factors that influence the distribution of 
FDG, biologically. The most immediate factor is 
a tumor’s proliferation levels. FDG is a deoxy-
glucose analog and is taken up at higher levels 
in cell’s that are highly proliferating [12, 13]. It 
is this property of FDG that is currently exploit-
ed for tumor imaging and diagnosis.

However, on a cellular level, a particular cell’s 
uptake of FDG depends on many more factors 
than just its metabolism or proliferation levels. 
It depends on the expression levels of the 
protein(s) that transport FDG into the cell [14]. 
It also depends on the expression levels of the 
protein(s) that will act on FDG [14]. Finally, it 
depends on an individual cell’s ability to access 
FDG. This last factor is involved with vascular-
ization and angiogenesis within a tumor and a 
molecule’s ability to penetrate into a tumor.

The aim of this review is to highlight several 
recent attempts to image metabolic changes in 
cancer via detecting the intratumoral distribu-
tion of deoxyglucose. These studies are both in 
vivo and in vitro. They will include novel imaging 
techniques as well as the development of deox-

yglucose analogs similar to FDG, all in an 
attempt to provide better information about 
this distribution. This review will also provide 
background on the cellular uptake and metabo-
lism of FDG. A final aim of this review is to com-
ment on the clinical importance of this work, so 
that a context is provided for future related 
studies.

18F-FDG

Molecule and synthesis

FDG is a modified glucose molecule with the 
radionuclide fluorine-18 (18F) in place of the 
hydroxyl group on the 2 carbon. To produce 
FDG, 18F must first be made. This is typically 
done with the proton beam produced from a 
cyclotron, by using it to bombard 18O enriched 
water [23]. This creates no-carrier-added 18F 
ions dissolved in the water through a (p,n) reac-
tion. These ions can be used to synthesize FDG. 
18F has a half-life of about 1.8 hours, so FDG 
must be transported rapidly from its production 
site to its site of use. The structure of FDG is 
shown in Figure 1 alongside the structure of 
glucose. Note the fluorination on the 2-carbon 
of glucose.

FDG uptake and metabolism

Several of the hallmarks of cancer introduced 
by Hanahan and Weinberg involve cell prolifera-
tion [1]. These include an insufficiency in anti-
growth signals, a self-sufficiency in growth sig-
nals, and tissue invasion and metastatic 
behavior. In addition, an emerging hallmark, 
reprogramming energy metabolism, is particu-
larly relevant to FDG uptake. When these fac-

Figure 2. Schematic depicting the method of facilitated glucose transport via glucose transport proteins (GLUT), 
shown in green. Adapted from Pauwels et al. in 1998 [24].
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tors combine, tumors exhibit uncontrolled 
growth. They multiply when normal cells are at 
rest, and they need less growth factors than 
normal cells to do so. They also need more anti-
growth factors than normal cells to stop doing 
so [1]. In order to sustain this level of growth, 
tumor cells must have higher levels of cellular 
energy metabolism.

Glucose is the key fuel for cellular energy 
metabolism [24]. Warburg demonstrated that 
tumor cells have different glucose metabolism 
than normal cells in 1925 [25]. It was originally 
thought that this increased metabolism in glu-
cose was a result of increased uptake. This 
increased uptake was demonstrated by Hata- 
naka in 1974 [26]. However, this was found to 
be too simplistic, as the rate of glucose metab-
olism was shown to not be directly related to 
glucose transport across the cellular mem-
brane, and that other factors were involved.

Glucose is transported into the cell by cellular 
membrane proteins called glucose transport-
ers [24]. These transport proteins are activated 
by insulin, a hormone created in the pancreas. 
Glucose transporters are among a family of 
membrane proteins called heterogeneously gly-
cosylated integral membrane proteins [27-29]. 
Glucose in circulation binds the outer part of 
these transport proteins on the outside of the 

cell membrane. This induces the protein com-
plex to change conformation to move the glu-
cose molecule inside the cell. A model of this 
mechanism can be seen in Figure 2.

