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ABSTRACT OF THE DISSERTATION 

 

Quantitative Analysis of Biological Effects on 
18

F-FDG Uptake  

in Tumors: from In-vitro to In-vivo Studies 

 

by 

 

Wei Sha 

Doctor of Philosophy in Biomedical Physics 
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Professor Sung-Cheng (Henry) Huang, Chair 

 

Many factors, including tumor size, plasma glucose level, and the time course of 2-

[
18

F]fluoro-2-deoxy-D-glucose (FDG)  in plasma can affect 
18

F-FDG uptake in tumors. The 

objective of this research work was to systematically investigate the effects of these biological 

factors on FDG uptake in tumors and to develop methodologies both to overcome measurement 

problems encountered and to account for the discovered effects to improve the value of FDG 

PET imaging.  

In vitro tumor cell line studies were first performed using a PSAPD-coupled microfluidic 

cell culture chip (microfluidic beta camera). A novel medium infusion strategy—a switching 

strategy was used to extract the kinetic parameters of FDG uptake in tumor cells. Results showed 
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that the switching strategy could provide reliable estimates of cellular FDG transport and uptake 

constants and the reliability of the model parameters can be further improved with an optimal 

design of fewer switching cycles. The experimental results also indicated that K1 (FDG transport 

constant into cells) and Ki (FDG uptake constant in cells) estimates of glioma cell line U87 and 

prostate cancer cell line CaP8 were inversely proportional to the glucose concentration in the 

medium, while the values of k2 (FDG transport constant out of cells), k3 (FDG phosphorylation 

rate constant in cells) and cellular glycolytic rate were not affected by the medium glucose level.  

Cellular FDG uptake studies were also performed on multi-well cell culture plates to 

investigate the effects of medium glucose levels and free fatty acid levels on FDG uptake in cell 

lines of three different tumor types. It was found that FDG uptake in the tumor cell lines all 

decreased with increased medium glucose levels, but no effect was seen due to free fatty acid 

level changes. However, the relationships between FDG uptake and medium glucose level are 

different among different tumor types, i.e. the FDG uptake in mammary cell line MDA-MB-231 

is not affected as much by medium glucose level over the normal physiological glucose range as 

those of U87 and PC3. 

Based on the results from in vitro studies, a set of longitudinal quantitative mouse FDG-

PET studies in tumor-bearing mice were launched to investigate whether the in-vitro findings are 

translatable to in vivo settings. Two tumor types, U87 and MDA-MB-231, were implanted in 

SCID mice. FDG time activity curves in plasma were derived from dynamic PET images and 

were used to estimate the tumor FDG kinetic parameters.  A multivariate analysis was used to 

account for multiple factors (plasma glucose level, tumor size, tumor age) at the same time. The 
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results show that the plasma glucose level affected tumor FDG uptake in ways consistent with 

the findings obtained in in-vitro experiments. Furthermore, the tumor FDG uptake constant was 

found to be stable for the two tumor types studied as tumor grew in size (before tumor necrotic 

core appeared).  The study also demonstrated that quantitative longitudinal mouse FDG PET 

studies can be done in cancer research to provide valuable biological information.  

In summary, new kinetic methods have been developed in this study to improve the 

quantitation of FDG uptake kinetics in tumors, both in-vitro and in-vivo.  Findings from the 

quantitative studies have added new understandings of FDG uptake in tumors that have direct 

implication on improving the reliability of FDG PET studies in clinical settings.    
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Chapter 1 BACKGROUND AND MOTIVATION 

Cancer is a systemic disease resulting from alternations in the interactions between 

oncogenes and tumor suppressor genes, which under physiological conditions control cell 

maturation, division and migration. Traditional diagnostic imaging techniques such as computed 

tomography (CT), magnetic resonance imaging (MRI) and ultrasound (US) only provide 

anatomic information and cannot reliably discriminate between benign and malignant tumors. 

The positron emission tomography (PET) has resulted in the emergence of molecular, whole-

body functional imaging of disease with PET and glucose 2-deoxy-2-[F-18] fluoro-D-glucose 

(FDG). PET is a nuclear imaging technique that uses the unique decay characteristics of 

radionuclides that decay by positron emission. These radionuclides are produced in a cyclotron 

and are then used to label compounds of biological interest. When the radioactive atom on a 

particular molecule decays, a positron is ejected from nucleus, ultimately leading to the emission 

of high-energy photons. In in-vitro studies, these emitted photons from inside the cells could be 

detected by a gamma counter. FDG is one of the most used tracers in PET imaging. FDG is taken 

up by tumor cells and phosphorylated by hexokinase to FDG-6-PO4, which is not metabolized 

further in the glycolytic pathway. It remains trapped intracellularly because tumor cells do not 

contain significant amounts of glucose-6-phosphatase to reverse this reaction during the time of 

the procedure. Compared to normal cells, higher glucose metabolism (high glycolitic rates, 

glucose transporters in tumor cell membranes and expression of hexokinase) is common to a 

wide variety of neoplastic cells. Therefore, the whole body distribution of FDG-6-PO4 in normal 

and abnormal tissue can be imaged with PET (Figure 1.1). Because of its high diagnostic 

accuracy and cost-effectiveness, FDG-PET allows for the utilization of these well-defined 

metabolic abnormalities of malignant tumors for clinical diagnosis.  

For tumor staging, qualitative interpretation of FDG-PET studies is generally considered 

to be sufficient. However, PET imaging also allows quantitative measurements of radioactivity 

concentrations within the body. Due to the simple metabolic pathway of FDG, this data can be 

used to estimate the glucose utilization of malignant tumors. Several approaches of varying 

complexity may be applied for this purpose. The most commonly used techniques are 
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―standardized uptake values‖ and simplified tracer kinetic modeling using ―Patlak-Gjedde‖ 

analysis. More complex modeling approaches that determine individual rate constants for FDG 

transport and phosphorylation have also been applied. However, these techniques require 

complex acquisition protocols and arterial blood sampling during data acquisition and cannot be 

widely applied in clinical or preclinical studies. Furthermore, interpretation of the rate constants 

is difficult due to tumor heterogeneity.  

Several groups have investigated the effects of dietary state and metabolic conditions on 

FDG uptake of tumors and normal tissues in patients (1-6). For these studies, patients were 

examined after fasting and again following an oral or intravenous glucose challenge. The studies 

revealed higher tumor FDG uptake in the fasted state than after glucose loading with the use of 

semiquantitative indices. However, the clinical benefit of intravenous insulin application in 

patient with PET with elevated serum glucose levels remains controversial. Patients are routinely 

studied with PET after an overnight fast. Patients with diabetes mellitus are asked to continue 

their medication. Despite fasting, considerable cardiac glucose metabolic activity is present in up 

to 50% of all patients. This increased myocardial FDG uptake would be further enhanced after 

insulin administration. No method has yet been found to consistently reduce the myocardial FDG 

uptake that potentially compromises the visualization of tumors in close proximity to the heart. 

Without the intervention to the serum glucose levels, how to account for the effects of blood 

glucose level and other biological factors (such as insulin, input function variations and tumor 

size/configuration) on tumor FDG uptake is critical for improvement in the measurement 

sensitivity of the true biological signals in the tissues.  

In the last decade, small animal imaging with PET underwent a major evolution. This has 

been driven by technical improvements and the development of dedicated PET scanner‘s for 

small animals. Studies with small animal PET make the quantification of physiological 

parameters more practical than clinical human studies. Kinetic modelling of rodent PET data is 

already well developed and is used to study diseases, to evaluate therapies or new drugs, and to 

gain insight into molecular processes in-vivo. This has a major impact on the further 

improvement of the technique. Nevertheless, at this moment there are still several issues which 
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need further research and evaluation before we can fully employ the possibilities of microPET as 

an in-vivo measurement of underlying molecular biology. These issues relate to improved 

quantification of the measurements, improved image reconstruction and processing, and the use 

of blood plasma data in combination with kinetic models.  

    

 

Figure 1. 1 Tracer kinetic model for FDG illustrating forward and reverse transport between 

plasma and tissue, as well as hexokinase phorsphorylation. PET scans to the right are coronal 

and saggital images of a patient with nonsmall cell carcinoma of the lung (arrow). 

 

1.1 Quantitation of FDG Uptake in In-vitro Cell Studies 

FDG has been found to be a useful tracer in PET oncology studies, but the biologic 

interpretation of the FDG-PET signal in malignant lesions remains complicated to date. This 

problem can be addressed by in vitro approaches that allow the measurement of FDG uptake 

under controlled conditions. Data from these experiments may be used to develop working 

hypotheses for the interpretation of patient data. Although in vitro studies may suffer from the 

differences between the in vitro and the in vivo situation, they are valuable tools for the detection 

of general cellular reactions to media environmental change such as a consequence of the 

exposure of cells to high glucose levels. A commonly cell culture procedure is presented in 

figure 1.2. First, flask with millions of cells is taken out from the incubator to the hood and the 
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cell culture media inside was sucked out; Second, trypsin was added to dissociate cells from 

surface and another 10mL cell culture media was added to flask; All the media mixed with cells 

was then suck out and release to a 15mL vial; Third, the cells will be separated from the media 

by centrifuge, the media will be washed out and fresh media was added to the cells, the cells 

should be mixed well with the fresh media; Fourth, 20 uL of the mixed media was sucked out 

and added onto hemocytometer to count cell numbers; Fifth, after the cell concentration (/mL) is 

calculated, cells will be plated into each well of a cell culture plate. Usually, the plate with 

loaded cells will be incubated for 24 hours before it was used for tracer uptake experiment. In the 

FDG uptake experiment, FDG media will be added to each well and the whole plate will be 

incubated for another 60 minutes. Then the media is washed out with PBS and the cells are lysed. 

The media with lysed cells will be transferred to the vials that are used for gamma counting (Fig. 

1.3). 

One concern for the in-vitro cellular FDG uptake studies not commonly recognized is the 

glucose content in cell culture media used for the uptake experiment. Because glucose and FDG 

compete for transport and phosphorylation, this may result in alterations in FDG uptake.  A few 

studies have been performed to investigate the effect of glucose concentration on cellular FDG 

uptake. Torizuka et al. have performed in-vitro experiments on human adenocarcinoma cells (7), 

and primary lung and breast cancer(8). It was found that human adenocarcinoma cells do not 

significantly change FDG uptake with chronic hyperglycemia while acute hyperglycemia 

markedly reduces uptake of FDG, indicating that the fasting state is necessary for FDG studies 

on these cells; For lung and breast cancer, in vitro studies showed a much lower phosphorylation 

rate of FDG in breast cancer cells in hyperglycemia environment than it was in lung cancer cells. 

Zhuang HM et al. (5) tested the effect of high glucose levels on FDG uptake in inflammatory 

tissue (mononuclear cells) and malignant legions (mesothelioma cells), the results suggested that 

below a certain level (~250mg/dL), elevated glucose concentration might not make any 

difference in FDG uptake in inflammatory cells, while observed FDG uptake by malignant cells 

decreased as glucose concentration increased. All these studies illustrate the complexity of 
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glucose uptake in tumor cells, and more basic studies are needed to increase our understanding of 

effect of physiological environment on cellular FDG uptake. 

Another problem may be the influence of the washing procedure on the radiotracer 

concentration for scintillation count. Too many washing steps with PBS may wash away 

significant number of cells that are adhesive to the bottom; too little may not be enough to clear 

the extra-cellular radioactivity completely. Haberkorn et al (9) had shown that the measured 

radioactivity was found to be stable for the tracer of FDG after two washing steps with PBS.   

 

 

 



 

 
 
 

6 
 

 

Figure 1. 2 Procedures of cell culture, cell number counting and cell plating in in-vitro study 



 

 
 
 

7 
 

 

Figure 1. 3 A gamma counter that is used for measuring gamma radiation emitted by a 

radionuclide.   

1.2 Quantitation of FDG uptake in PET 

FDG-PET provides a unique means of non-invasive assessment of tumor metabolism. 

The uptake of FDG into tissue reflects both transport and phosphorylation of glucose. FDG is 

transported across the cell membrane by the same carrier molecules as glucose and subsequently 

is phosphorylated by hexokinase. In contrast to glucose, FDG-6-phosphate cannot be further 

metabolized since this would require the presence of an oxygen atom at the C-2-position. Such 

trapping mechanism enables the measurement of FDG concentration in cells and results in high 

contrast between tumor and normal tissues shown in FDG-PET images. FDG-PET has a well-

established role in the diagnosis and staging of a wide variety of cancers. Quantitative analysis of 
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tumor FDG uptake and qualitative image interpretation by experienced observers give 

complementary information for differentiation between benign and malignant lesions (10-15). 

Moreover, quantification of tumor glucose metabolism is essential for evaluation of tumor 

response to chemo- and radiotherapy. Lymphoma is among the first tumor types to be 

investigated with FDG-PET and the assessment criteria for early response to chemo- or 

immunotherapy is well established (16, 17);  Clinical studies in breast cancer and 

adenocarcinoma of the lung suggested that serial FDG-PET studies allow the prediction of 

response early in the course of chemotherapy (18, 19). These days, the potential advantages 

of FDG-PET for delineation of the target volume in radiotherapy planning are also investigated 

by a few clinical studies (20, 21). Although the technology to precisely control the delivery of a 

radiation dose is well developed, the fundamental problem of determining what region of tissue 

needs to be targeted still exists. 

Several approaches have been applied for quantitation of FDG uptake in tumor. The most 

simple and commonly used techniques are standardized uptake value (SUV) and simplified 

tracer kinetic modeling using the ―Patlak-Gjedde‖ analysis, which provide highly reproducible 

parameters of tumor glucose utilization. More complex modeling approaches that determine 

individual rate constants for FDG transport and phosphorylation have also been applied, but not 

widely used in clinical studies due to complex acquisition protocols and arterial blood sampling 

during data acquisition. This section focuses on introduction of these three quantitation methods. 

1.2.1. Standardized Uptake Value 

Standardized uptake value (SUV) is the most common index used to measure tracer 

accumulation in PET studies. The SUV is a semiquantitative measure of normalized radioactivity 

concentration in PET images. To measure SUV, a 2D or 3D region of interest (ROI) is firstly 

delineated on a target (i.e., tumor or normal tissue) using an interactive image analysis software. 

Calculation of SUV is very simple and requires the measurement of radioactivity concentrations 

at a fixed time point. Therefore, static PET image with significant less scanner time than 

dynamic acquisition protocols could be used for the measurement. The measured radioactivity 
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within the ROI is normalized to the average radioactivity concentration in the body, which is 

approximated as the injected dose divided by the body size. Common body size measurements 

are based on the patient‘s body weight, lean body mass, or body surface area, with body weight 

being the most frequently used.  

                                                                    (1) 

It has been reported that SUV generated by normalization of FDG uptake to patient body 

weight (SUVbw) overestimates FDG uptake in heavy patients, as their fraction of body fat (with 

low FDG uptake) is often increased. Normalization to body surface area or lean body mass has 

been shown to be more preferable than normalization to body weight in heavy patient (22). 

However, the differences between the normalization methods appear to be small for regular size 

patients with breast cancer (23).  

When used for quantitation of FDG uptake in tumors, SUV is usually described in two 

ways: the mean or maximum SUV of all voxels within the ROI (SUVmean and SUVmax, 

respectively). SUVmean incorporates information from multiple voxels, making it less sensitive to 

image noise. However, measured SUVmean will vary depending on which voxels are included in 

the ROI and may require additional image segmentation tools for delineation of the target, so it is 

sensitive to ROI definition and is subject to intra- and inter-observer variability(24). SUVmax is 

the highest voxel value within the ROI, so it is independent of ROI definition (assuming the 

voxel with the highest radioactivity concentration is included). Studies performed by Matthias R. 

Benz et al.(25) indicated that different approaches to define ROIs result in considerably different 

interobserver variability. SUVmean  demonstrated a significantly higher interobserver variability 

than did SUVmax. However, SUVmax is more susceptible to variations due to statistical noise as 

well as image reconstruction and parameters after processing (26). As shown in figure 1.4(27), 

SUVmax has changed substantially due to the changing of field of view (FOV) size from 50 to 

70cm. Therefore, the use of SUVmax might be limited when studies are performed on different 

PET scanners or with different acquisition and image reconstruction protocols.  



 

 
 
 

10 
 

 

Figure 1. 4 Effect of field of view (FOV) change on standardized uptake value (SUV) 

measurement of melanoma in 61-year-old man. Initial images were reconstructed with 50-cm 

FOV (A) and with 70-cm FOV (B) to include area of primary disease. Image reconstruction 

algorithm was the same for the two images (27).    

A major disadvantage of the SUV approach in therapy monitoring is the dependency on 

the time of measurement. Various malignant tumors may possess quite different tracer 

accumulation and clearance rate, which will be shown later in our tumor studies, result in 

different shape of time activity curves. The measurement point for SUV quantitation should be 

tumor-dependent and SUV can only be compared when they are measured at the same time point 

after tracer injection (28) to achieve high reproducibility of glucose metabolic measurements. 