These transport proteins move glucose both 
ways across the cellular membrane, depending 
on glucose concentrations inside and outside 
of the cell. They move glucose from high to low 
concentrations. So far, seven different glucose 
transport proteins have been discovered. They 
were named GLUT 1-7 and they all have a simi-
lar polypeptide chain of about 500 amino acids. 
This peptide chain has a similar folding pattern 
in all 7 of these transport proteins [24, 30]. This 
is further evidence of their common purpose.

After glucose is taken up into a living cell, it 
undergoes phosphorylation by hexokinase. This 
results in a molecule of glucose-6-phosphate(P). 
Glucose-6-P is then free to enter further down-
stream metabolic pathways. FDG is transport-
ed into the cell via the same glucose transport 
proteins. It is also then phosphorylated by hexo-
kinase [13]. However, in this case, the resulting 
molecule is 2-deoxy-2-F-glucose-6-P. The next 
step in the glycolytic pathway requires a hydrox-
yl group on the 2 carbon. FDG is missing this 
hydroxyl group and thus cannot proceed 
through glycolysis. This effectively traps the 18F 

Figure 3. Schematic showing the transport of FDG into the cell and the subsequent metabolism of it into FDG-6P. 
Like many chemical reactions within the body, this process is reversible, and the variables k1, k2, k3 and k4 are the 
kinetic constants that describe the transport of FDG into the cell, its phosphorylation to FDG-6-Phophate, its de-
phosphorylation back to FDG and its transport out of the cell, respectively.
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signal inside the cell. [13]. The transport and 
metabolism of FDG is shown in Figure 3.

The uptake and metabolism of glucose or FDG 
clearly depends on at least two variables, the 
expression and activity of glucose transport 
proteins and the expression and activity of 
hexokinase in an individual cell. However, this 
is only looking at the individual cell and not the 
tumor as a whole. As mentioned earlier, the 
direction of transport of glucose or FDG into a 
cell depends on the concentrations of glucose 
or FDG inside and outside of that cell. These 
concentrations depend on the overall tumor 
biology.

One of the main factors that dictates how much 
glucose or FDG will be present in an area of a 
tumor is that area’s angiogenesis, or the extent 
of its vasculature. Molecules like FDG will be 

able to penetrate into areas of a tumor that 
have high vasculature, but they will not be able 
to do so in areas with low vasculature. A com-
plex picture of FDG uptake and metabolism is 
beginning to emerge. High-resolution imaging 
of FDG distributions within well-defined tumor 
models would help elucidate the interplay 
between FDG uptake and metabolism and the 
factors discussed here.

Clinical importance

FDG is one of the most commonly used radio-
tracers in nuclear medicine. It is typically used 
for cancer diagnosis through PET imaging. 
However, PET images lack the resolution nec-
essary to identify distributions of FDG within a 
tumor other than large areas of increased or 
decreased uptake.  This has a direct effect on 
treatment planning that utilizes PET imaging.

Figure 4. Schematic of the setup for radioluminescence microscopy as well as some early results showing the fluo-
rescent signal from GFP and the signal from the scintillation of the decay products of FDG. Reprinted with permis-
sion from Pratx et al. 2012 [42].

Figure 5. Radioluminescence microscopy results of FDG and 2-NBDG. Reprinted with permission from Pratx et al. 
2012 [42]. Scale bar is 100 µm.
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When PET information is available it is often 
used in the treatment planning of radiotherapy 
[21, 22]. PET information helps define tumor 
volumes by adding information to images 
obtained from CT or MRI, in which tumor identi-
fication might be difficult. These tumor volumes 
define a target region during a radiotherapy 
operation. The target dose to that region is uni-
form in most cases.

However, the uniformity of the dose to the tar-
get volume is not consistent with the prolifera-
tion rates of the tumor itself. In an ideal case, 
the non-uniformity of FDG uptake and prolifera-
tion levels within a tumor would be mirrored in 
dose distributions. Developing ways to reliably 
image the distribution of FDG within a tumor 
will help to achieve this goal and could enable 
the use of more effective treatments of tumors.

Fluorescent deoxyglucose analogs

There is great interest in developing fluorescent 
glucose analogs that could take advantage of 
the improved spatial resolution and specificity 
of fluorescence optical imaging. The following 
represent examples of such molecules. From 
their structures (see Figure 1), one striking fea-
ture of some of these molecules is the size of 
the fluorescent group that was attached to the 
2-carbon of glucose. It should be noted that the 
increased size of this group has the potential to 
affect a molecule’s transport into the cell.

2-NBDG

In 1985, a fluorescent glucose analog, 6-NBDG, 
was developed, but it was determined that 
while the molecule did enter the cell through 

GLUTs, it did so at a relatively slow rate, imply-
ing a low affinity for the transporters [31]. This 
molecule had a fluorescent group on the C-6 
position of glucose. In the hopes of creating a 
fluorescent glucose analog that would enter the 
glycolytic pathway, Yoshioka et al. synthesized 
2-NBDG in 1996 [32]. This molecule featured 
the same fluorescent group as 6-NBDG, but 
had it on the C-2 position rather than the C-6 
position. The C-2 position is the same position 
that the 18F atom is bound to in FDG.

In order to determine if this new molecule 
behaved as compared to FDG, Yoshioka et al. 
began to describe the intracellular fate of 
2-NBDG later in 1996 [17]. In order to do this, 
they used Escherichia coli cells and performed 
several studies to identify all of the metabolites 
of 2-NBDG as it proceeded through the glyco-
lytic pathway. They found that 2-NBDG is almost 
immediately converted into another fluorescent 
derivative after uptake into the cell. They called 
this derivative the 2-NBDG metabolite [32]. 
After this, the fluorescent 2-NBDG metabolite 
was then decomposed into non-fluorescent 
forms. 

This decomposition of the fluorescent 2-NBDG 
metabolite into a non-fluorescent form could 
prove useful in studying glucose uptake activity 
[32]. This is because the fluorescent intensity 
that is seen within a cell after 2-NBDG uptake 
will represent a dynamic equilibrium level 
between the generation and the decomposition 
of the 2-NBDG metabolite. This equilibrium 
should be sensitive to glucose uptake activity. 
There have been several studies, discussed 
later, that have evaluated 2-NBDG for use as a 

Figure 6. Uptake of 2-NBDG in tumorigenic cells (left) and an image of background fluorescence (center) along with 
fluorescent signal intensities from all cell lines (right). Note the 5-fold increase in 2-NBDG uptake in tumorigenic 
cells (left two bars in the right panel) versus non-tumorigenic (right bar in the right panel). Reprinted with permission 
from O’neil et al. 2005 [43].
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fluorescent glucose analog and as an indicator 
of glucose uptake activity.

IRDye800CW 2-DG

IRDye800CW 2-DG is a proprietary fluorescent 
probe made by Licor (Lincoln, Nebraska). It is 
very similar to 2-NBDG in that it also has a fluo-
rescent group in the C-2 position of its ring. 
That fluorescent group in this case is an organic 
dye that emits in the near infrared (NIR) range. 
It was used by Garafalakis et al. in their in vivo 
study of FDG-PET imaging in parallel with fluo-
rescence diffuse optical tomography (fDOT) in 
2012 [18]. This study is presented in more 
detail later.

Cy5.5-2-DG

Cy5.5-D-glucosamine (Cy5.5-2-DG) was devel-
oped at Stanford University by Gambhir’s group 
in 2006 [33]. It is a fluorescent deoxyglucose 
analog that emits in the NIR range. It was devel-

oped for imaging tumor metabolism in living 
subjects. Its ability to target tumors was 
assessed and compared to other fluorescent 
deoxyglucose analogs [33]. 

During this study, tumor localization was inves-
tigated after tail vein delivery of Cy5.5-2-DG. In 
some cases, the contrast ratio in tumor com-
pared to healthy tissue approached 3:1. This 
compares well to FDG. However, high extracel-
lular glucose concentration did not inhibit 
Cy5.5-2-DG uptake. This suggests that the 
pathways that moderate glucose uptake, GLUT 
and hexokinase, do not mediate the uptake of 
this tracer. This is in contrast to 2-NBDG, 
although the stability of Cy5.5-2-DG is greater 
than that of 2-NBDG.