1.2.2. Simplified tracer kinetic modeling using “Patlak-Gjedde” analysis 

A Patlak-Gjedde plot (29, 30) is a graphical analysis technique based on the 

compartmental model that uses linear regression to identify and analyze pharmacokinetics of 

tracers. It can be used when there are any number of reversible compartments and at least one 

irreversible compartment, such as 2 tissue compartmental FDG model (Figure 1.1). Patlak-

Gjedde analysis assumes that all the reversible compartments must be in equilibrium with plasma, 

i.e. the ratio of the concentrations of tracer in plasma and in reversible tissue compartments must 

remain stable. In these circumstances only the accumulation of tracer in irreversible 

compartments is affecting the visual distribution volume. Patlak-Gjedde analysis allows 

http://en.wikipedia.org/wiki/Graph_of_a_function
http://en.wikipedia.org/wiki/Compartment_(pharmacokinetics)
http://en.wikipedia.org/wiki/Linear_regression
http://en.wikipedia.org/wiki/Pharmacokinetics
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determination of a rate constant Ki for the net influx of FDG in the tissue. Ki can be calculated 

from the following equation: 

                                                                             (2) 

Where ROI(T) is the tracer concentration in tissue, CP(t) is the concentration of tracer in arterial 

plasma. The plot will become linear for the times T > t* when Ve, the distribution volume of the 

reversible part (the ratio of the concentration in the reversible compartment to plasma) is 

constant. The slope of the linear phase represents the transport rate Ki (Figure 1.5). This 

technique requires dynamic data acquisition and measurement of a blood time-activity curve 

unless a reference region that contains only reversible compartments exists(30), such as 

cerebellum in FDOPA studies. The reference region can be included in the model, and the 

plasma curve is ‗cancelled out‘. The only difference in the calculation is that plasma curve is 

replaced with reference region curve.  

 Weber et al (28) has studied the reproducibility of several parameters including SUV and 

Ki that are used to quantify the tumor glucose metabolism by FDG-PET. The results showed that 

the values of Ki can be measured with the same reproducibility as SUV. The main advantage of 

Ki is that it takes into account changes in the whole-body distribution of FDG. Therefore, 

measurement of the input function and calculation of uptake constant Ki may be preferable to the 

use of SUV when the distribution volumes of FDG changes due to environmental changes, such 

as change of blood glucose levels. However, it was also found that variability of Ki could be 

increased due to patient movement during acquisition, especially when the size of the lesions is 

still small. Quantitative studies for evaluating FDG uptake in lung cancer (31) also supported the 

same conclusion that SUV and graphical Ki can be measured reproducibly. In general, SUV and 

Ki are both high reproducible parameters for quantitation of glucose metabolism in PET studies. 
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Figure 1. 5 Patlak-Gjedde analysis for irreversible tracer. 

1.2.3. Tracer kinetic modeling in FDG-PET  

PET imaging provides radioactivity measurements in the tissue of interest. The images of 

tracer distribution can be usefully applied to answer clinical and scientific questions. Generally 

speaking, the concentration of radioactivity in a given tissue region at a particular time post-

injection primarily depends on two factors. First, and of the most interest, is the local tissue 

physiology, for example, the blood flow or glucose metabolism in that region. Second is the 

input function, i.e., the time-course of tracer radioactivity concentration in the blood pool, which 

defines the amount of the tracer before it enters the target tissue. A mathematical model is used 

to describe the relationship between the tissue concentration and the physiological parameters 
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that affect the uptake and metabolism of the tracer in several compartments. Regional 

physiological parameters could be estimated by the model fitting to the measured tissue and 

blood concentration. Several steps are involved for developing a model for a specific 

radioactivity tracer. First, a model is constructed based on the expected distribution of the tracer 

in body and target area. Usually, such model is complex and has many physiological parameters 

to be solved; second, with some basic assumptions, one or more simpler models that include less 

parameters could be derived based on the initial one; finally, validation of the models is 

performed to select the model that fits the measured data best and produces the most reliable 

estimates of physiological parameters. In terms of FDG, a two tissue compartmental model is 

usually enough to describe the process (32). FDG and glucose enter cells by the same transport 

enzyme and are both phosphorylated by the enzyme hexokinase. However, deoxyglucose is not a 

substrate for the next enzyme in the glycolytic pathway, so deoxyglucose-6-phosphate 

accumulates in tissue. In this way, the tissue signal directly reflects the rate of metabolism, since 

there is little clearance of metabolized tracer. The compartmental model for FDG is shown as 

figure 1.6, Cp is the concentration of FDG in plasma; is the activity concentrations of FDG in 

tissue; C2 is the activity concentration of phosphorylated FDG in tissue.  (min
-1

) and  (min
-1

) 

are the putative rate constants at which FDG crosses the cell membrane; and  (min
-1

) and  

(min
-1

) are the putative rate constants of phosphorylation and dephosphorylation of FDG, 

respectively. 
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Figure 1. 6 Two tissue compartmental model for describing FDG kinetics in tissue. 

The model could be interpreted by two differential equations, one for each tissue 

compartment: 

                                                    (3) 

                                                                                      (4) 

An outflux term in Eq. 3 ( ) has a corresponding influx term in Eq. 4 

( ). The solution to these coupled differential equations, for the case of an ideal bolus 

input, is as follows: 

                                                     (5) 

                                                            (6) 



 

 
 
 

15 
 

                                         (7) 

                                         (8) 

Here, the time course of each compartment is the sum of two exponentials. The measured tissue 

radioactivity will be the sum of radioactivity in both tissue compartments, which is C1(t) + C2(t). 

The equations are non-linear with respect to the model rate constants except K1. 

In reality, the input to the tissue is the continuous blood time activity curve, which equals 

a series of bolus injections. So the tissue response is a sum of the individual response to each 

bolus input. The responses are scaled in magnitude and shifted in time to match each bolus input. 

The mathematical calculation for the response to continuous input function could be completed 

by convolution using softwares (i.e MATLAB). Figure 1.7 (33) demonstrated the concept of 

bolus and continuous input function and theirs tissue response.   
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Figure 1. 7 Tissue responses for different input function (33).  

The input function is essential to determine the kinetic rate constants using the 

radioactivity data measured with the PET scanner. The input function, usually derived from the 
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arterial blood samples, requires complex protocol to be acquired. Nowadays, different 

approaches are tested to infer the shape of the arterial input function with less invasive methods. 

An alternative to blood sampling is to derive the arterial input function directly from the dynamic 

images with or without limited blood smaples. Clinical study of 
11

C-Flumazenil kinetic in human 

brain (34) demonstrated that the shape of the tracer plasma curve could be obtained from the 

intact flumazenil fraction in plasma in three arterial samples and the internal carotid artery time-

activity curve (TAC). Joonyoung et. al (35) implemented factor analysis (factor images of right 

ventricle, left ventricle, and myocardium) to extract the blood input function of FDG and 1-
11

C-

acetate in rats and mice. Using prior information of tracer kinetics in some tissues, Gregory Z. 

Ferl et. al (36) developed a robust method for accurately estimating the plasma time activity 

curve of FDG by use of mice PET data and 2 blood samples.  

Many trade-offs must be considered when a model is used for quantitation of tracer 

uptake (37) . Tracer kinetic modeling offers a number of advantages compared to the empirical 

measures (ex., SUV measurement). It can produce quantitative estimates of one or more 

physiological parameters and explain the cause of different levels of tracer uptake between 

subjects. It may improve the signal to noise characteristics of the data by reducing intersubject 

variability. However, the application of mathematical modeling also has disadvantages. Usually, 

modeling procedures are more complex, requiring longer scanning time, blood sampling, and 

complex data processing.  

http://jnm.snmjournals.org/search?author1=Joonyoung+Kim&sortspec=date&submit=Submit
http://jnm.snmjournals.org/search?author1=Gregory+Z.+Ferl&sortspec=date&submit=Submit
http://jnm.snmjournals.org/search?author1=Gregory+Z.+Ferl&sortspec=date&submit=Submit
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1.3 Factors affecting Quantitation of FDG uptake in Tumors   

FDG-PET has been widely used in clinical and preclinical studies for measurement of 

distribution of glucose metabolism in the subjects. FDG is a glucose analog that accumulates 

preferentially in malignant cells due to their higher glucose metabolism and is useful for 

detecting/staging various cancers, including lung cancer, melanoma, lymphoma, colorectal 

cancer, breast cancer, cervix cancer, and head and neck malignancies (4). Quantitative 

assessment of therapy-induced changes in tumor FDG uptake may allow prediction of tumor 

response and patient outcome very early in the course of therapy(38). In order to get reliable 

measurement of glucose metabolism, it is critically important to understand the variables that can 

affect the quantitation of FDG uptake in tumors. Many biologic factors will affect the FDG 

distribution in the body. Technologic factors will also affect how close the image based data 

analysis is to the physical FDG distribution. In this section, we will address the factors that need 

to be considered in FDG measurements. 

1.3.1. Biological Factors 

A. Body Composition 

Body composition is a source of variability because the FDG distribution is weight 

dependent. Heavier patients often have a higher percentage of body fat, which comsumes less 

FDG than muscle tissue. Clinical FDG PET studies performed by K.R Zasadny and R.L Wahl 

(39) showed that in heavy patients, SUVs for normal tissues (lung, liver, marrow, spleen, blood, 

and normal breast) were up to twice those of lighter patients. Comparison of SUVs among 

patients with different body compositions will result in unreliable estimates. Even comparison of 

http://radiology.rsna.org/search?author1=K+R+Zasadny&sortspec=date&submit=Submit
http://radiology.rsna.org/search?author1=R+L+Wahl&sortspec=date&submit=Submit
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SUVs between examinations of the same patient can be flawed if the patient has lost or gained 

weight during the course of treatment. SUV calculated using lean body mass or body surface 

area can be used to account for the body composition rather than body weight, but it is still 

unclear whether these correction can make SUV better correlated with glucose metabolic rate (18, 

40).  

B. Blood Glucose Levels 

Blood glucose level is also a major factor that affects FDG uptake in tissues. FDG is in 

competition with glucose because they use the same enzyme (hexokinase) during 

phosphorylation process. K-P Wong et. al (41) studied a group of mice with different dietary 

condition and blood glucose levels. The results showed that FDG uptake constants of the 

myocardium and skeletal muscle are significantly correlated with dietary condition but not with 

blood glucose level. Conversely, FDG uptake constant of the mouse brain varies inversely with 

blood glucose level, but the metabolic rate of glucose has no correlation with blood glucose level 

and dietary condition. Kazuo Kubota et. al (42) found that liver uptake is elevated with higher 

blood glucose level. In vitro studies in ovarian adenocarcinoma (7) indicate that FDG 

accumulation in cancer cells will decline with increasing glucose level in the medium. Langen et 

al. (2) studied a group of patients with bronchial cancer. FDG was measured first under fasting 

state and then 2 days later during intravenous infusion of glucose. The results suggested that 

the SUV of FDG uptake in bronchial carcinomas is influenced significantly by 

plasma glucose levels. While the FDG uptake constant Ki acquired by the Patlak approach was 

less dependent on the plasma glucose level and is preferable to SUV when high reproducibility is 

http://ukpmc.ac.uk/abstract/MED/8441023/?whatizit_url=http://ukpmc.ac.uk/search/?page=1&query=%22DAR%22
http://ukpmc.ac.uk/abstract/MED/8441023/?whatizit_url=http://ukpmc.ac.uk/search/?page=1&query=%22bronchial%20carcinomas%22
http://ukpmc.ac.uk/abstract/MED/8441023/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A17234
http://ukpmc.ac.uk/abstract/MED/8441023/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A17234
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needed. Lindholm et al. (3) used oral glucose loading to elevate the blood glucose level in 

patients with head and neck cancer and found similar results. Zhao et. al (43) indicated that FDG 

uptake and the effects of hypoglycemia and hyperglycemia seem to depend on lesion activity, 

including the histological type and malignancy grade of tumors. All these studies showed that the 

intrasubject/intersubject variations in blood glucose levels can have highly significant effects on 

quantitation of FDG uptake, especially when SUV is used. Although the absolute amount of 

FDG uptake in most cancer cells could be increased with lower blood glucose level, the actual 

tumor visualization may not be improved due to the changes in background FDG uptake. For 

example, Ishizu et al. (6) found that the FDG uptake ratio of tumor to cortical gray matter in 

glioblastomas increased 27% with glucose loading, although the SUV in tumor is decreased. 

Therefore, understand of the glucose effect in quantitation of FDG uptake in different lesions is 

critically important.  

C. Blood Insulin Levels  

Insulin can induce a host of effects on vascular cells, including traditional metabolic 

actions such as glucose transport and utilization(44), protein synthesis and cellular 

proliferation(45). In addition, insulin also has vascular-specific actions that are particular to 

vascular tissues (46). It is well known that several tissues, including heart tissues, muscle and fat, 

have a large number of highly insulin-sensitive Glut-4 glucose transporters. In these tissues, 

Glut-4 expression levels at the cell surface are markedly increased under hyperinsulinaemia 

owing to Glut-4 translocation from vesicles to the membrane(47). Thus, hyperinsulinaemia 

markedly increases the level of glucose uptake in these tissues. Usually, insulin-induced 
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hypoglycaemia shifts FDG uptake from the tumor to insulin-sensitive tissues and reduce the 

tumor to background ratio (48-50). These studies all involved insulin infusion into the animal or 

patient to alter the circulating insulin level, thus significantly altered the blood glucose level. It is 

necessary to investigate the effect of insulin on glucose metabolism in tumors without any 

human intervention.  

D. Tumor Configuration and Partial Volume Effect 

Partial volume effect (PVE) occurs when radioactive counts from a source or focus ‗‗spill 

out‘‘ into a region that is volumetrically larger in the reconstructed image than its physical size. 

The recovery coefficient (RC) is usually used to correct PVE and can be defined as the ratio of 

the measured activity in a region of interest divided by the true activity. Severity of PVE could 

be affected by a number of factors, such as scanner resolution and object geometry. Hoffmanet al. 

(51) addressed the effect of object size on quantitation of PET image and found that the accuracy 

in quantitating isotope concentrations is strong related to the object size and larger recovery 

coefficient is required to compensate for partial volume effect on smaller object. Usually, 

recovery coefficient is measured in a phantom with various sizes of spheres and applied to actual 

patient data. Such correction will introduce problems if the object geometry is not uniform, 

especially for tumors with necrotic cores. The latest study performed by Mathieu al. (52) 

investigated the clinical impact of partial-volume effect correction on the quantitation of  FDG 

PET image in esophageal cancer patients. The results showed that PVE correction increased the 

value of SUV measurement (maximum, peak, and mean), but did not add clinical value as a 

predictive factor to therapy response; Using the same threshold, metabolic tumor volume 

http://jnm.snmjournals.org/search?author1=Mathieu+Hatt&sortspec=date&submit=Submit
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delineated on PVE-corrected images were systematically smaller by on average -10%±5%, 

resulting in a mean volume difference of -4±3cm
3
 on 3 different tumors (Figure 1.8). This 

finding suggest that the PVE correction could be critical important for measurement of FDG 

uptake in early treatment. 

 

 

Figure 1. 8 Original (left) and PVE corrected (right) PET images with large, slightly 

heterogeneous tumor (A); tumor with necrotic core (B); and small, homogeneous tumor (C) (52).  



 

 
 
 

23 
 

1.3.2. Technical Factors 

A. Interscanner Variability 

PET scanners made from different manufacturers have different physical properties and 

different acquisition and reconstruction protocols. The calibration factor used to convert the 

measured counts to actual radioactivity is also different. In 2009, the American College of 

Radiology Imaging Network published results about the qualification of 169 PET scanners and 

found that 12% sites are unable to maintain accurate SUV calibrations without additional 

training or supervision. They also showed differences up to 6% among averages over all 

scanners of the same model (53). Other than the calibration factor, spatial resolution is another 

important factor that will affect the quantitation of PET images. Small object whose size less 

than twice the full width half maximum (FWHM) needs correction for partial volume effect.  

B. Image Reconstruction Parameters 

A number of studies have been done to investigate the impact of image reconstruction 

and processing parameters on SUV.  Adams et. al (27) studied effect of several iterative 

reconstruction parameters include image matrix size, postsmoothing, field of view (FOV) size, 

TOF versus non-TOF reconstruction, number of iterations, and image matrix placement on 

measured SUV. The results suggested that the same FOV and reconstruction parameters should 

be used for baseline and follow-up studies to reduce the variability in measurements. Figure 1.9 

shows another example of the effects of image reconstruction settings on the maximum SUV 

(SUVmax) in a lesion (54). Difference in SUVmax between images in figure 1.9 was due to 

combined effects of different numbers of iterations and subsets in ordered-subset expectation 
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maximization (OSEM), different image matrix sizes, and different smoothing filters. The trade-

off between noise and resolution is notable.  The measured SUV is higher with more iterations 

but the image noise is also increased a lot.  

 

 

Figure 1. 9 Effects of different image reconstruction settings on SUVmax outcome. Arrows 

indicate the same liver lesion with 2 different reconstruction settings. (A) PET study was 

reconstructed by use of ordered-subset expectation maximization (OSEM) with 2 iterations and 8 

subsets, image matrix size of 128*128, and postsmoothing with 8-mm FWHM gaussian filter. (B) 

PET study was reconstructed by use of 4 iterations and 16 subsets, image matrix size of 256 

*256, and postsmoothing with 5-mm FWHM gaussian filter (54).  

C. Other Factors 

Other factors that affect the quantitation of PET images include: residual activity in 

syringe, incorrect synchronization of clocks of PET scan and dose calibrator, subject movement 

during the scan and interobserver variability. Heather et. al (55) found a change of 16.7%±36.2% 

in SUVmax due to different ROI placement by different readers, indicating that automated 

analytic tools to assess tumor response to therapy might be helpful to enhance the reproducibility 

in quantitative FDG PET measurements. 
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Chapter 2 SPECIFIC AIMS 

The effect of blood glucose levels on the measurement of FDG uptake in various tumors 

is necessary to be investigated due to the competition between FDG and glucose. This problem 

can be addressed by in vitro and in vivo approaches. In vitro experiment allows the measurement 

of FDG uptake under controlled conditions and is a valuable tool for the detection of general 

cellular reactions to media environmental change. Traditionally, cells are culture in multi-well 

plates and the cellular uptake of FDG is measured separately using a gamma counter. The 

procedure is labor intensive and is not able to produce kinetics parameters of FDG in tumor cells. 