Pyro-2-DG

Pyropheophorbide 2-deoxyglucosamide (Pyro-
2-DG) was developed at the University of 
Pennsylvania by Zheng’s group in 2003 [34]. 

Figure 7. Figure showing the increased uptake of 2-NBDG in a fasting state (bottom) compared to a fed state (top). 
Reprinted with permission from Sheth et al. 2009 [44].
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Like IRDye800CW 2-DG and Cy5.5-2-DG, Pyro-
2-DG is tagged with a fluorescent group at the 
2 carbon of deoxyglucose that emits in the NIR 
range. They later assessed this molecule’s use 
as a tumor-targeting agent for fluorescence 
imaging [35]. During this study, mouse and rat 
models received tail vein injections of Pyro-2-
DG. After surgical excision of tumors, the ratio 
of accumulation in tumors compared to normal 
tissue was found to be almost 10:1, significant-
ly higher than FDG.

CyNE-2-DG

CyNE 2-DG was synthesized by Chang’s group 
at the National University of Singapore. It is 
another fluorescent analog to deoxyglucose 
that emits in the NIR range. This probe was 
characterized by comparing it to IRDye800CW 
2-DG [36]. They found that CyNE 2-DG yielded 
significantly higher signal after incubation in 
cancer cells than IRDye 800CW 2-DG. Chang 
and his group speculated that the relative 
reduction in signal observed with IRDye800CW 
2-DG was due to it having a more negative 
charge, which could decrease its cell mem-
brane permeability.

Non-fluorescent deoxyglucose analogs

18F-AFDG 

As discussed earlier, FDG accumulation in 
tumor cells is directly affected by two factors, 
the levels of glucose transporter protein (GLUT) 
and the levels of hexokinase present in a cell. 
This complicates the mechanism of higher 
uptake of FDG. In an attempt to un-complicate 
this picture, Waki et al. investigated another 
analog to FDG in 1998 [20]. 1,3,4,6-tetra-ace-
tyl-2-[18F]-2-deoxy-D-glucose (18F-AFDG) is the 
analog that they chose. 

18F-AFDG is a lipophilic FDG analog. This prop-
erty makes its accumulation in cells indepen-
dent of glucose transport proteins, because it 
can pass through the cellular membrane with-
out a transport protein. To demonstrate that 
18F-AFDG did in fact accumulate in cells without 
a glucose transport protein, Waki et al. used 
cytochalasin B, a compound that inhibits trans-
port via GLUT proteins. They found that the 
presence of cytochalasin B did not affect 18F 
AFDG uptake [20].

In another study described in the same paper, 
Waki et al. studied the level of 18F-AFDG uptake 
in the presence of excess glucose [20]. In 
media that contained double the glucose level 
of the control, FDG uptake was decreased by 
about 50%. In the same media, 18F-AFDG 
uptake was unaffected. This further demon-
strates the independence of 18F-AFDG uptake 
to GLUT proteins, as higher levels of glucose 
inhibit GLUT function.

A linear relationship was observed between 
18F-AFDG uptake and 18F-FDG-6P production 
even after a 10-fold increase in 18F-AFDG con-
centration [20]. The study of analogs to FDG 
that are GLUT-independent, such as 18F-AFDG, 
may help to clarify the mechanism surrounding 
FDG uptake by simplifying the metabolic 
mechanism.

19F-FDG

19F-FDG, or “cold” FDG, is a glucose molecule 
that is fluorinated at the 2-carbon with 19F and 
not 18F. When 18F-FDG is synthesized, the vast 
majority of the resulting molecules are still cold 
FDG, and are fluorinated with 19F. Typical spe-
cific activities of 18F-FDG are on the order of 5 
Ci/µmol. This means that there are millions of 
molecules fluorinated with 19F for every mole-

Figure 8. Figure showing the FDG-PET volumes (pink in the right panel) overlaid with the fDOT generated 2-DG vol-
umes (blue in the right panel). Also shown are the original FDG-PET images (left), the 3D-optical scans of 2-DG (left 
center) and their overlay (right center). Reprinted with permission from Garafalakis et al. 2012 [18].
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cule of 18F-FDG. While cold FDG cannot be used 
for PET scans, it can be used for nuclear mag-
netic resonance (NMR) and even as a contrast 
agent for MRI. In particular, aspects of the met-
abolic pathway of FDG were worked out in 1986 
by Kanazawa et al. using NMR of FDG [37]. 
There has been MR imaging performed using 
19F of small animals, such as the brain imaging 
of rabbits performed in 1988 by Nakada et al 
[38]. One key limitation of using MRI for molec-
ular imaging that should be noted is the 
reduced sensitivity relative to PET. For signal in 
MRI, the required molecular concentration is 
several orders of magnitude higher than that of 
PET. The structures of all molecules discussed 
in this review can be seen in Figure 1.

Imaging deoxyglucose distribution

In-vitro

Earlier in this review, the complex mechanism 
underlying the uptake of FDG and other deoxy-
glucose analogs into a tumor cell was dis-
cussed. While the precise direct mechanism is 
complicated, it was widely accepted that FDG 
uptake is a strong indicator of proliferation lev-
els. This is because FDG uptake mirrors glu-
cose uptake and glucose uptake is an indicator 
of proliferation. However, Higashi et al. showed 
that this is not necessarily the case in 1993 
[39].

His group performed a comparison of FDG 
uptake to tritiated thymidine uptake in tumor 

technique, radioluminescence microscopy. This 
was work performed by Pratx et al. in 2012 
[42]. During radioluminescence microscopy, a 
sample is placed directly on a scintillator plate 
that is contained in a glass-bottom dish. If the 
sample contains a radionuclide, its decay prod-
ucts can excite the scintillation material, releas-
ing light. That light is caught through an objec-
tive underneath the glass bottom plate. Light 
from fluorescence emission can also be col-
lected by the objective allowing 2 channel 
microscopy images to be created with radio-
labeled as well as fluorescent molecules. A 
schematic depicting the setup for radiolumi-
nescence microscopy is shown in Figure 4.

Pratx et al. evaluated the use of this technique 
for FDG imaging by comparing the FDG signal 
detected with this setup to the signal from 
2-NBDG. They concluded that radiolumines-
cence microscopy is capable of quantifying 
radiotracer uptake at the single cell level. Some 
of the results from this study are shown in 
Figure 5. A brightfield microscope image, an 
image generated from the FDG signal, an image 
generated from the fluorescence of 2-NBDG, 
and an overlay between the FDG signal and the 
2-NBDG fluorescence is shown [42].

There are some limitations to radiolumines-
cence microscopy. First, the resolution of the 
FDG signal is not sufficient to quantify the intra-
cellular radiotracer distribution. Also, it is only 
possible to measure the radioactivity of single 

Table 1. Summary of the techniques discussed in this review, 
along with whether they can be used in vitro or in vivo, and 
with which glucose analog molecules

PET MRI Optical Radiolumines-
cence Microscopy

fDOT/
FMT

Glucose Analogs
    FDG Yes No No Yes No
    18F-AFDG Yes No No Yes No
    19F-FDG No Yes No No No
    2-NBDG No No Yes Yes Yes
    IRDye800CW 2-DG No No Yes Yes Yes
    Pyro-2-DG No No Yes Yes Yes
    CyNE-2-DG No No Yes Yes Yes
    Cy5.5-2-DG No No Yes Yes Yes
In vitro/In vivo
    In vitro No No Yes Yes No
    In vivo Yes Yes Yes No Yes

cells. Through this comparison, 
they concluded that FDG uptake is 
strongly correlated to the number of 
viable tumor cells and not prolifera-
tion levels. This was in contrast with 
previous findings [40, 41]. In this 
study, Higashi et al. quantified pro-
liferation levels by defining a prolif-
eration index. This index was 
defined as the percentage of cells 
that are in the S or G2/M phases of 
their cell cycle. They performed flow 
cytometry to determine the frac-
tions of cells in each stage of the 
cell cycle. This study by Higashi et 
al. further demonstrates the com-
plexity of FDG uptake. 