With our newly developed microfluidic-beta camera system, dynamic imaging of tracer uptake 

in cells could be acquired and makes the extraction of a tracer‘s uptake/clearance kinetics in cell 

lines possible. Meanwhile, the design of the flow channels allows simultaneously and 

continuously measuring tracer uptake in cells under different media composition.   

Mouse PET study has served as an important preclinical method to explore tissue biology 

and body physiology with or without intervention in nowadays. Studies with small animal PET 

make the quantification of physiological parameters more practical than clinical human studies. 

Kinetic modeling of mouse PET data is well developed and is used to study diseases, to evaluate 

therapies or new drugs, and to gain insight into molecular processes in-vivo. However, few 

longitudinal mouse PET studies have been implemented with systematic and complete 

quantitative analysis of FDG uptake in tumors.  With our successful development of mini-

invasive methods for quantitative mouse FDG-PET, the application of quantitative mouse PET 

could be expanded to longitudinal tumor studies. Furthermore, the dependency of the 
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physiological parameters on several biological factors can be investigated systematically.  

Specifically, we propose the following three aims:  

Aim1:  Examine the transport and uptake kinetics in tumor cells using a microfluidic multi-

chamber cell culture chip coupled with PSAPD camera (MF-PSAPD)  

- To design and validate a new kinetic strategy for extracting FDG transport and uptake 

information in MF-PSAPD system. 

- To examine the effects of media glucose level on tumor FDG uptake constant and other 

kinetic parameters 

Aim 2: Examine the effects of medium composition on FDG uptake kinetics in two different 

tumor cell lines in traditional multi-well cell culture plates 

- To examine the effects of media glucose level on FDG uptake constant and lumped 

constant in different types of tumor 

- To examine the effects of media free fatty acid level on FDG uptake in different types of 

tumor 

Aim 3:  Quantitative analysis of longitudinal FDG-PET studies on tumor-bearing mice. 

- To develop reliable procedure for quantitative analysis of longitudinal FDG-PET studies 

- To establish the temporal course of FDG kinetics in tumor without human intervention 

- To examine the effects of blood glucose level on tumor FDG uptake constant and glucose 

metabolic rate in two different types of tumor 
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- To examine the effects of tumor configuration on tumor FDG uptake constant and 

glucose metabolic rate in two different types of tumor 
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Chapter 3 IN VITRO TRACER KINETIC ASSAY ON A PSAPD-COUPLED 

MICROFLUIDIC CHIP 

3.1 Introduction     

Glucose transport and sequestration rate constants in tissues have been extensively 

studied using 2-deoxy-2-[18F]fluoro-D-glucose (FDG) and kinetic modeling, in both human and 

animal positron-emission tomography (PET) imaging. Data acquired from dynamic PET imaging 

can provide tissue kinetic information, which is useful for quantitative estimation of regional 

biological processes in living subjects that can help disease diagnosis and treatment monitoring 

(33). Although quantitative analysis can provide more useful information (56), long scan times, 

limited spatial resolution and other practical issues such as the requirement of determining an 

arterial input function have limited the use of dynamic studies in routine PET imaging. 

Traditional in vitro tracer uptake assays using microplates (57)  can measure the cellular uptake 

of FDG, but are not able to provide reliable kinetic information related to membrane transport 

and cytosolic sequestration rates separately. Traditional in vitro procedures are also laborious 

and time consuming, require a large number of cells, on the order of 10
4
~10

6
, and disturbance or 

removal of the cell cultures at each measurement data point.   

Microfluidic devices (58) offer a robust analytical tool that allows rapid analysis of 

cellular responses to external stimuli in parallel and have opened up new opportunities for in 

vitro assays. A recently developed imaging system that combines a microfluidic chip and a 

position sensitive avalanche photodiode (PSAPD) (59) offers a new method of conducting in 

vitro tracer uptake assays with a small number of cells and allows cell incubation to be easily set 
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to any desired condition (60). The whole system is shown in figure 3.1. The advantages of this 

new technology include: i) the ability for in vitro imaging of cells in the microfluidic chip 

without major disturbance or removal of the cell cultures, in contrast to traditional radiometric 

methods, ii) high photon detection sensitivity that allows measurements of low radioactivity 

levels, iii) accurate digital control of the cell incubation conditions, enabling automatic control of 

tracer flow in and out of microfluidic chips and iv) simultaneous measurement of multiple 

samples on a microfluidic chip (61). With these advantages, time activity curves (TAC) of tracer 

concentration in each chamber/well in the microfluidic chip can be measured and tracer kinetic 

information such as transport rate constants in cells can be estimated using a proper tracer kinetic 

model.   

cba

 

Figure 3. 1 (a) Configuration of a 4 by 4 microfluidic chip (b) Schematic diagram of the cross 

section of a typical microfluidic chip and the PSAPD detector. In the center of the chip is a cell 

chamber where radioactive cells and solutions can be loaded. Beneath the channel are a series of 

substrate layers that can be used to control the flow of solutions. The chip is placed on a glass 

slide and then on top of the PSAPD detector. (c) Region of interest (ROI) drawn on each 

chamber. Color bar decribes the magnitude of tracer uptake in cells.  

 The volumes of each chamber although small, ~ 50 nL, is still relatively large when 

compared to the space occupied by the cultured cells. This large difference presents a challenge 

when trying to estimate the kinetic parameters with bolus injection or constant infusion (CI) (62). 
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Bolus delivery with immediate clearance would yield very little radioactivity in the cultured cells 

to be reliably measured, while CI of radio-tracers through the wells would give a high 

background activity, that compromises the ability of the integrated platform to measure the 

transport and uptake rate constants. New tracer kinetic assay strategies are thus needed to 

overcome these difficulties. In this section, we report a novel switching strategy for extracting 

cellular uptake information. The switching strategy consists of multiple medium-infusion cycles, 

each of which has a tracer incubation (TI) period followed by a background-removed (BR) 

period (tracer-free medium). An approach to obtain an optimal switching schedule (OSS) design 

that would provide the most reliable parameter estimates of the tracer transport and 

phosphorylation rate constants in the cultured cells was also investigated. 

Optimal designs of PET scanning protocols (SP) have been reported before (63-65). 

Various criteria have been proposed to objectively assess the adequacy of the PET sampling 

intervals in terms of the precision of the estimated parameters (64).  Mazoyer et al. (63) proposed 

the use of the determinant of the Fisher information matrix (i.e.,the D-optimal criterion) as a 

guide to the selection of the SP in PET data analysis and used this technique to select the PET SP 

from a predetermined fixed number of SP‘s. Kewei Chen et al. (65) also used the same criterion 

to select PET SP with the four parameter FDG model. Leow et al.(66) combined simulated 

annealing with Component-wise Metropolis Monte Carlo simulation to solve the optimization 

problem. In this work, we use the simulated annealing to derive an optimal switching schedule 

(OSS) based on the optimization of the D-optimal design criterion. The four-parameter FDG 

model is used to demonstrate the use of the OSS design in parameter estimation. The optimal 
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design also allowed us to study issues related to how the switching schedule affects the reliability 

of the estimated parameters and what the minimal number of TI and BR periods should be in 

order to achieving a robust estimate of the model parameters.  

The performances of three schedules: constant infusion (CI), the equal-period switching 

strategy (ESS) with equal cycles of TI and BR and OSS were demonstrated by performing actual 

tracer experiments on the integrated system using U87, P8 and CaP8 cell lines (67) and the tracer 

18
F-FDG. The conventional 

18
F-FDG model (32) with proper adjustments for the switching 

conditions was used to fit the measured kinetic data to estimate the values of the transport and 

phosphorylation rate constants.   

The uptake of 
18

F-FDG in tumor cells is susceptible to various physiological variables in 

the body that include plasma substrate levels such as glucose(1, 2). Our previous study in 

mice(41) showed that the effect of glucose on 
18

F-FDG uptake constant could be varied in 

different organs and tissues.  Therefore, the robustness of the FDG uptake value can be improved 

if such effect is better understood and accounted for (5, 42). In this work, we monitored the 

uptake of 
18

F-FDG in tumor cell lines in response to specific glucose levels.      

3.2 Methods 

3.2.1 The Switching Media Perfusion Strategy and Its Optimal Design 

A. The Switching Strategy  

The novel switching strategy consisted of multiple medium-infusion cycles, each of 

which had a tracer incubation (TI) period followed by a background-removed (BR) period. In the 

TI period, cells were incubated with tracer containing medium and the PSAPD detector recorded 
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the beta particle counts from the well that included activities from both outside and inside the 

cultured cells. In the BR period, extracellular medium was cleared from the well and tracer 

containing medium was replaced by tracer-free medium (in less than 1 second for each well), 

therefore the recorded counts were only from cells. The switching strategy is illustrated in figure 

3.2.  

 

Figure 3. 2 Switching schedule with repeated cycles consists of TI and BR periods for media 

perfusion on a cell culture chip. In each cycle, cells were first incubated with tracer containing 

medium (TI period) and the beta camera recorded the total activity in the well that included 

activities from both outside and inside the cells. After that, extracellular medium was cleared 

from the well and tracer containing medium was replaced by tracer-free medium (BR period). 

The cycles will be repeated until the end. 

B. Theory of Optimal Design 

The objective of the optimal design of the switching strategy was to vary the time lengths 

of each TI and BR periods to achieve the most reliable estimates of the model parameters with a 

minimal number of switches. Fewer numbers of switches is desirable since it would minimize 

any potential effects of switching on cells. In the optimal design, number of switches is fixed and 

the length of each period is optimized first. Therefore, every optimal switching schedule (OSS) is 
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correspondent to a number of switches. Then the optimal number of switches is determined by 

comparing the value of cost function among OSS with different number of switches. Three steps 

were applied in the procedure for optimizing the period length:  

First, for each period, the tracer concentration in cells and extra-cellular space can be 

calculated by solving the differential equations of the compartmental model that govern the 

tracer kinetics of in cells. With a set of initial conditions: the tracer concentration in the medium, 

the number of TI and BR periods, and the length of each period and preselected kinetic 

parameter values, the time activity curve (TAC) under any tracer perfusion strategy can be 

generated. In this work, the initial schedule was set as equal-period switching strategy (ESS) 

with equal cycles of TI and BR and the total imaging time was 120min.  

Second, the reliability of the estimated parameters was evaluated in terms of the Fisher 

information matrix of the estimated parameter vector , as described by DiStefano(68). Briefly, a 

first-order approximation for the variance-covariance matrix of the parameter estimates, , 

was used and can be described by  

                                                              Eq. 1 

where  is the estimated parameter vector of k; is the variance-covariance matrix of ; 

is the inverse of the Fisher information matrix M, which is a measure of the amount of 

parameter information in the data. The element in the jth row and pth column of M, denoted by 

mjp, was calculated by the following equation  
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                                                   Eq. 2 

where  is the mid time point in each period i (TI or BR period);   is the averaged 

activity within the period i with a predefined parameter vector ;  is the variance of the 

measurement at time  . Equations 1 and 2 relate the switching schedule  (i = 1,2, . . . , N ) to 

which gives a measure of the precision of . The determinant of was used as 

the criterion for optimizing the switching protocol. Optimizing a switching schedule that has a 

minimal determinant of is equivalent to maximizing the determinant of the Fisher 

information matrix, det(M).  

     Thrid, in order to find the OSS that gave the maximal ―energy‖/cost function (det(M)), a 

simulated annealing algorithm based on heuristics from an annealing process (69) was used. The 

basic idea of the algorithm is to combine local and global search in order to get more accurate 

global solutions by appending a suitable energy with an artificial ―temperature‖, which help 

escape the problem of getting stuck in a local maximum occasionally. Probability of accepting a 

bad solution is decreased as the ―temperature‖ decreases (Eq. 3), and in the final stages it became 

similar to a gradient based search.  

                                                                                     Eq. 3 

Where is the energy of the old switching schedule and is the energy of the proposed new 

switching schedule,  is the probability of accepting the new switching schedule. Considering 

our optimal design, the energy is the determinant of the Fisher information matrix (Eq. 2) 
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corresponding to a specific switching protocol. With a properly chosen ―temperature‖ (T) and a 

cooling rate, the switching schedule could be optimized by approaching the maximal energy. 

Several typical sets of model parameters (k) were tested in the optimal design.  

C. The Microfluidic Beta Camera Considerations 

The microfluidic chip contained multiple wells for automated and separate cell deposition 

and medium perfusion control (Figure 3.1). A fluidic network was designed and integrated with 

embedded pneumatic valves and peristaltic pumps in order to individually address the 

microfluidic wells with varying solutions and reagents (70). The average time required for each 

medium switching, as measured in advance in actual experiments by using dyed medium, was 

approximately 10 second in total per transition period, during which the measurements were not 

used for estimating the model parameters. Therefore, a constraint on the minimal length of the 

intervals was incorporated in the optimal design procedure. The microfluidic beta camera system 

measured continuously the total activity inside each well with a time frame of 10 seconds. The 

length of each TI and BR period was thus not allowed to be shorter than 2 minutes.  

Assume the variance at each period is proportional to the measured count rate in each 

interval and is inversely proportional to the interval length, the variance structure of the 

measurement error (71) is described as 

                                            Eq.4  
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where interval  is the length of period i, and the coefficient  is a proportionality constant 

related to the radiotracer concentration in the medium and the measurement sensitivity of the 

PSAPD detector. 

3.2.2 FDG Studies 

A.  
18

F-FDG Kinetic Model and Parameter Estimation 

We used the regular three compartment FDG model to describe the kinetics of FDG uptake 

in cells. The system of differential equations for the cellular uptake of FDG is: 

                                             Eq.5  

                                          Eq.6 

                                             Eq.7 

           Eq.8 

where, and  are, respectively, the extracellular and intracellular activity concentrations of 

FDG in nCi/ml; c3 in nCi/ml is the intracellular activity concentration of phosphorylated FDG. 

Vcell is the volume of total cells in a well, Vwell is the volume of a well on the chip,  is the 

volume ratio (Eq.8) of extracellular space to well space;  (min
-1

) and  (min
-1

) are the 

putative rate constants at which FDG crosses the cell membrane; and  (min
-1

) and  (min
-1

) 

are the putative rate constants of phosphorylation and dephosphorylation of FDG, respectively. A 

solution of the system of differential equations (Eqs.5-7) was used to generate the TACs in 
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computer simulations and fit the TACs derived experimentally from the PSAPD-generated tracer 

kinetic data. The model parameters were estimated based on a nonlinear weighted square 

approach with the Levenberg-Marquardt algorithm (72). In the model fitting, the weight (w) 

assigned to each measurement period i was   

          Eq.9 

B. Computer Simulations 

     Parameter estimates derived using different tracer infusion strategies—CI, ESS and OSS 

were compared by computer simulation under a few different sets of parameter values and with 

different measurement noise levels. First, for each set of parameters (k(K1,k2,k3,k4),  and a 

infusion strategy, a noise TAC was generated using Eqs. 5-7. The input function, which 

represents the FDG concentration in the medium that flows into the well at the beginning of each 

period, was defined as a binary function with repeated one-and-zeros (repeated pairs of [1, 0]s) 

corresponding to the switching schedule. The input function for CI was considered as an ESS 

with the functional value always equal to one. Second, pseudo noise, corresponding to the 

variance structure of the measurement shown in Eq. 4, was added to the simulated total activity 

function. A total of 4 different sets of k values, 2 different  and 2 different noise levels were 

chosen to simulate the measured kinetics for each of the two infusion strategy schedules. For 

each condition, 120 noise realizations were simulated.  For each realization, the model estimation 

was performed to give the estimated values of the k parameters. Mean and variance of each of 

the estimated parameters among the 120 realizations were calculated.  
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C. Experiments on Microfluidic Beta Camera 

1) The Microfluidic Beta Camera 

The microfluidic beta camera is an integrated radiometric imaging system (Figure 3.1), 

capable of measuring tracer uptake of a small population (1-200) of cells in a real-time fashion. 

This platform consists of two major components: i) A microfluidic chip and ii) a PSAPD beta 

camera. The microfluidic chip contained multiple wells for automated and separate cell 

deposition and medium perfusion control. For parallel cell culturing, cell suspensions were 

sequentially loaded into wells by gravity. A fluidic network was designed and integrated with 

embedded pneumatic valves and peristaltic pumps in order to individually address the 

microfluidic wells with varying solutions and reagents. The solid state PSAPD detector was 

placed in close contact with the microfluidic chip. It is a beta particle counting device and is 

capable of providing dynamic imaging of radioactivity emitted from inside the cultured cells and 

the surrounding medium.  

2) Image reconstruction 

The microfluidic beta camera system measured continuously the total activity inside each 

well with a time frame of 10 seconds for all studies. 2 dimensional images were generated using 

a modified Anger-type logic(73). Regions of interest (ROIs) were automatically drawn on each 

well of the chip. The time-activity curve (TAC) associated with each well was calculated by 

projecting the corresponding ROIs onto the dynamic beta images. The measured count rates 

within each TI or BR period were averaged to give data points used for model fitting. 