Another in vitro study involved the 
development of a new microscopy 
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cells if they are sufficiently separated on the 
scintillator plate for the same reason. These 
issues, along with the requirement of a scintil-
lation plate, diminish its usefulness for in vivo 
studies. However, as Pratx et al. assert in this 
work, it may be useful in assessing fluorescent 
analogs to PET tracers.

Another in vivo study using the glucose analogs 
discussed here was performed by O’Neil et al. 
in 2005 [43]. It was aimed at evaluating the 
use of 2-NBDG as a probe for glucose uptake in 
malignant tumor cells. This was done by com-
paring the uptake of 2-NBDG in non-malignant 
cells to tumorigenic cells. Two tumor cell lines 
were used in this study. They found that there 
was almost a 5-fold increase in 2-NBDG uptake 
in the tumorigenic cell lines when compared to 
the uptake in the non-malignant cells. This fur-
ther validated the use of 2-NBDG for use as a 
probe for glucose uptake levels. Some key 
results from this study are shown in Figure 6.

In-vivo

In 2009, Sheth et al. performed a mouse model 
study aimed at the evaluation of 2-NBDG as an 
indicator of glucose uptake in vivo [44]. By opti-
cally imaging a whole animal for 2-NBDG fluo-
rescence when it was well fed and when it was 
glucose-starved, they were able to see the rela-
tionship between 2-NBDG uptake and glucose 
availability. They found that the uptake of 
2-NBDG increased dramatically during the glu-
cose-starved state. This means that the local-
ization of 2-NBDG to a tumor is not nonspecific, 
but depends on the glucose utilization ratio of 
the malignant tissue relative to the healthy tis-
sue. This result from the study is shown in 
Figure 7.

Sheth et al. also discussed the possibility of 
using 2-NBDG to supplement preoperative 
FDG-PET imaging. They suggest that 2-NBDG 
could be used to indicate the location of hyper-
metabolic lesions during an operation within 
areas of interest indicated by the FDG-PET 
images [44]. 

Another study that was aimed at validating the 
use of fluorescent analogs to glucose in vivo 
was performed by Garofalakis et al. in 2012 
[18]. Rather than using 2-NBDG, they used 
IRDye800CW 2-DG (2-DG) for this study. This 
molecule features an organic dye at the C-2 
carbon of glucose rather than the fluorescent 

group found on 2-NBDG. This study by 
Garofalakis et al. used a comparison between 
fluorescence diffuse optical tomography (fDOT) 
images of the organic dye containing glucose 
analog 2-DG and PET images of FDG for their 
evaluation. fDOT is a technique that enables 
the imaging of 3D fluorescent volumes through 
the use of fluorescence lifetime information 
inside tissues [45, 46]. This technique has also 
been called fluorescence molecular tomogra-
phy (FMT).

Garofalakis et al. injected several mice with 
tumors with 2-DG and FDG. They then per-
formed an FDG-PET scan and acquired an fDOT 
image. By registering the images to one anoth-
er, they were able to directly compare the 
3-dimensional distribution of FDG to that of 
2-DG within the tumors contained in the model 
mice. An example result from this study is 
shown in Figure 8.

Garafalakis et al. registered the two images 
from PET and fDOT using a special mouse-sup-
porting system. This system had four fiducial 
points on it that served as multi-modality mark-
ers, because they contained both a fluores-
cence signal and a PET signal. They discussed 
the use of fDOT and PET imaging to evaluate 
new fluorescent probes. As can be seen in the 
figure above, the images resulting from fDOT 
imaging are of similar resolution to those pro-
duced through PET scanning [18]. 