3) FDG Uptake Study of Tumor Cells on Chip     



 

 
 
 

39 
 

To examine the reliability of the optimal design of the medium infusion schedule on the 

integrated system, human glioma U87, prostate cancer cell lines P8 and CaP8 was used for FDG 

kinetic study. Preparation and deposition of the cells in the wells in the PDMS chip followed the 

procedure previously described (74). Cells were incubated in wells in an array of 3 × 4 wells 

array for 24 hours before performance of FDG uptake assay studies. The dimensions of each well 

were 1.6×0.6×0.055mm
3
 (corresponding to a volume of 53 nL). Approximately 200 cells were 

plated onto each well in advance. Cells were automatically fed with fresh culture medium 

composed of Dulbecco‘s Modified Eagle Medium (DMEM, Fischer Scientific, U.S.A.) every 12 

hours according to a computer controlled schedule. The integrated platform was maintained at 

37°C and was enclosed in an incubator containing an air mixture of 74% oxygen, 20% nitrogen, 

5.1% CO2 and 0.9% argon.  

ESS of 12 cycles (5min interval for each TI and BR period) was tested on U87 cell line 

before the application of the optimized schedule. FDG solution diluted with 3 different 

concentrations of glucose medium (50, 100, 150 (mg/dL)) to an activity concentration of 37 

MBq/mL was used for U87 to check the effect of physiology environment on the kinetic 

estimates of cells. For each chip, a total of 4 replications for each glucose condition were 

measured in each experimental run. During the TI period, the cells in each well were incubated 

in the FDG solution. During the BR period, the extra-cellular FDG was washed away using 

DMEM cell culture medium that contained the same glucose level as at the beginning of the 

study for that well. Total dynamic imaging time was 120 min for each experimental run.   
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In the experiments that utilized optimized switching schedule, FDG solution diluted with 3 

different concentrations of glucose medium (100, 150, 200 (mg/dL)) to an activity concentration 

of 37 MBq/mL was used, respectively for 3 sets of 4 wells (Figure 3.3). For each chip, a total of 

4 replications for each glucose condition were measured in each experimental run. The 

experimental procedure was repeated on the same chip with the same cells over 3 days using 

three different tracer infusion strategies. On the first day, ESS of 12 cycles (5min interval for 

each TI and BR period) was used. On the second day, OSS of 5 cycles was performed. CI with 

only TI period was performed on the last day. This three-day experimental procedure was 

performed twice, resulted in 8 studies for each condition (one tracer infusion strategy with one 

medium glucose concentration). Model parameters were estimated from each kinetic TAC and 

were averaged among the 8 studies under the same conditions.   
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Figure 3. 3 Experimental setup for FDG uptake assays on chip. 
18

F-FDG solution diluted with 3 

different concentrations of glucose medium (100, 150, 200 (mg/dL)) to an activity concentration 

of 37 MBq/mL was used, respectively for 3 sets of 4 wells.  Cell line CaP8 was loaded in each 

well.     

D. Statistical Analysis 

For the computer simulation studies and the experimental result characterization, the 

mean, standard deviation (STD), the coefficient of variation (CV), and the bias of each estimated 

model parameters were calculated to characterize the simulation results. For the experimental 

result characterization, the mean, STD and CV of the estimated model parameters were used. 

Existence of dependency of the estimated parameter values on the glucose level in the incubation 

medium was also examined by F-test, using the Statistical Package for the Social Sciences (SPSS, 

IBM Corp.).    

3.3 Results 

Computer simulations were implemented using MATLAB on a Microsoft Windows XP 

system. The average computation time for determining an OSS schedule was usually less than 10 

min and the number of iteration steps needed for convergence was less than 1000 iterations. For 

model fitting of one TAC (either simulated or experimental data), convergence was obtained 

within 60 seconds for CI and within 30 seconds for OSS (usually less than 40 iterations) when 

the residual sum of squares reached a minimum. 

3.3.1 The Optimized Switching Schedule for Tracer Infusion on Chip 

A. Effects of the Number of Switching Cycles in the OSS 

Since the optimization function is dependent on the model parameters (i.e., values of k‘s), 

OSS schedule as a function of the number of switching cycles for each set of k values was 
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examined. The number of cycles was gradually decreased from 12 to 3 while maintaining a fixed 

120min total imaging time. Three sets of model parameters were used, as shown in Table 3.1, the 

values of determinant (of the Fisher Information matrix) for OSS with different number of 

switches were calculated for each condition. It was found that the optimized switching schedule 

always had the largest determinant for the 5-cycle OSS. Table 3.2 shows the optimal schedules 

with 7 different numbers of cycles under the condition of one set of parameters (K1=0.14 /min, 

k2=0.15 /min, k3=0.05 /min and k4=0.005 /min) with a fixed Vb 
value (Vb 

=0.95). The switching 

times of the 5-cycle OSS (alternating between TI and BR periods) are at 0, 

9,11,28,43,46,76,79,108 and 111 min. Based on these results, the 5-cycle OSS is the most 

efficient optimized medium infusion schedule for extracting the kinetic estimates and was 

selected to be used for real experiments. 

Number 

of 

switching 

cycles 

        det(M)         

  

K1=0.14,k2=0.025 

k3=0.01,k4=0.005 

 

K1=0.14,k2=0.15 

k3=0.05,k4=0.005 

 

K1=0.52,k2=0.02 

k3=0.008,k4=0.005 

12   1.34E+07   5.38E+05   3.08E+07 

10 

 

1.67E+07 

 

5.67E+05 

 

4.24E+07 

7 

 

2.22E+07 

 

6.18E+05 

 

5.59E+07 

6 

 

2.23E+07 

 

6.89E+05 

 

6.42E+07 

5 

 

2.32E+07 

 

6.92E+05 

 

6.72E+07 

4 

 

2.13E+07 

 

6.37E+05 

 

6.61E+07 

3   9.23E+06   2.58E+04   2.93E+07 

Table 3.1 Determinant values (of Fisher information matrix) of optimized switching schedules 

with 12, 10, 7, 6, 5, 4 and 3 cycles under different set of k parameters. Vb is fixed at 0.95.  
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Number of 

switching cycles 
Optimal switching time points 

 

12 5,7,13,15,26,28,33,35,37,48,70,72,81,83,98,100,103,105,109,111,115,117  

10 5,7,13,15,27,29,34,45,47,73,87,89,101,103,108,110,114,116  

7 9,11,18,20,34,47,49,76,78,109,114,116  

6 6,8,15,17,31,45,47,78,80,111  

5 9,11,28,43,46,76,79,108,110  

4 11,15,38,57,59,102,104  

3 8,13,58,102,104  

Table 3.2 Optimized switching schedules with 12, 10, 7, 6, 5, 4 and 3 cycles when k is set at 

K1=0.14 /min, k2=0.15 /min, k3=0.05 /min and k4=0.005 /min. bV is fixed at 0.95. 

B. Comparison of Values of the Determinant (of Fisher Information Matrix) among 5-cycle 

OSS,12-cycle ESS and CI under Different Conditions 

The procedure of optimal design was performed for 3 different sets of k and Vb 
values, 

and the values of determinant (of the Fisher Information matrix) for CI, 12-cycle ESS and 5-

cycle OSS under these conditions are shown in Table 3.3. The results indicate that the 5-cycle 

OSS always yielded larger determinant values than those of 12-cycle ESS and CI. When Vb 
was 

increased from 0.91 to 0.99, the determinant value of OSS decreased much less than that of CI, 

which indicated that the use of OSS would be more important when the number of cells in the 

well was small. When K1 was increased from 0.14 to 0.52 (or K1/k2 is increased from 0.14/0.15 

to 0.52/0.02), the determinant value of CI was increased significantly (order of 10
4
~10

7
) while 

the determinants of the OSS were increased less (order of 10~10
3
). Although the values of the 

determinant for the OSS were not the same for different combinations of k and Vb, the actual 
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OSS schedules were similar for different conditions (Table 3.4). In other words, the OSS 

schedule was shown to be relatively insensitive to k and Vb values. 

k(K1,k2,k3,k4) 
Tracer uptake 

assays 

det(M) 

91.0bV  95.0bV  99.0bV  

K1=0.14,k2=0.025, 

k3=0.01,k4=0.005 

CI 2.25E+06 2.13E+05 1.34E-01 

12-cycle ESS 4.28E+06 3.74E+05 5.08E+02 

5-cycle OSS 1.29E+08 2.32E+07 6.70E+04 

K1=0.14,k2=0.15, 

k3=0.05,k4=0.005 

CI 3.72E+03 3.88E+01 1.16E-04 

12-cycle ESS 9.88E+04 7.29E+03 7.75E+00 

5-cycle OSS 5.10E+06 6.92E+05 1.95E+02 

K1=0.52,k2=0.02, 

k3=0.008,k4=0.005 

CI 4.02E+07 1.18E+07 1.79E+02 

12-cycle ESS 2.92E+07 3.68E+06 5.19E+03 

5-cycle OSS 4.60E+07 3.08E+07 4.26E+05 

Table 3.3 Determinant values (of Fisher information matrix) among CI, 12-cycle ESS and 5-

cycle OSS under different combination of k and bV values 

k and Vb                Optimal switching time points    

      for a 5 cycle OSS   

K1=0.14,k2=0.025,           

k3=0.01,k4=0.005 

 

9,11,28,42,44,75,77,109,111 

 Vb=0.91 

      K1=0.14,k2=0.15,           

k3=0.05,k4=0.005 

 

9,11,28,43,46,76,79,108,110 

 Vb=0.95             

K1=0.52,k2=0.02, 

     k3=0.008,k4=0.005 

 

9,11,27,43,45,78,80,110,112 
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Vb=0.99             

Table 3.4 Pattern of a 5-cycle OSS under different combination of k and bV values 

3.3.2 Performance Comparison among Different Schedules from Computer Simulation 

Over the 120 realizations, the average value, Bias% and CV% of the kinetic parameter 

estimates for the two schedules (12-cycle ESS, 5-cycle OSS and CI) under four different sets of 

sets of K, Vb values and noise levels are shown in table 3.5. ESS and OSS had a much smaller 

Bias% and CV% compared to those of CI, with the largest CV% improvement in Ki ( ) 

from 53% to 9% in OSS. When Vb 
was increased from 0.95 to 0.99, CI gave the worse result 

(e.g., bias% of Ki was increased from 2% to 18%), which is consistent with the decrease in the 

determinant value of the Fisher information matrix shown before (Table 3.4) and confirms the 

validity of the optimization procedure used for generating the OSS schedules.  When the 

measurement noise level was doubled (factor   increased from 0.1 to 0.2 which was selected to 

be consistent with preliminary measurements), the estimates by CI also deteriorated most and 

gave larger variance of the estimates compared to those of ESS and OSS.  

 

Parameter 

values 

Tracer uptake 

assays 

Bias%  CV% 

k1 k2 k3 k4 Ki  k1 k2 k3 k4 Ki 

α=0.1, Vb=0.95 

k1=0.14, k2=0.025 

k3=0.01, k4=0.005 

CI 9% 110% 390% 310% 10%  31% 174% 248% 402% 150% 

12-cycle ESS 2% 60% 275% 131% 18%  11% 119% 198% 133% 59% 

5-cycle OSS 1% 13% 48% 66% 4%  11% 60% 117% 102% 44% 

α=0.1, Vb=0.95 CI 52% 126% 18% 20% 2%  100% 147% 69% 214% 26% 
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k1=0.1, k2=0.2 

k3=0.05, k4=0.005 

12-cycle ESS 37% 125% 27% 3% 1%  68% 133% 63% 72% 17% 

5-cycle OSS 0% 0% 1% 5% 1%  5% 12% 14% 35% 6% 

α=0.1, Vb=0.99 

k1=0.1, k2=0.2 

k3=0.05, k4=0.005 

CI 171% 277% 30% 36% 18%  203% 223% 64% 190% 48% 

12-cycle ESS 19% 45% 8% 6% 3%  39% 76% 35% 40% 13% 

5-cycle OSS 0% 1% 0% 1% 0%  8% 15% 12% 27% 9% 

α=0.2, Vb=0.99 

k1=0.1, k2=0.2 

k3=0.05, k4=0.005 

CI 248% 343% -11% -56% -17%  239% 232% 82% 543% 53% 

12-cycle ESS 32% 78% 18% -7% 1%  42% 74% 38% 54% 12% 

5-cycle OSS -1% -1% -4% -14% -3%  13% 29% 23% 52% 9% 

Table 3.5 Bias% and CV% of 120 realizations of CI, 12-cycle ESS and 5-cycle OSS under four 

different combinations of k, Vb and noise level α 

3.3.3 Application of the Different Media Infusion Schedules to microfluidic beta camera 

experiments 

For the experimental result characterization, the mean, STD and CV of the estimated 

model parameters were calculated. Convergence of model fitting of one TAC was obtained 

within 60 seconds when the residual sum of squares reached a minimum. 

A. Application of the 12-cycle ESS to Microfluidic Beta Camera Experiments 

For physical experiments on the microfluidic system, a control experiment was 

performed first. FDG was infused into the chamber without cells and the results showed that the 

washing was effective in removing the FDG from the chambers. Number of cells in each well 

was counted before and after experiment and no significant difference was observed. The 12-

cycle ESS was implemented to measure FDG kinetics in U87, P8 and CaP8 cells. Figure 3.4 

showed the FDG kinetics in U87. It is observed that the FDG uptake constant Ki is decreased 

when the medium glucose level is increased from 0.5g/L to 1.5g/L (Left panel of figure 3.4). 
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When checking the FDG concentrations in medium and cell compartments separately (Left panel 

of figure 3.4), we found that when medium glucose level is 1g/L, FDG-6-PO4 concentration in 

cells is almost twice that under the condition of 1.5g/L glucose level.   

 

Figure 3. 4 Left: FDG uptake constant Ki under 3 different glucose concentrations ([Glc]); Right: 

Estimated FDG concentrations in medium (blue) and cells (green), FDG-6-PO4 concentration in 

cells (red).  

B. Application of the 5-cycle OSS to Microfluidic Beta Camera Experiments 

The 5-cycle OSS, 12-cycle ESS and CI (the same schedules used in the simulations) were 

implemented to measure 
18

F-FDG kinetics in CaP8 cells. The performances among three 

schedules were compared based on the variability of the estimated model parameters.    

The measured kinetics data were fitted well by the model of Eqs. 5-7 and a set of typical 

fitting results of the three infusion strategies are shown in figure 3.5. The correlation coefficient 

(R) between the measured data and the corresponding model-predicted values was evaluated in 

[Glc] 

1.5g/L  

1g/L  

0.5g/L  
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each fitting. For all OSS studies, the R value was 0.999±0.0003 and the slope was 0.987±0.009; 

for CI studies, the R value was 0.992±0.002 and the slope was 0.985±0.005; for ESS studies, the 

R value was 0.998±0.0002 and the slope was 0.986±0.002. In all the model fitting procedures, 

the parameter value of Vb 
was fixed at 0.95, which was estimated based on the cell number and 

chamber volume in the microfluidic chip. The value of k4 for tumor cells was assumed to be 

close to 0 (75-79) and was also fixed at 0.005/min here to make the model fitting more stable and 

to give more reliable parameter estimates. If the values of k4 or bV  were allowed to be variable 

during the model fitting, the variability of the estimates in some runs increased drastically (e.g., 

the CV% of Ki for CI was increased more than twice, from 36% to 74%). Averaged estimates of 

the k parameters under the 3 different conditions of OSS, CI and ESS (4 replicates for each 

condition) are shown in (4 replicates for each condition) are shown in Table 3.6. For the 

condition of 200mg/dL glucose medium, the CV% of the estimated Ki was, 29%, 28% and 20% 

for CI, ESS and OSS, respectively. A decrease of the variability on the estimates of K1, k2 and k3 

were also shown for OSS as compared to those of CI.  

Since the experiment with 4 runs of each glucose condition was implemented on the same 

chip twice to get the total 8 runs, the inter-experiemental variability was also checked for 

different glucose conditions. For OSS, no significant differences in K1, k2, k3 and Ki were found 

in all glucose conditions (P>0.05) between two experiments; For Ki, the smallest P-value was 

0.32 with the condition of 200mg/dL medium glucose concentration. The similar conclusions 

were also found in ESS. However, for CI, differences in k2 and k3 were significant in all glucose 

conditions (P<0.05) between two experiments, only K1 and Ki resulted in the P-value larger than 
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0.05. These results indicate that the switching schedule is more stable than CI when they are 

applied on the chip. 

 

 

 

b 

a 
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Figure 3. 5 Experimental data from microfluidic Beta Camera with CI, 12-cycle ESS and 5-cycle 

OSS were all well fitted with the compartmental model.  

        K1           

    OSS   CI   ESS 

Glucose mean std CV% mean std CV% mean std CV% 

1 0.4516 0.1203 27% 0.2438 0.0608 25% 0.1535 0.0678 44% 

1.5 0.3649 0.0550 15% 0.2177 0.0611 28% 0.1205 0.0357 30% 

2 0.2782 0.0895 32% 0.1710 0.0942 55% 0.0661 0.0114 17% 

    

k2 

     

  

OSS 

 

CI  

 

ESS  

Glucose mean std CV% mean std CV% mean std CV% 

1 0.3801 0.1058 28% 0.1623 0.0778 48% 0.1920 0.0778 96% 

1.5 0.3427 0.0450 13% 0.1430 0.0516 36% 0.2895 0.0516 86% 

2 0.4878 0.1814 41% 0.1674 0.1414 84% 0.1946 0.1414 161% 

    

k3 

     

  

OSS 

 

CI  

 

ESS  

Glucose mean std CV% mean std CV% mean std CV% 

1 0.0914 0.0446 49% 0.0873 0.0547 63% 0.1773 0.0543 31% 

1.5 0.0839 0.0098 12% 0.0671 0.0064 10% 0.3567 0.3536 99% 

c 
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2 0.0803 0.0113 14% 0.0642 0.0317 49% 0.2740 0.2862 104% 

    

Ki 

     

  

OSS 

 

CI  

 

ESS  

Glucose mean std CV% mean std CV% mean std CV% 

1 0.0807 0.0061 8% 0.0789 0.0063 8% 0.0721 0.0043 6% 

1.5 0.0711 0.0035 5% 0.0688 0.0043 6% 0.0680 0.0390 57% 

2 0.0437 0.0085 20% 0.0492 0.0141 29% 0.0453 0.0129 28% 

Table 3.6 Mean, STD and CV% of estimated k among 5-cycle OSS, CI and 12-cycle ESS 

performed on microfluidic beta camera  

C. Relationship of Model Parameters to the Glucose Level in the Cultivating Medium 

     Functional relationships between the derived kinetic parameters of OSS and the medium 

glucose concentration ([glc]) indicate that the glucose transport and utilization in these cells was 

well regulated. Based on the results of OSS, estimates of k2 and k3 were not correlated with the 

medium glucose level (p=0.358 and 0.554, F-test), while K1 and Ki were correlated with the 

medium glucose level (p=0.012 and 0.000, F-test); the values of K1 and Ki were inversely 

proportional to the glucose concentration in the medium (R=0.651, p=0.022 for K1 and R=0.790, 

p=0.002 for Ki). The cellular glycolytic rate (GR= K1*k3/(k2+k3)*[glc]) was not affected by 

medium glucose level (p=0.778, F-test). For CI, K1 was not correlated with the medium glucose 

level (p=0.250, F-test) and the inverse relationship of K1 versus glucose level was not significant 

due to the large variability of the estimates (R=0.012, p=0.614).  Like the results from OSS, Ki 

from CI was also correlated with the medium glucose level (p=0.009, F-test) and the inverse 

relationship with medium glucose level was significant (R=0.335, p=0.003). Estimates of k2, k3 

and GR from CI experiment were not correlated with the medium glucose level (p>0.05, F-test), 

(p=0.642 for GR, p=0.883 for k2 and p=0.563 for k3).  
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3.4 Disussion 

     In this work, the optimal design of the novel switching schedule and its application in 

tracer kinetic assays with a microfluidic beta camera has been investigated. This approach was 

examined with computer simulation and was tested with real experimental data.  

    The OSS design on parameter estimation was derived based on different number of cycles 

(Table 3.1 and 3.2). It was noted that the 1) The OSS with 5 cycles always yield the largest 

determinant of the Fisher information matrix among 3 different sets of model parameters 2) 

effects of decreasing the number of cycles on the determinant of the Fisher information matrix 

was small 3) the patterns of the OSS all had longer TI period in the beginning and longer BR 

period later, regardless of the number of cycles selected 4) the determinant of the Fisher 

information matrix  increased first in value with decreased number of cycles from 12, but started 

to decrease when the number was below 5. Therefore, the most effective OSS to extract kinetic 

information with minimum number of switching cycles was a 5-cycle OSS.     

The effect of using 5-cycle OSS and CI on parameter estimation was compared by 

computer simulation based on 4 sets of typical parameters first. The simulation results showed 

that reasonably good parameter estimates could be obtained with the optimized switching 

schedules (Table 3.3 and 3.5), in which OSS produced the estimated K1-k4 values with better 

accuracy and precision than CI. The simulation results also indicated that OSS was insensitive to 

the values of k and Vb over the range of conditions studied (Table 3.4). The parameter estimation 

accuracy with CI was relatively poor and large biases in the estimates of K1-k4 were observed 

(Table 3.5). This is likely caused by the high background noise from extracellular space 
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simulated. For OSS, however, as background removed period was applied, the noise generated 

for those periods were much smaller than those of CI. Therefore, a better approximation of the 

noise variance can be made and more reliable and good parameter estimates obtained. 

Kinetic experiments have demonstrated that the 5-cycle OSS is useable for estimating 

FDG uptake constant in the microfluidic beta camera system. All experimental data were well 

fitted by the regular FDG model with residuals consistent with random noise (Figure 3.5). In 

terms of the effects of medium glucose level on the individual values of K1, k2, k3, Ki, GR, a clear 

inverse relationship was found for K1 and Ki estimates obtained with the 5-cycle OSS. However, 

for the studies with constant infusion strategy, K1 was not related to medium glucose level. In 

vitro study on ovarian adenocarcinoma (7) showed a enhanced FDG uptake in cells with lower 

media glucose concentration. Clinical studies on pancreatic malignancies (1) and bronchial 

carcinomas (2) also demonstrated that FDG uptake into most human cancer cells is inhibited by 

increasing media glucose levels because of direct competition between FDG and D-glucose for 

uptake and incorporation into cultured tumor cells and cancers. Our results are consistent with 

those findings. The inverse relationship showed that the Cap8 cells were able to adapt to changes 

in the glucose level in the medium by regulating the membrane transport of glucose into cells, 

and thus maintaining stability in the cellular glycolytic environment. Results on Ki obtained from 

OSS showed a clearer inverse relationship between FDG transport rates and glucose levels than 

CI. Due to our lack of knowledge of the true value of cellular kinetic parameters of CaP8 cells in 

the particular medium environment, only precision of the estimated parameters was evaluated 

(Mean, STD and CV were shown in Table 3.6). Based on the value of experimental kinetic 
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parameters K1-k3 in CaP8 cells, computer simulation was performed again to compare the 5-

cycle OSS and CI. It was found that a 5-cycle OSS still improves the accuracy and precision of 

the estimated K1-k3 more than 2 folds than CI (Table 3.7). Averaged on the 6 parameter sets, the 

Bias% and CV% of K1 for OSS was 3% and 23%, for CI was 27% and 86%. Nonetheless, Bias% 

and CV% of Ki from both OSS and CI are lower than 10% for all conditions. This explained that 

in the experimental results (Table 3.6), only the average value of Ki from OSS and CI are similar 

under each glucose level.  

Parameter 

values 

Tracer uptake 

assays 

Bias% CV% 

K1 k2 k3 Ki K1 k2 k3 Ki 

α=0.1, Vb=0.95 

K1=0.4516, k2=0.3801 

k3=0.0914, k4=0.005 

CI 16% 32% -4% -1% 75% 115% 28% 5% 

5-cycle OSS 1% 0% -1% 0% 20% 23% 10% 3% 

α=0.1, Vb=0.95 

K1=0.3649, k2=0.3427 

k3=0.0839, k4=0.005 

CI 25% 50% -5% -2% 112% 186% 29% 5% 

5-cycle OSS 1% -1% -2% 0% 22% 27% 10% 4% 

α=0.1, Vb=0.95 

K1=0.2782, k2=0.4878 

k3=0.0803, k4=0.005 

CI 50% 67% -11% -3% 115% 140% 35% 8% 

5-cycle OSS 3% 2% 1% 0% 30% 31% 15% 6% 

α=0.1, Vb=0.95 

K1=0.2438, k2=0.1623 

k3=0.0873, k4=0.005 

CI 13% 44% -2% -1% 59% 133% 42% 6% 

5-cycle OSS 3% 5% -4% -1% 23% 44% 15% 2% 

α=0.1, Vb=0.95 

K1=0.2177, k2=0.1430 

CI 15% 47% 2% -1% 56% 122% 37% 6% 

5-cycle OSS 5% 8% -3% -1% 18% 32% 11% 2% 
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k3=0.0671, k4=0.005 

α=0.1, Vb=0.95 

K1=0.1710, k2=0.1674 

k3=0.0642, k4=0.005 

CI 41% 106% 1% -2% 101% 168% 47% 10% 

5-cycle OSS 5% 7% -2% -1% 22% 35% 9% 3% 

Table 3.7 Bias% and CV% of 120 realizations of CI and 5-cycle OSS under six different 

parameter sets (each set has different K1-k3, same k4, Vb and α) based on the results from 

experiments in CaP8 cell line. 

However, from the experiment, the improvement in variations (CV%) of the estimated 

parameters by using the 5-cycle OSS was not as large as predicted from the computer 

simulations compared to CI. The lower than expected reduction in variability of the estimates in 

the experimental results may be due to the variability of the switching operation. Generally 

speaking, the variability sources can be categorized into two types. One comes from systemic 

technical factors (e.g., flow rate, image resolution, linearity of detection sensitivity, chip 

configuration, materials that are used for the bottom of the chip and dose calibrator for FDG). 

Another type is associated with tumor responses to systemic biochemical changes (from TI to 

BR period) and the change of cell numbers. These factors will be discussed below. 

The microfluidics is a pneumatic pressure-driven chip-based system(80), which means 

local forces to direct droplet movements was generated by active control of gas pressure applied 

off-chip. This pressure was adjusted manually and was not the same day to day. So, the flow rate 

might not have been stable, and might be dependent on how big the pressure difference was. The 

effect of flow rate, such as shear stress(81), though was assumed very small and could be 

neglected on cellular biological state, may still affect the clearance of extracellular tracer during 
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BR period in OSS. Therefore, the model fitting described in Eq. 4-6 would not be accurate 

without considering the tracer residuals that was left outside the cellular space during BR period. 

Improvement of pressure control can be achieved by using a more precise pressure regulator in 

the future.  

The spatial resolution of the PSAPD detector was approximately 680 μm full width half 

maximum (FWHM) with the current microfluidic chip design, which includes a 150 μm thick 

glass slide and 100 μm of plastic between the source and detector (Figure 3.6). The FWHM was 

calculated from the Gaussian function that described the line profile acquired with the use of the 

FDG line source. As the source-to-detector distance was increased, The FWHM was increased 

(Figure 3.6). If the source-to-detector distance can be decreased, such as by eliminating the 

substrate layers, the system spatial resolution could be improved down to 400 μm FWHM. The 

dimension of each well on chip was 1600×600×55 µm
3
 and the width of the well is narrower 

than the 680 μm FWHM. Therefore, the partial volume effect (PVE) needs to be accounted for 

the measurement of FDG activity in each well. Recovery coefficients for different size of the 

well could be measured for correction the PVE effect. 
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Figure 3. 6 The FWHM is plotted as a function of source to detector distance using various 

layers of plastic films and a single 150 μm glass slide. 

The range of 
18

F positrons through plastic is less than 1000 µm and approaching very low 

energies the range decreases exponentially (82). Therefore small changes in the source-to-

detector distance can have a large impact on the range of the positrons and the detection 

efficiency. The absolute sensitivity as a function of plastic film thickness was measured for 

PSAPD detector in the control experiment (Figure 3.7). In the current microfluidic chip design, 

with a 150 μm thick glass substrate plus an additional 100 μm of plastic between the source and 

detector, the absolute sensitivity is approximately 3%. As the height of the microchamber is only 

55µm, detection sensitivity of beta camera is assumed to be linearly related to the depth of each 

well in such small dimension and is not accounted in the model fitting. The actual signals 

detected by the PSAPD are different, depending if the radioactive molecules distribute (i) evenly 

throughout a chamber as in the case with no cells or (ii) mainly to the bottom location as in the 
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case with cells. If the detector sensitivity could be calibrated without and with cells and applied 

in image reconstruction, more precise FDG uptake could be measured. 
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Figure 3. 7 Absolute sensitivity for Tl-204 source as a function of plastic film and a single 150 

µm thick glass slide. 

 

The chip configuration and materials are another two issues to be considered. Each well 

could have dimensional variation, which was hard to measure accurately after the microchip was 

made. So the chamber volume was not homogeneous. The volume ratio Vb of 0.95 in the model 

fitting for all experimental data used in the present study was only a gross estimate. The bottom 

of the chip was made with polydimethylsiloxane (PDMS), which may have absorption of the 

tracer, FDG, during the experiment and may have enhanced the background on the measurement. 
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For the three day consecutive experiments, cell numbers were counted before each 

experiment. It was found that the percent change in cell numbers was about ±5% from the first 

day to the third day, in terms of cell volume percentage in a well would be ±0.25%, which is too 

small to affect the cellular kinetic parameters.  

 3.5 Conclusions 

The microfluidic beta camera platform with a kinetic switching strategy for tracer 

incubation was shown to provide reliable estimates of cellular FDG transport and uptake 

constants. Results on the real experiments showed that U87 and CaP8 cell lines can regulate well 

the glucose transport into cells to maintain their glycolytic metabolic rate (i.e., it can adapt well 

to environmental glucose level changes). Both computer simulations and real tracer kinetic 

experiments indicated that the reliability of the model parameters can be improved with an 

optimal design of fewer switching cycles. The optimized schedule also has the practical 

advantages of simplifying the tracer incubation protocol and reducing any potential disturbance 

to the cultured cells caused by the perfusions during the switches between the TI and BR periods. 
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Chapter 4 IN VITRO FDG STUDIES ON TUMOR CELLS USING REGULAR CELL 

CULTURE PLATE 

4.1 Introduction 

Cancer cells show increased metabolism of both glucose and amino acids, which can be 

monitored with 2-[18F]fluoro-2-deoxy-D-glucose (FDG) and positron emission tomography 

(PET) imaging. FDG uptake is higher in fast-growing than in slow-growing tumors is considered 

to be a good marker of the grade of malignancy (10-12). Although in vitro studies may suffer 

from the differences between the in vitro and the in vivo situation, they are valuable tools for the 

detection of general cellular reactions to media environmental change such as a consequence of 

the exposure of cells to high glucose levels. In our previous chapter, we have showed our effort 

to study FDG uptake in tumors in vitro. The transport and uptake kinetics in tumor cells in a 

microfluidic-PSAPD platform could be extracted with the use of a new switching medium 

infusion procedure (Figure 3.2).  It was found that the FDG uptake constant Ki had a significant 

inverse correlation with the medium glucose levels in glioblastoma (U87) and prostate cancer 

(CaP8), while no significant relationship were found between k2, k3 and medium glucose levels. 

For the in vitro FDG uptake studies performed on regular cell culture plate, human ovarian 

adenocarcinoma cells has been studied (7). The human ovarian adenocarcinoma cells were 

cultured in medium containing 100 or 300 mg/dl of glucose and measured the FDG uptake at 

multiple time points (days) after the initial culture. It was observed that the FDG uptake in tumor 

cells with chronic hyperglycemia (cells grown at 300 mg/dl of glucose for 51 and 72 days and 

assayed at 100 mg/dl of glucose) was only decreased by 10%, while acute hyperglycemia (cells 
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grown at 300 mg/dl of glucose for 51 and 72 days and assayed at 300 mg/dl of glucose) 

markedly reduces uptake of FDG by 70%, as compared to cells grown and assayed at 100 mg/dl 

of glucose. Both results shown above indicate the necessary to investigate the effect of medium 

glucose level on FDG uptake studies.  

Other physiological factors in the cell culture medium, such as fatty acid (83, 84), may 

also affect the FDG uptake in tumor cells. It has been well known that fatty acids are important 

sources of fuel for metabolism (85). Many cell types can use either glucose or fatty acids for this 

purpose. In particular, heart and skeletal muscle prefer fatty acids. It has been found that elevated 

plasma free fatty acid level increased insulin-suppressed hepatic glucose output and  reduced the 

insulin-stimulated glucose uptake in tissues (86). However, no in vitro studies have revealed the 

effect of medium free fatty acid level on glucose metabolism in tumor cells. We performed in 

vitro FDG uptake experiments on regular cell culture plate to investigate the relationship of 

medium glucose/free fatty acid level and FDG uptake in several tumor types. Moreover, we 

studied the effect of glucose levels on [18F]-3'-fluoro-3'-deoxy-L-thymidine (FLT) uptake in 

tumors. FLT is transported by the same nucleoside carrier as thymidine and is also 

phosphorylated by the same enzyme, S-phase–specific thymidine kinase 1 (TK1), which leads to 

intracellular trapping of radioactivity within the cytosol (87, 88). TK1 is a principal enzyme in 

the salvage pathway of DNA synthesis. Thus, FLT as a PET tracer is used to marker cell 

proliferation. Some preclinical and clinical studies have suggested that FLT uptake is 

considerable in malignant tissue but much less in inflammatory cells than is FDG uptake (89-91). 

Decreased uptake of FDG is seen in hyperglycemic patients and can cause false negative results 

http://en.wikipedia.org/wiki/Glucose
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(3). To the best of our knowledge, no studies have been reported the effect of glucose levels on 

FLT uptake in tumor due to the different pathway FLT incorporated with from the glucose 

metabolism. However, it would still be necessary to confirm that the use of FLT could avoid the 

issue of decreased tumor uptake in hyperglycemia patients. 

Since FDG and glucose differ with regard to transport across the membrane and 

phosphorylation through the initial step in the glycolysis, FDG net uptake must be converted into 

glucose net uptake by the lumped constant (LC) (92). LC is a term based on the principles of 

competitive substrate kinetics that corrects for the differences in transport and phosphorylation 

between FDG and glucose. A direct and simple approach to measure the value of LC in rats has 

been studied by Sokoloff et al. (93). The procedure requires accurate determination of the 

arterial-venous differences of the FDG and glucose concentration so that the blood samples need 

to be taken from the subjects. To measure LC in cell lines in vitro, cellular glucose utilization 

can be precisely determined by measuring the difference of medium FDG and glucose 

concentration before and after tracer incubation. Thus the glucose effect on LC could also be 

investigated. 