Discussion

The metabolic activity of tumors is of extreme 
clinical importance due to its correlation with 
tumor progression and staging. Tumors are het-
erogeneous in nature, so their characteristics 
vary throughout their mass. This poses a treat-
ment problem, as one region of a tumor may 
respond differently to any given treatment than 
another. It is therefore important to map this 
metabolism on several scales to gain a com-
plete picture of tumor metabolism in order to 
treat them consistently and effectively. The 
metabolism of tumors is still a very active area 
of research and thus there are too many metab-
olism related studies to review here. Instead, 
the focus of this review was kept to the glucose 
metabolism of tumors and the agents that may 
make multi-scale imaging of it possible.

In this review, several studies are highlighted 
that centered on imaging the uptake of glucose 
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and several of its analog molecules by tumor 
cells. Some of these studies were performed in 
vitro, while others were performed in vivo, in 
animal tumor models. Several analogs to glu-
cose were discussed, as well as their metabolic 
action within a cell. Several new imaging tech-
niques were also discussed, and comparisons 
were made to the better known imaging tech-
niques of PET scanning and optical imaging. All 
of these new techniques, the glucose analog 
molecules used, and whether they were used in 
vitro or in vivo are summarized in Table 1.

FDG has been around for over 40 years, and 
has been used clinically the majority of that 
time. It is used routinely for the diagnosis of 
tumors in hospitals and clinics around the 
world. However, despite its widespread use, 
only rough estimations of its intratumoral reso-
lution can be recorded. High resolution distri-
butions on the cellular level of FDG, or one of its 
analogs, in an animal model are still missing. 
This is due to the current state of imaging tech-
nology and the lack of a robust method to cre-
ate large-scale images at cellular resolu- 
tion.

The distribution of FDG in a tumor is far from 
homogeneous and is controlled by a complicat-
ed mechanism. That mechanism is dictated on 
the cellular level by two factors, GLUT protein 
expression and hexokinase expression. On the 
macroscopic level, that mechanism is dictated 
by tumor angiogenesis and the ability of mole-
cules to penetrate into a tumor, among other 
factors. A study discussed in this review tried to 
simplify this picture through the use of a glu-
cose analog, 18F-AFDG, that was independent 
of GLUT protein expression levels as a result of 
its lipophilicity [20].

Other studies discussed here used fluorescent 
analogs of glucose, like 2-NBDG and IRDye- 
800CW 2-DG, to use microscopy to enhance 
the resolution that PET offers and to compare 
optical imaging data to PET images [18, 32]. 
These studies are a step in the right direction, 
but more needs to be done. Treatment plans 
for radiotherapy are often made with target vol-
umes that were defined in part from PET infor-
mation. While this information is a step up from 
CT or MRI information alone, an increase in the 
resolution of the distribution of the PET tracer 
within a tumor volume would identify areas of a 
tumor that would benefit from increased dose.

These studies are all attempting to close the 
resolution gap between whole animal imaging 
and in vitro imaging of cells. This gap in resolu-
tion is extremely pronounced between the in 
vitro studies with cell cultures and the in vivo 
studies that use animal models. An even bigger 
resolution gap can be seen in the whole body 
clinical imaging of humans and the microscopy 
used for histology of tumor sections. Efforts to 
close this gap would enable the early detection 
of tumors, the high resolution monitoring of 
tumors during treatment, and the much more 
accurate assessment of different imaging 
agents.

Conclusion 

All of the studies discussed in this review try to 
provide a better image of the intratumoral dis-
tribution of different glucose analogs. They do 
this through the use of several imaging tech-
niques. Some of these imaging techniques are 
relatively new, like fDOT and radioluminescence 
microscopy, while others are older, like PET 
scanning and optical imaging. Some of these 
studies centered on cell cultures in vitro, while 
others centered on in vivo experiments in ani-
mal models. An increased knowledge of the 
intratumoral distribution of radiotracers like 
FDG will provide important clinical knowledge 
that will help improve treatments. But it is in the 
eventual closing of the resolution gap between 
the in vivo and in vitro studies that the true ben-
efit of this type of information will likely be fully 
realized.
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