4.2 Materials and Methods  

4.2.1 Cell Culture  

Human glioblastoma cancer cell line U87, prostate cancer cell line PC3, mammary cell 

line MDA-MB-231 were used. D-(+)-glucose (10% w/v), obtained from Sigma (St. Louis, MO), 

was added to glucose-free RPMI to obtain the desired final glucose concentration (~50, 100, 150, 

200 or 450 mg/dl). The 100mg/dL glucose media was used to make the cell culture media with 0, 
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25, or 50 µM/L free fatty acid (linoleic (18:2) acid). Cells were seeded at an initial density of 

~0.8 x 10
4
  to 1.5 x 10

4
 cells per 0.36 cm

2
 area in a 96-well tissue culture plate (BD Falcon) or at 

an initial density of ~1.5 x 10
5
 to 3 x 10

5
 cells per 3.8 cm

2
 area in a 12-well tissue culture plate 

(BD Falcon), fed with the media containing different glucose levels or FFA levels. The number 

of cells seeded in the plate depends on the area each cell occupied when they are flat attached to 

the bottom area. The size of glioblastoma cancer cell line usually is twice the size of the other 

cell lines. So less number of U87 cells was plated for the tracer uptake experiment compared to 

the other tumor types. 

At confluency, cells were dissociated with 0.05% trypsin-0.02% EDTA and used in the 

experiments or otherwise subcultured. Viable cell number was assessed by the Trypan blue dye 

exclusion technique using an Olympus (Lake Success, NY) IMT-2 inverted microscope. All 

experiments were conducted in a humidified incubator containing 5% CO2 at 37°C. The media 

glucose level was measured at initial cell plating and the end of the tracer uptake experiment 

with a glucose and lactate analyzer (SensorStar, DiaSys Diagnostic Systems, Germany) (Figure 

4.1).   

4.2.2 FDG and FLT Uptake Studies  

The tracers FDG and FLT were diluted in glucose-free RPMI media to obtain a final 

concentration of 0.5µCi/100µL in the solutions that were used in the tracer uptake experiments. 

Tracer uptake assay was performed 24-hour after initial cell culture on the plate. Tracer uptake 

into cells was determined at the same media glucose level as the growth media; that is, cells 

grown at 100 mg/dl of glucose were assayed at 100 mg/dl of glucose and those grown at 200 

http://www.fishersci.com/ecomm/servlet/fsproductdetail?position=content&tab=Items&productId=3786782&fromSearch=&catlogId=-1&storeId=10652&langId=-1
http://www.fishersci.com/ecomm/servlet/fsproductdetail?position=content&tab=Items&productId=3786782&fromSearch=&catlogId=-1&storeId=10652&langId=-1
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mg/dl of glucose were assayed at 200 mg/dl of glucose. The tracer solution was added to each 

well and the incubation continued for another 60 min at 37°C. Hank's Balanced Salt Solution 

(HBSS), ice-cold, was used to stop tracer incorporation, and cells were washed three times with 

the same buffer. Cells were lysed in 100µl of 0.3M NaOH and 1% sodium dodecyl sulfate. After 

that, the media in each well was transferred into a sterile glass tube (Borosilicate heavy wall, 

Fisherbrand) to measure the radioactivity with a well counter. The experiment procedure is 

shown as Figure 4.1.  

 

Figure 4. 1 Experiemental procedure for measuring media glucose levels and cellular tracer 

uptake.  

4.2.3 Lumped Constant and Glucose Utilization Rate  

The lumped constant (LC) was calculated as the ratio of normalized FDG uptake to 

normalized glucose uptake in cells (Eq. 4.1). The glucose utilization rate (GR) was determined in 

two ways as shown in Eq. 4.4 and Eq. 4.5. The GRLC that is derived from the FDG uptake and 

lumped constant was compared to GR that was directly calculated from absolute change of 

media glucose levels.   

                                                                                  Eq. 4.1 
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                                               Eq. 4.2 

                                         Eq. 4.3 

                                                                                Eq. 4.4 

                                                        Eq. 4.5 

Where t0 is the time when cells are initially seeded in the plate, t1 is the time when tracer 

is added to the plate and t2 is the time when the tracer uptake in cells is measured, which is 

corresponding to the time schedule shown in Figure 4.1. Cellular_FDG is the measured FDG 

count rate in cells and Total_FDG is the measured FDG count rate in the well that includes both 

FDG inside the cells and FDG outside the cells.   

4.2.4 Data Analysis  

Glucose and tracer uptake was normalized to the total activity added to each well and 

expressed as percentage uptake per 10
3
 viable cells. Mean and standard deviation (STD) of the 

tracer uptake and lumped constant in each tumor type were calculated for each condition (one of 

five glucose levels or one of three free fatty acid levels). Correlation of FDG or FLT uptake 

normalized by the number of viable cells as a function of the glucose or FFA level was also 

examined. To account for the effect of glucose on FDG uptake in tumor cells, the FDG uptake 

data was regressed with the following equation:   

                                                                                                           Eq. 4.6 



 

 
 
 

66 
 

where Y denotes the FDG uptake, [glc] represents the media glucose level with the unit 

mg/dl or g/l and the parameter b was to account for the competition between 
18

F-FDG and 

glucose. Statistical comparisons were based on F-tests and P < 0.05 was considered to be 

statistically significant. 

4.3 Results  

4.3.1 Media Glucose Levels 

The media glucose levels were monitored only for the cells grown in 12-well plate since 

the minimum measurable volume required by the glucose analyzer is 800 µl.  During the 24-hour 

incubation, media glucose levels ([glc]) of tumor cells grown at 50 mg/dl, 100mg/dl and 

150mg/dl all decreased, but with different amount when normalized to original media glucose 

levels. The change of media glucose levels in three different tumor types: MDA-MB-231, U87 

and PC3 were shown in Figure 4.2. The results were averaged on three replications for each 

condition (one tumor type with one media glucose level). It was observed that the hourly glucose 

uptake were highest when the cells were cultured and assayed at 100 mg/dl [glc] for all the cell 

lines, but all declined when the glucose level increased to 150 mg/dl. PC3 used the most glucose 

per hour compared to the other two cell lines at all three different glucose conditions (e.g., at 100 

mg/dl [glc], PC3: 2.71%±0.12%; U87: 0.82%±0.11%; MDA-MB-231: 0.46%±0.02%).  
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Figure 4.2 Glucose uptake in different tumor cell lines cultured in the media with different 

glucose levels. The results were averaged on three replications for each condition (one tumor 

type with one media glucose level).  

4.3.2 Effect of Media Glucose levels on FDG Uptake  

FDG uptake into the cells decreased with the elevated media glucose levels in all three 

tumors, but with a different significance of inverse relationship. As shown in figure 4.3, based on 

eight replications for each condition (one tumor type with one media glucose level), the 

relationship between the cellular FDG uptake (y-axis) verses the glucose concentration (x-axis) 

in the medium is Y=0.088/(4.883+[Glc]) for MDA-MB-231 (R=0.2417), 

Y=0.0282/(0.5046+[Glc]) for PC3 (R=0.8686) and Y=0.017/(0.16+[Glc]) for U87 (R=0.8304).  

At the same glucose level (e.g., 1.0 g/L), the FDG uptake is quite different among the three cell 

lines: PC3 showed the highest FDG uptake among the three cell lines, which was correspondent 

to the rank of cellular glucose uptake (Figure 4.2).    
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Figure 4.3 FDG uptake in three different tumor cell lines: MDA-MB-231, PC3 and U87 cultured 

in the media with different glucose levels (g/l). The experimental data (blue diamond) was 

regressed with the Eq. 4.6 that was used to accounts for the glucose effect on the FDG uptake. 

4.3.3 Effect of Media Glucose levels on Lumped Constant and Glucose Utilization Rate 

The lumped constant (LC) and glucose utilization rate (GR) were calculated based on the 

Eq. 4.1 to Eq. 4.5. Effect of media glucose levels on LC and GR was examined on two tumor 

types: PC3 and U87, and the results were shown in Figure 4.4, based on three replications for 

each condition (one tumor type with one media glucose level). It was found that the media 

glucose levels had no correlation with the value of LC in both cell lines (F-test, PC3: R=0.0202, 

P=0.715; U87: R=0.0071, P=0.8294). GR calculated based on FDG net uptake and LC (Eq. 4.5) 

was not dependent on the media glucose levels for both tumor types (P>0.05). While GR 
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calculated directly from the ratio of FDG net uptake to glucose net uptake (Eq. 4.4) had 

significant positive correlation with media glucose levels (P<0.05) for U87. 

  

  

Figure 4.4 Effect of media glucose levels on lumped constant (LC) and glucose utilization rate 

(GR). In the graph, GR and GR_LC represent the GR calculated from Eq. 4.4 and Eq. 4.5, 

respectively.  
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4.3.4 Effect of Media Glucose levels on FLT Uptake 

Effect of media glucose levels on FLT uptake into the tumor cells was examined on two 

tumor types: MDA-MB-231 and PC3. Based on four replications for each condition (one tumor 

type with one media glucose level), as shown in Figure 4.5, no correlation was found in both cell 

lines with the value of slope not significant differ from 0 (F-test, MDA-MB-231: R=0.0148, 

P=0.6541; PC3: R=0.1259, P=0.1775).   

 

Figure 4. 5 FLT uptake in two different tumor cell lines: MDA-MB-231 and PC3 cultured in the 

media with four different glucose levels (g/l): 1, 1.5, 2, 4.5.  

4.3.5 Effect of Media Free Fatty Acid levels on FDG Uptake 

The media free fatty acid (FFA) levels were changed from 0 to 50 µM/l and the FDG 

uptake was measured in two cell lines: MDA-MB-231 and PC3.  From the results shown in 

Figure 4.6, based on eight replications for each condition (one tumor type with one media 
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glucose level), cellular FDG uptake was not affected by the FFA level (F-test, MDA-MB-231: 

R=0.0015, P=0.8586; PC3: R=0.0014, P=0.8627).  

 

Figure 4. 6 FDG uptake in two different tumor cell lines: MDA-MB-231 and PC3 cultured in the 

media with three different free fatty acid (FFA) levels (µM/l): 0, 25 and 50. 

4.4 Discussion  

We have performed in vitro studies on several tumor types: MDA-MB-231, PC3 and U87 

with the use of multi-well cell culture plate and have investigated the effect of two physiological 

factors: media glucose levels and media free fatty acid levels on the cellular uptake of two 

commonly used tracers: FDG and FLT.  

4.4.1 FDG Studies in Tumor Cells     

 The FDG uptake was measured in all three tumor cell lines. In vitro studies demonstrated 

that exposure of these human tumor cell lines to hyperglycemia (2 g/l of glucose) reduced tumor 
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uptake of FDG tracer, as compared to tracer uptake of cells grown at the 0.5 g/l glucose level 

(Figure 4.3). However, only slightly reduction of FDG uptake was found in the mammary tumor 

MDA-MB-231 when compared to the prostate tumor PC3 and glioma U87. The FDG uptake in 

MDA-MB-231 is not affected as much by medium glucose level over the normal physiological 

glucose range as those of the other two cell lines are, which resulted a much larger coefficient b 

(b=4.883 for MDA-MB-231, b<1 for PC3 and U87) in the regression model (Eq. 4.6), where b 

was to account for the competition between FDG and glucose. It was also noted that the inverse 

relationship in U87 was agreed with what we found from the in vitro experiments performed on 

microfluidic system (Section 3.3.3 A). 

Reported results in the literature on effect of blood glucose levels on a few other types of 

tumors were somewhat controversial. Most studies have demonstrated that 
18

F-FDG uptake into 

human cancer cells are inhibited by increasing blood/media glucose levels because of direct 

competition between FDG and D-glucose for uptake and incorporation into tumor cells and 

cancers (1, 2, 7, 94, 95). In vitro studies with human ovarian adenocarcinoma (7) showed that 

acute hyperglycemia markedly reduces uptake of FDG in tumor cells. In vivo studies on rodents 

by Wahl et al. (95) have demonstrated that FDG uptake into human mammary carcinoma is 

inhibited by increasing media glucose levels. Our results from PC3 and U87 data were consistent 

with these findings. However, animal studies performed by Torizuka (96)  indicated that the 

uptake of FDG in mammary carcinoma was reduced for insulin-induced hypoglycemia. Likewise, 

the mammary cancer MDA-MB-231 presented a inverse relationship with a smaller coefficient 
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of determination (R=0.2417) from the regression model (Figure 4.3). These may indicate that 

glucose uptake mechanism could be different in different tumor types.  

LC is a term based on the principles of competitive substrate kinetics that converts FDG 

uptake rate to glucose utilization rate. Measurement of LC is complicated in vivo since both the  

arterial-venous concentration differences of the FDG and that of the glucose need to be 

determined accurately (93). In rat brain, the LC was found to be relatively stable within 

normoglycemic range (97) and decreased very slowly in hyperglycemic conditions (98). We 

showed that the value of LC from in vitro experiments for both tumors are smaller than 1 (PC3: 

0.253±0.057; U87: 0.654±0.220), indicating that U87 has higher glucose utilization rate than 

PC3. It was also found that the calculated lumped constants were not correlated to the glucose 

levels for either PC3 or U87 cell line (Figure 4.4). LC in gliomas had been estimated by clinical 

PET studies before (99) with the value of  1.4±0.46, where as in non-tumor-bearing contralateral 

brain tissue the value of LC was 0.86±0.14. The difference between the in vitro and in vivo 

glioma studies is expected since the biological environment for tumor growth is quite different. 

However, in vitro experiments are much simpler and still could provide useful biological 

information between different tumor types. 

Not only tested with different media glucose levels, FDG uptake was also examined with 

different media free fatty acid (FFA) levels (Figure 4.6) in MDA-MB-231 and PC3. No 

significant correlation was found between the FDG uptake and media FFA levels in both cell 

lines.  
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4.4.2 FLT Studies in Tumor Cells     

In contrast to FDG studies, our FLT studies (Figure 4.5) have demonstrated that FLT 

uptake in tumor cell lines MDA-MB-231 and PC3 is not affected by the change of media glucose 

levels. This may indicate that FLT is a potentially more cancer-specific PET tracer and do not 

need the correction of glucose concentration in quantitative analysis as some of the FDG-PET 

studies (27). However, in comparison with FDG, FLT uptake is lower in nearly all cases, 

resulting in a lower sensitivity in targeting tumor tissues (87, 89, 91). Futhermore, the relation 

between proliferation and TK1 activity is not always fully understood (100). Advantages of 

using FLT-PET are still controversial and the high manufacturing cost of FLT tracer in UCLA 

has slowed down the pace of FLT-PET researches.   

4.4.3 In Vitro Experiments: Comparison Between Microfluidic System and Regular Plate    

In Chapter 3, we have presented a novel in vitro approach to explore the FDG uptake 

kinetics in cells, with the use of a microfluidic beta camera system (Figure 3.1) and a switching 

tracer infusion protocol (Figure 3.2). It has shown the FDG uptake in tumor cells under different 

physiological conditions (i.e. different media glucose levels) could be measured automatically 

without any human intervention during the tracer uptake period. Furthermore, time activity curve 

(TAC) that reflects the dynamic change of FDG uptake in cells according to the change of time 

was able to be derived. With the acquired TAC and a kinetic model for switching protocol on 

chip (Eqs. 3.5-3.8), kinetic parameters were derived and the reliability of these estimates have 

been approved. All of the above quantitative analysis of FDG uptake in cells is hard to be 

realized on the in vitro experiment performed on regular cell culture plate. From the experiments 
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on the regular multi-well plate that were shown in this chapter, I found that it was time and labor 

consuming even to measure FDG uptake in cells at a single time point, and the cells must be 

lysed before any radioactivity measurement. Plus, inter-operation variation was introduced due 

to different cellular washing protocol or different experimental executer. Although owning so 

many advantages compared to the regular cell culture plate, the microfluidic chip still have its 

own limits. First, the volume of each well (µl scale) is very small and it is hard to measure the 

concentration change of the physiological factors in media, such as media glucose levels; Second, 

the optimal design of the chip has not been achieved yet and the manufacturing of the 

microfluidic chip is not as mature as the regular plate. It can be foreseen that the microfludic chip 

will be explored a lot more in future in cell experiment and its possibility in various biological 

applications would be valuable by scientists, but whether it can replace the regular cell culture 

plate or not is unknown, or at least not in near future.     

4.4.4 Implications in Further In Vitro and In Vivo Tumor Studies  

Both glucose transport and the subsequent phosphorylation of glucose by hexokinase are 

thought to be the key steps in glucose utilization, especially with respect to FDG uptake. Because 

glucose-6-phosphatase activity is reported to be low in tumor cells (101), the in vitro studies 

have focused mainly on two types of well-known proteins, glucose transporter (GLUT) and 

hexokinase. The expression level of GLUT in tumor cells is known to be higher than that in 

normal cells(102-104). However, the effect of medium glucose level on GLUT expression and 

hexokinase activity to glucose metabolism, and also FDG uptake, is still unknown. To determine 

the relationship between glucose level and GLUT expression or hexokinase activity in FDG 
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uptake, we plan to study different tumor cell lines in vitro with respect to 2-deoxyglucose (DG) 

uptake, hexokinase activity, and the the amount of GLUT1-5 expressed on the plasma membrane. 

We have found that different tumor cell lines may response differently to the elevated 

media glucose levels in in vitro studies. It will be interesting to learn whether it is the same or not 

in small animal PET studies, which we had extensive experiences with. MDA-MB-231 and U87 

would be good candidates for tumor implantation since both tumor cell lines are very aggressive 

with similar glucose utilization rate (Figure 4.2), but with different relationship in FDG uptake 

and media glucose levels (Figure 4.3).    

4.4 Conclusions 

 FDG uptake in the tumor cell lines all decreased with the increased medium glucose 

level, but not with the change of media free fatty acid levels. Furthermore, the relationships 

between FDG uptake and media glucose levels are different among different tumor types, 

indicating different transporter/hexokinase adaptation to glucose level in the extra-cellular 

environment. Lumped constant and FLT uptake is not affected by media glucose levels. 
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Chapter 5 IN VIVO FDG-PET STUDIES ON MICE WITH TUMORS  

5.1 Introduction 

Small animal positron emission tomography (PET) imaging is being used increasingly in 

preclinical biomedical research for investigation of tumor biology. The use of glucose analogue 

2-[18F]fluoro-2-deoxy-D-glucose (
18

F-FDG) for the in vivo measurement of local glucose 

utilization with oncological animal models have been a valuable tool for evaluation of early 

response to treatment. Longitudinal imaging overcomes the limitation of single time-point 

imaging and enables tracking of the natural history of disease and provides qualitative and 

quantitative assessments of the effects of an intervention. The antineoplastic drugs evaluated in 

these studies were either conventional chemotherapy agents (105)  or inhibitors of the tumor 

transduction signal (106) or radiation therapy (107). Reduction in 
18

F-FDG uptake from its 

baseline value is usually used as an indicator of the tumor response to treatment. However, large 

inter-animal variability in imaging measurements of different animals could mask out the true 

effects in terms of the time course of changes. Standard uptake value (SUV) (108) is the most 

popular semiquantitative measure of normalized radioactivity concentration in PET images and 

can be influenced by a variety of biologic and technical factors (27). The effect of plasma 

glucose concentration on 
18

F-FDG uptake has been investigated before. Studies evaluating the 

usefulness of correcting for blood glucose level gave conflicting results: some have found a 

benefit in normalizing SUV by blood glucose (18, 94), some have found no benefit (109, 110). 

Our previous work also suggested that 
18

F-FDG uptakes in different non-tumor tissues are 

controlled differently (41). It is likely that the value of SUV may not necessarily reflect directly 
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the glucose utilization rate in the tissue of concern and adjustments for glucose level should be 

done cautiously. The results also suggested that different mechanisms of regulating glucose 

utilization existed among different tumor cells. In vitro study on ovarian adenocarcinoma (7) 

demonstrated that 
18

F-FDG uptake into human cancer cells was suppressed by high media 

glucose levels. However, Dr. Torizuka (96) indicated that the uptake of 
18

F-FDG in mammary 

carcinoma is reduced for insulin-induced hypoglycemia. Our in vitro studies presented in chapter 

3 and 4 also demonstrated the effect of media glucose levels on FDG uptake was varied in 

different tumor cell lines. A strong inverse relationship was found in most tumor types (U87, 

PC3 and CaP8), whereas not in mammary cell line MDA-MB-231.  

In this work, we addressed the effect of blood glucose level and tumor size on both SUV 

and 
18

F-FDG uptake constant Ki by using an input function for quantitation of biological 

function in two different tumors: U87 and MDA-MB-231, which have shown different 

adaptation to the change of glucose levels in in vitro studies. The input function was derived 

from  dynamic PET images using only one tail veil blood sample taken at the end of the scan 

(36), so the animal did not need to be sacrificed after each scan and longitudinal studies could be 

performed. The use of an input function for quantitation of biological function reduces many 

effects due to systemic biochemical or physiological variations.     

5.2 Materials and Methods 

5.2.1 Animal Models and PET Imaging 

Animals and Tumor Models 
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Twenty 6- to 8-week-old SCID white mice were maintained in a strict defined-flora, 

pathogen-free environment in the AALAC accredited Animal Facilities of the Department of 

Radiation Oncology, UCLA. Human glioblastoma cell line U87 and breast cancer cell line 

MDA-MB-231 were used for mouse tumor model. Both cell lines were cultured in Dulbecco‘s 

modification of Eagle‘s medium (DMEM) supplemented with 10% fetal bovine serum and 1% 

antibiotics–antimycotic solution before injection. Cells were injected (11 mice was injected with 

MDA-MB-231 cells and 9 mice was injected with U87 cells) subcutaneously as single-cell 

suspensions in phosphate buffer saline (PBS; ~2×10
6
 MDA-MB-231 or ~6×10

5
 U87 cells in 100 

µl PBS). When the diameter of the tumor grew to approximately 2.5 mm diameter, PET scan was 

performed once a week on the same animal until the diameter of the tumor exceeded 10 mm. 

Tumor size was measured weekly with a caliper and the volume was calculated as 0.5×L×W
2
.  

Small-animal Imaging 

Small-animal PET scans were performed on a microPET Focus 220 scanner (Concorde 

Microsystems, LLC) and on an Inveon dedicated PET (DPET; Siemens Preclinical Solutions, 

Inc).  For PET and CT scanning, the animal was placed in a prone position inside an imaging 

chamber specifically designed for small-animal PET and CT imaging to allow for regulated 

temperature control and anesthesia delivery (111).  List-mode PET data were acquired for 60 

minutes immediately after 
18

F-FDG injection via a tail-vein catheter (18.28 ± 1.19 MBq, ~60 L).  

After the PET scan was completed, a 10-min CT scan was acquired with a small-animal CT 

scanner (MicroCAT II; ImTek Inc.) for attenuation correction of the PET meaurements. 

Blood Sampling  
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Tail vein blood glucose levels were measured using a blood glucose meter (Abbott 

AlphaTRAK Glucose Meter) at the beginning and the end of each scan. A single blood sample 

(~10–15 L) was collected with a 1cc syringe from the heart at the end of the study (~70-80 min). 

The whole-blood in the syringe was released to a pre-weighed test tube, weighed, and the 

radioactivity was counted in a gamma counter (WIZARD 3"; PerkinElmer Life Sciences, 

Finland).  

Image Reconstruction  

Frame durations of all the PET studies were 41 s, 150.5 s, 12 s, 14 s, 16 s, 115 s, 

330 s, 160 s, 1120 s, 3180 s, 3900 s and 151 s. The attenuation maps derived from the 

small-animal CT data were used for attenuation correction of the PET data (112).  The PET data 

were corrected for random coincidences and dead-time losses, and were reconstructed using the 

filtered backprojection algorithm with a ramp filter cut off at the Nyquist frequency, resulting in 

a volumetric spatial resolution of 1.32 mm FWHM (full width at half maximum) at the center of 

the field of view and a voxel size of 0.40.40.8 mm
3
. 

Image Analysis 

Image analysis was performed using AMIDE (http://amide.sourceforge.net/) on PET studies  

without apparent necrotic center shown in the images. The 3D isocontour regions of interest 

(ROIs) were manually defined for skeletal muscle of the forelegs, liver, and tumor in each mouse 

on 60 min images. The time-activity curve (TAC) representing the tissue kinetics of 
18

F-FDG in 

each tissue of interest was calculated by projecting the corresponding ROIs onto the dynamic 

http://www.nextag.com/norob/PtitleSeller.jsp?chnl=main&ptitle=839609637&tag=997135115&ctx=IiR9eERqyzRgYTCZE%2FR%2BNuB39yutDTLLipiY%2B7QLoIq%2FNYN1BHCrwvqiZ9CYHDG5O1rSwBUnlRP%2BFIj%2FS0vZyDl4oWQHkvSW0nNzQaQ5sIlAf2VO96Y0T2g00ZN%2B0n4FBG06z9DvcVX1sXjXO7zSlbfBWIlJSlAUuztkVrP6bXg5p0hIUw5Fng2TQDhIE64j9W%2FSIR58g5mou2sdhCeVO1JnEworKID%2B1HH7FSsfNwv%2FNc5g%2BkY%2F82pmK9PIghEvyt3Cr72WSrEz3AArDq2neXF%2FbFhU2UXYvm%2BpF7koYLB3JDzvpR9WaYIX49dpO9TF
http://www.nextag.com/norob/PtitleSeller.jsp?chnl=main&ptitle=839609637&tag=997135115&ctx=IiR9eERqyzRgYTCZE%2FR%2BNuB39yutDTLLipiY%2B7QLoIq%2FNYN1BHCrwvqiZ9CYHDG5O1rSwBUnlRP%2BFIj%2FS0vZyDl4oWQHkvSW0nNzQaQ5sIlAf2VO96Y0T2g00ZN%2B0n4FBG06z9DvcVX1sXjXO7zSlbfBWIlJSlAUuztkVrP6bXg5p0hIUw5Fng2TQDhIE64j9W%2FSIR58g5mou2sdhCeVO1JnEworKID%2B1HH7FSsfNwv%2FNc5g%2BkY%2F82pmK9PIghEvyt3Cr72WSrEz3AArDq2neXF%2FbFhU2UXYvm%2BpF7koYLB3JDzvpR9WaYIX49dpO9TF
http://amide.sourceforge.net/
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PET images. An elliptical ROI (2.0×1.5×1.5 mm) was drawn on the left ventricle (LV) region. 

After correction for delay, dispersion, partial-volume and plasma-to-blood ratio (Eq. 2) (36), the 

first minute of this LV TAC was used as the early part of input function (for quantitative analysis 

of tissue kinetics. The small-animal PET and CT image files, blood sample data, and other 

experimental information for all studies discussed here are available online at the UCLA Mouse 

Quantitation Project website (http://dragon.nuc.ucla.edu/mqp/index.html).  

5.2.2 Quantitation of FDG PET Images 

Semiquantitative Analysis 

For semiquantitative analysis, ROIs were generated for each study as described above. 

Standard uptake values (SUV) were calculated using the formula shown in Eq. 1. Both the 

highest voxel value within the ROI (SUV_max) and the average ROI value (SUV_avg) were 

recorded. 

SUV                                        Eq. 1 

Equilibration of 18F-FDG between Plasma and Whole-Blood 

 A time-dependent plasma-to-whole-blood 
18

F-FDG equilibrium ratio, RPB(t) (Eq. 2), was 

determined between 
18

F-FDG concentrations in plasma and whole-blood for each study: 

         Eq.2  

where t is given in minutes. RPB was previously calculated by taking a series of whole-blood 

samples throughout the course of several studies, centrifuging each sample into plasma and 

http://dragon.nuc.ucla.edu/mqp/index.html
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cellular components, and measuring the 
18

F-FDG concentration in each fraction as described by 

Wu et al. (14) and Wong et al. (41).  

Plasma Input Function 

The full plasma time-activity curve (TACp) (the full input function) was derived based on 

the method reported by Ferl et al. (13). The method included the use of the early-time left 

ventricle (LV) TAC (t < 1 min) (with corrections of delay, dispersion, partial-volume effects, and 

red blood cell (RBC) uptake, and one cardiac whole-blood sample taken at the end of the study 

(~70 min). Briefly, the input function was assumed to have 4 exponential components (Eq. 3):  

+                    Eq. 3 

where  are unit parameters. The sum of the first three exponential terms were used to 

describe the very early portion of the serial blood sample data; the fourth exponential term was 

added to the input function so that TACp was forced to be equal to 0 at time 0. All the parameters 

were estimated by simultaneously fitting the plasma FDG blood curve with Eq. 3, and the muscle 

and liver TACs with two separate 4K-compartmental FDG models. Bayesian constraints were 

also added in the model fitting procedure (13).  

Kinetic Analysis 

 Both the PET image and blood data were converted to absolute radioactivity 

concentration (Bq/mL) using a cross-calibration factor derived from cylinder phantom 

experiments. The 
18

F-FDG uptake rate constant Ki ( ) was estimated via the 
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Patlak graphical analysis (113) using the derived plasma input function and tumor TAC data, by 

taking the slope of the linear portion from 15–60 min of the plot based on Eq. 4, where  is 

plotted on y-axis and  is plotted on x-axis: 

                                         Eq. 4 

Int =                                                                                                   Eq.5          

where  is the total 
18

F-FDG concentration in the tissue of interest,  is the non-

metabolized 
18

F-FDG concentration in the tissue,  is the 
18

F-FDG concentration in plasma, 

 is the total 
18

F-FDG concentration in tissue vasculature and  is the volume fraction of 

blood in tissue. The early-time tissue data will not be used because an equilibration time (t
*
) is 

needed in establishing a steady-state condition when the intercept (Eq. 5) is constant and the 

Patlak plot becomes linear. The metabolic rate of glucose (MRGlu) was calculated as 

  (97, 114), where Cglu is the mean plasma glucose concentration during the 

60-min PET imaging; and LC is the lumped constant that is the ratio of the utilization of 

deoxyglucose to that of glucose. LC were assumed to be 1.4 for brain cancer U87 (99) and 1.0 

for mammary cancer MDA-MB-231.   

Data Analysis and Functional Relationship Determination 
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 All Data analyses were performed using MATLAB (MathWork, USA). Regression 

analysis was performed on the tumor uptake (SUV_avg and SUV_max), Ki and MRGlu in the 

tumor to investigate their relationships with blood glucose level and with tumor size.  A P-value 

< 0.05 was considered statistically significant.  Ki and SUVs were first PV corrected by dividing 

the values by RC of the tumor that was estimated based on a sphere of the same volume of the 

tumor and a background level of 10% of the activity in the sphere. That is, RC for different 

tumor sizes was calculated based on a sphere of , the spatial 

resolution of the microPET scanner, and an assumed background activity level of 10% of the 

actitivity level of the sphere.  

Change of the PV corrected SUV or Ki as a function of the tumor size and blood glucose 

level were assessed by regressing the PV corrected SUV or Ki with the following equations, 

which are based on the Michaelis-Menten model (20):  

        Eq. 6 

         Eq. 7 

where [Glc] was the averaged blood glucose level of the two measurements at the beginning and 

the end of the scan. The parameters a and c were to account for the effect of tumor growth in size, 

b was equivalent to the half satuation glucose concentration of 
18

F-FDG uptake.  Significance of 

each of the two factors (Tumor Diameter and [Glc]) was assessed by removing one factor at a 

time from the regression equation in the model fitting. The model or the functional relationship 
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that best fit the data was selected based on the value of the mean squared error (MSE) resulted 

from leave-one-out cross-validation (LOOCV) (115). For each leave-one-out trial, all the data 

points from the left-out animal was removed, and the MSE of LOOCV was calculated using the 

following formula: 

        Eq. 8 

Where n is the number of animal and N is the number of studies used for test,  is the number of 

studies for the ith animal that is left out from the cross validation, and  is the estimated  from 

the model fitting. 

5.3 Results 

Coronal tomographic images of weekly microPET scans of a mouse implanted with 

MDA or U87 tumor cells are shown in Figure 5.1. The tumors were barely seen on microPET 

images by days 28 and 37 for U87 and MDA-MB-231, respectively, after implantation. For 

MDA-MB-231 tumors, necrotic cores were observed as early as the tumor diameter was about 

5mm, while for U87 studies, necrotic cores were observed only in 3 cases after the tumor 

diameter reached 8mm.  
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Figure 5. 1 A. Longitudinal FDG PET images of a mouse with human glioblastoma tumor U87 

implanted in the shoulder region.  B. Longitudinal FDG PET images of a mouse with human 

mammary tumor MDA-MB-231 implanted in the shoulder region.  Compared to the U87 tumor 

shown in Fig. 1A, necrotic core started appearing early in this case before tumor size became 

large. 

At the beginning time of the PET imaging, the averaged blood glucose levels were 

6.882±2.517 and 7.792±2.520 mmol/L, respectively, for MDA-MB-231- and U87-bearing mice. 

A modest increase of the blood glucose level was observed at the end of the scan (MDA-MB-231: 

A 

B 
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8.189±2.245 mmol/L; U87: 8.452±2.373 mmol/L) (probably due to the effect of isoflurane 

anesthesia (116)).  

5.3.1 Tumor Size and Tumor Time Activity Curves 

The tumor volume and calculated diameter at the time of the first PET scan was 

6.063±2.452mm
3
 and 2.262±0.332mm for the MDA group and was 5.875±2.644mm

3
 and 

2.230±0.343mm for the U87 group. Tumor volumes continued to increase over time as shown in 

Figure 5.2. There was no significant difference (P>0.05) in tumor growth between the two tumor 

types (Figure 5.2 and 5.3). The largest difference between the tumor sizes of the two tumors was 

at ~30 days after first PET imaging but the difference were still not significant (P>0.05). 

  

Figure 5. 2 Tumor volume measurements for MDA-MB-231 and U87 mice throughout the 

experiment. Arrow represents the start time of microPET imaging. 



 

 
 
 

90 
 

 

Figure 5. 3 The calculated tumor diameter for MDA-MB-231 and U87 mice throughout the 

experiment. Day 1 is the first day of FDG PET imaging.  

5.3.2 Tumor 
18

F-FDG Uptake and Metabolic Parameters 

SUV_avg or SUV_max could not accurately reflect the 
18

F-FDG uptake in necrotic tumor 

and the partial volume effect (PVE) was more difficult to be accounted for since the tumor was 

heterogeneous after the necrotic core was developed. For evaluation of the effects of blood 

glucose level, tumor size, and tumor growth, only studies without tumor necrotic cores were 

investigated in this work. Correlation between SUV_avg and SUV_max was strong for both 

tumors (MDA-MB-231: R
2
=0.9635, P<0.0001; U87: R

2
=0.9399, P<0.0001). SUV_avg was thus 

used for semiquantitative analysis and for model fitting to estimate the model parameter values. 

SUV_avg was also found to significantly correlate with the Patlak analysis derived Ki (MDA-

MB-231: R
2
=0.7913, P<0.0001; U87: R

2
=0.5529, P<0.0001) and with MRGlu (MDA-MB-231: 

R
2
=0.516, P<0.0001; U87: R

2
=0.419, P<0.0001).  
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The relationships between tumor size and SUV_avg, Ki and MRGlu in the tumor are 

shown in Figure 5.4 for MDA-MB-231 and U87 tumors. Linear regression analysis was made 

based on the data pooled from non-necrotic studies. There was a significant positive correlation 

between SUV_avg, Ki and MRGlu and tumor size for U87 (SUV_avg: R
2
=0.5686, P<0.0001; Ki: 

R
2
=0.2431, P=0.0272; MRGlu: R

2
=0.2167, P=0.0386) respectively; while no significant 

correlations of those were found in MDA-MB-231 (SUV_avg: R
2
=0.1514, P=0.1364; Ki: 

R
2
=0.0347, P=0.49; MRGlu: R

2
=0.0173, P=0.6273). Similarly, when we checked the blood 

glucose effect on SUV_avg, Ki and MRGlu, as shown in Error! Reference source not found.5.5, 

neither tumor SUV_avg nor Ki was found to be correlated with the blood glucose level for 

MDA-MB-231 (with both slope of regression lines and R
2
 not significantly different from zero, 

P>0.05). However, for U87, there was a modest dependence (P<0.05 for both SUV_avg and Ki) 

on blood glucose levels. MDA-MB-231 MRGlu was positively correlated with blood glucose 

levels (R
2
=0.3993, P=0.0086), while no significant correlation was found between MRGlu and 

blood glucose levels for U87 (P>0.05).   
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Figure 5. 4 Relationships between tumor diameter and SUV_avg, Ki and MRGlu in mammary 

cancer MDA-MB-231 and brain cancer U87.  The data was pooled from non-necrotic studies 

only.
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Figure 5. 5 Relationships between blood glucose levels and SUV_avg, Ki and MRGlu in 

mammary cancer MDA-MB-231 and brain cancer U87.  The data was pooled from non-necrotic 

studies only. 

5.3.3 PV Corrected 
18

F-FDG Kinetics with Blood Glucose Level, Tumor Size and Partial 

Volume Effect for Non-necrotic Studies 

Recovery coefficient (RC) calculated from simulation was used to correct the PVE. The 

RCs versus sphere radius are shown in Figure 5.6. RCs ranged from 0.34 to 0.93 when the sphere 

radius was increased from 0.5mm to 10mm. 
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Figure 5. 6 Revocery coefficient (RC) for partial volume correction of 18F-FDG uptake in 

tumor. Calculated RC was based on the shape of a sphere and the spatial resolution of the 

microPET scanner.  

SUV_avg and 
18

F-FDG uptake constant Ki in tumor were fitted by the functions of Eq. 6 

and Eq. 7, and their various reduced forms (i.e., removing the diameter- or glucose-dependent 

terms, or both). Leave-one-out cross validation (LOOCV) results that show the most appropriate 

functional relationships are shown in Table 5.1 and Table 5.2 for both MDA and U87 tumors. 

The regression model with the lowest MSE value for MDA data was SUV/RC=1.7171 

(MSE=2.91E-01) and Ki/RC = 0.034 (MSE=2.40E-04); for U87 data, it was SUV/RC = 4.5445/ 

(1.129+[Glc]) (MSE=2.04E-01) and Ki/RC = 0.052/(0.2122+[Glc]) (MSE= 9.15E-05). The 
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results indicated that SUV and 
18

F-FDG uptake constant Ki in MDA were not affected by blood 

glucose concentration, in contrast with the case for U87.  

    MDA-MB-231   U87 

Model N 
Optimal 

Parameters 
MSE 

 
Optimal 

Parameters 
MSE 

SUV/RC = a 1 a=1.7171 2.91E-01 
 

a=1.7931 2.19E-01 

SUV/RC = 
a+c*tumor 
diameter 

2 
a=2.1591                  
c=-0.1115 

3.19E-01 
 

a=1.7503                 
c=0.0008 

2.54E-01 

SUV/RC = a/(b+glc) 2 
a=6.2466               
b=2.4541 

3.40E-01 
 

a=4.5445                  
b=1.1290 

2.04E-01 

SUV/RC = 
(a+c*tumor 
diameter)/(b+glc) 

3 
a=54.4273                 
b=23.8240                 
c=-2.8120 

3.65E-01   
a=4.5427              
b=1.1785                
c=0.0005 

2.49E-01 

 

Table 5. 1 Regression analysis of the PV corrected averaged SUV. Each model‘s value of mean 

squared error (MSE) is calculated from leave one out cross validation (LOOCV), which was 

used to select the most appropriate model that represents the 18F-FDG uptake constants in each 

tumor type. N is the number of the independent parameters (a,b and c). 
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    MDA-MB-231   U87 

Model N 
Optimal 

Parameters 
MSE 

 
Optimal 

Parameters 
MSE 

Ki/RC = a 1 a=0.034 2.40E-04 
 

a=0.0327 1.40E-04 

Ki/RC = a+c*tumor 
diameter 

2 
a=0.0404                  
c=0.0030 

2.73E-04 
 

a=0.02926                  
c=2.06E-05 

1.60E-04 

Ki/RC = a/(b+glc) 2 
a=3.6736                

b=117.5432 
2.49E-04 

 
a=0.0520                  
b=0.2122  

9.15E-05 

Ki/RC = 
(a+c*tumor 
diameter)/(b+glc) 

3 
a=13.3778                  

b=324.9948                  
c=-0.7505 

2.88E-04   
a=0.0517               
b=0.2301                

c=5.09E-06 
9.81E-05 

 

Table 5. 2 Regression analysis of the PV corrected uptake constant Ki. Each model‘s value of 

mean squared error (MSE) is calculated from LOOCV. N is the number of the independent 

parameters (a,b and c). 

After the effects of partial volume and blood glucose concentration were accounted for 

(MDA: corrected_SUV = SUV/RC and corrected_Ki = Ki /RC; U87: corrected_SUV = SUV 

*(b+[Glc])/RC) and corrected_Ki = Ki *(b+[Glc])/RC), the data did not support any change of 

SUV or Ki when tumor (of either cell line) grew bigger in size (but before necrotic core 

development) as shown in Figure 5.7 and Figure 5.8. No significant relationship was found 

between the corrected_SUV or corrected_Ki and tumor size (Corrected_SUV: R
2
=0.1381 and 
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0.0009 for MDA and U87, respectively; corrected_Ki: R
2
=0.093 and 0.0246 for MDA and U87, 

respectively, P>0.05 for all situations). The corrected_SUV or corrected_Ki was also found to be 

uncorrelated to blood glucose concentrations with slope of regression lines not significantly 

different from zero (Corrected_SUV: R
2
=0.0006 and 0.0407 for MDA and U87, respectively; 

corrected_Ki: R
2
=0.033 and 0.003 for MDA and U87, respectively, P>0.05 for all situations).  

 

Figure 5. 7 Relationships between corrected SUV and tumor size and blood glucose levels in 

MDA-MB-231 and U87. The data was pooled from non-necrotic studies only.  
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Figure 5. 8 Relationships between corrected_Ki and tumor size and blood glucose levels in 

mammary cancer MDA-MB-231 and brain cancer U87. The data was pooled from non-necrotic 

studies only.  

5.4 Discussion 

In this work, a set of longitudinal quantitative 
18

F-FDG PET studies were performed on 

tumor-bearing mice, and the method to account simultaneously for the tumor size, the blood 

glucose level, and tumor growth has been tested. There were a few prior studies that used 
18

F-

FDG to quantify tumor glucose metabolism in rodents based primarily on semi-quantitative 

index such as SUV or tumor/background ratio (117, 118). While the impact of medium/blood 
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glucose levels on 
18

F-FDG uptake in tumor has been well investigated in in-vitro and in-vivo 

studies (1-3, 7, 57, 119), no longitudinal studies have been published to elucidate the associations 

of both blood glucose level and tumor size with 
18

F-FDG uptake constant in various tumors. Our 

quantitative analysis based on 
18

F-FDG uptake, kinetics analysis and cross validation addresses 

the effect of blood glucose level and tumor size (for tumors without necrotic cores) in different 

type of tumors. The results suggested that, accounting for these effects in the fitting of measured 

data, would lead to improvement in the measurement sensitivity of the true biological signals in 

the tumors (Figure 5.7 and Figure 5.8). 

5.4.1 Observed Differences between MDA-MB-231 and U87   

Human breast cancer MDA-MB-231 cells have a high proliferation rate in SCID mice 

(120), so are human glioma U87 cells (121). In this work, tumor growth was monitored in 

longitudinal studies for about 30 days and it was found that MDA-MB-231 and U87 had a 

similar growth rate after the baseline imaging time point (Figure 5.2). However, MDA-MB-231 

developed necrotic cores much earlier than U87 (Figure 5.1), probably due to different 

angiogenesis rates between the two tumor types. Likewise, the measured time activity curves 

were also found to be different. After examined the intercepts from the Patlak analysis of both 

tumors, we found that U87 has a larger intercept (0.505±0.127) than MDA-MB-231 

(0.328±0.045). As shown in Eq. 5, the intercept is  , which reflects the 

fractional blood volume VB and the distribution volume V0 of the reversible compartment C1, i.e. 

the ratio of concentrations of non-metabolized 
18

F-FDG in tumor and in plasma. Therefore, the 

higher intercept of U87 may indicate higher absorption rates of 
18

F-FDG in U87.   

http://onlinelibrary.wiley.com/doi/10.1046/j.1471-4159.1999.0730254.x/full
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5.4.2 Quantitation of 
18

F-FDG Uptake using SUV 

In PET tumor imaging, SUV is one of the most frequently used indices for characterizing 

tumor uptake and is becoming increasingly important. However, the value of the use of SUV for 

interpreting 
18

F-FDG PET scans was found to be limited because of the considerable overlap 

between SUV measurements in malignant and benign lesions, and subtle changes of early 

response to therapy (19, 122, 123). The clinical studies indicated that most tumors responding to 

therapy showed a 20–40% decrease in SUV early in the treatment course (less than 4 weeks after 

the treatment). Therefore, large variability in SUV measurements could affect the clinical 

interpretation.  It is critically important to understand the variables that can affect the FDG 

uptakes in the body tissues. Generally speaking, these variability sources can be categorized into 

two types. One comes from biological factors of the animal (e.g., body size, tumor‘s 

size/configuration changes, plasma substrate level, insulin level, and input function variations). 

Another type is associated with technologic factors (e.g. reconstruction parameter changes and 

inter-observer variability).  

Our MDA-MB-231 data showed that both SUV and MRGlu were relatively constant 

when tumor grew bigger (Figure 5.4); no correlation was found between SUV and blood glucose 

levels but MRGlu increased with increasing blood glucose levels (Figure 5.5). Unlike that in 

MDA-MB-231, SUV in U87 tumor correlates significantly with tumor size and blood glucose 

levels, indicating that correction for blood glucose level and tumor size is needed in the 

calculation of SUV to reflect MRGlu. These results also suggested that the glucose uptake 

mechanism could be different in different tumor types and correcting for blood glucose level or 

not in the SUV formula should be done cautiously. Reported results in the literature on effect of 
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blood glucose levels on a few other types of tumors were somewhat controversial. Most studies 

have demonstrated that 
18

F-FDG uptake into human cancer cells are inhibited by increasing 

blood/media glucose levels because of direct competition between 
18

F-FDG and D-glucose for 

uptake and incorporation into tumor cells and cancers (1, 2, 7, 94). Our results from U87 data 

were consistent with these findings. However, animal studies performed by Torizuka (96)  

indicated that the uptake of 
18

F-FDG in mammary carcinoma was reduced for insulin-induced 

hypoglycemia. Likewise, the mammary cancer MDA-MB-231 presented an uncorrelated 

relationship with a slight negative slope between 
18

F-FDG uptake and blood glucose levels 

(Figure 5.5).       

5.4.3 Corrected 
18

F-FDG Uptake Constant with Blood Glucose Level, Tumor Size and 

Partial Volume Effect  

When tracer uptake in small tumors without necrotic cores was measured, large biases 

could be introduced by the partial-volume effect (PVE) (124). We used calculated recovery 

coefficient (RC) to reduce the errors attributable to PVE (Figure 5.6). The semi-quantitative 

analysis showed that the effect of blood glucose level and tumor size on the 
18

F-FDG uptake 

should be corrected for U87 data. A model with three independent parameters was used in the 

present study to account for these factors for the 
18

F-FDG uptake constant (Eq. 6). Both MDA-

MB-231 and U87 data were tested using model fitting. The best model that fitted the 
18

F-FDG 

uptake constants was selected based on the smallest mean squared error (MSE) that was 

calculated from cross-validation (Table 5.1 and 5.2). The results showed that MDA data was best 

described by the model SUV/RC=1.7171 and Ki/RC = 0.034; for U87 data, it was SUV/RC = 

4.5445/ (1.129+[Glc])  and Ki/RC = 0.052/(0.2122+[Glc]).  
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The U87 Ki was inversely correlated to the blood glucose levels. That is similar to our 

previous findings on FDG uptake constant in the brain that showed a significant inverse 

relationship between cerebral 
18

F-FDG uptake constant and the blood glucose level. It was also 

consistent with the results of our in vitro studies, which showed that the FDG uptake in MDA is 

not affected as much by medium glucose level over the normal physiological glucose range as 

those of U87(36). Since U87 is a human cancer cell line originated from the brain, the finding 

that U87 behaves like brain tissue in glucose metabolism is interesting, but not unexpected. The 

18
F-FDG SUV and Ki, after corrected for the partial volume effect and blood glucose levels 

(Figure 5.7 and 5.8), did not show any change when tumor (of either cell line) grew bigger in 

size (but before necrotic core development) for both MDA and U87. With the use of the 

corrected_SUV or corrected_Ki, sensitivity of quantitative analysis in different types of tumors is 

expected to be improved (Figure 5.7 and 5.8). No significant correlation was found between 

tumor size and blood glucose concentration (R
2
=0.0067 and 0.041 for MDA and U87, 

respectively, P>0.05 for both).  This satisfied the independence assumption of the independent 

variables in the multivariate regression analysis we have used.  

The results showed that the values of Ki can be measured with the same reproducibility as 

SUV. The main advantage of Ki is that it takes into account changes in the whole-body 

distribution of FDG. Therefore, measurement of the input function and calculation of uptake 

constant Ki may be preferable to the use of SUV when the distribution volumes of FDG changes 

due to environmental changes, such as change of blood glucose levels. However, it was also 

found that variability of Ki could be increased due to patient movement during acquisition, 

especially when the size of the lesions is still small (37). Quantitative studies for evaluating FDG 
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uptake in lung cancer also supported the same conclusion that SUV and graphical Ki can be 

measured reproducibly(38). In general, SUV and Ki are both high reproducible parameters for 

quantitation of glucose metabolism in PET studies. 

5.4.4 Implications in Further In Vivo Tumor Studies  

The present results indicate that 
18

F-FDG uptake constants in MDA-MB-231 and U87 

differ considerably in response to altered blood glucose level, suggesting that 
18

F-FDG uptake 

and glucose metabolism are tumor-type dependent. However, more work needs to be done to 

account for possible effects due to insulin and tumor heterogeneity (when a necrotic core appears) 

to further improve the reliability of the quantitative measurements and to examine the metabolic 

stability/change after a necrotic core develops. Insulin can induce a host of effects on vascular 

cells (44-46), including traditional metabolic actions such as glucose transport and utilization(44), 

protein synthesis and cellular proliferation(45). In addition, insulin also has vascular-specific 

actions that are particular to vascular tissues (46). Although the effects of insulin on tumor 
18

F-

FDG uptake has been studied by others before (48-50), the prior studies all involved insulin 

injections into the animal or patient to alter the circulating insulin level, which also caused blood 

glucose level changes.  As a result, changes in 
18

F-FDG uptake could be due to either or both of 

these factors. Only after the known confounding factors are properly accounted for can one begin 

to critically assess the temporal changes in 
18

F-FDG uptake kinetics during normal growth or due 

to intervention or treatment (37, 125).  

5.5 Conclusions 

Results from the present study showed that 
18

F-FDG uptake constant in U87 tumor varies 

inversely with the blood glucose levels; in contrast, MDA 
18

F-FDG uptake constant is 
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independent of the blood glucose level, indicating that different transporter/hexokinase 

adaptation to blood glucose levels exist for the two tumor types. PV and [Glc] corrected 
18

F-FDG 

uptake constant was stable as tumor of either cell line grew in size. To make quantitation of 
18

F-

FDG PET images more robust, PV correction is needed.  Furthermore, adjustment for blood 

glucose level should be applied for tumor types that are sensitive to blood glucose levels in their 

18
F-FDG uptake constants. 
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Chapter 6 SUMMARY AND CONCLUSIONS 

The uptake of FDG into tissue reflects both transport and phosphorylation of glucose by 

viable cells. However, previous experimental and clinical studies have indicated that the FDG 

uptake within a tumor mass may be influenced by numerous factors. Biological factors such as 

tumor grade, hypoxia, cellular proliferation rate and blood glucose concentration have been 

shown to affect FDG uptake. Generally speaking, the purpose of the work presented in this 

dissertation was to investigate the effects of several biological factors on a few highly 

reproducible quantitative parameters of FDG kinetics that are related to tumor glucose 

metabolism . In vitro studies were firstly performed on a novel cell culture and imaging system 

(microfluidic beta-camera) to examine the relationship between FDG kinetic parameters in tumor 

cells and the media glucose levels. Then with the use of multi-well cell culture plate, effects of 

media glucose levels and media free fatty acid levels on FDG uptake in tumor cells were  

extensively evaluated. Third, two tumor cell lines were selected based on the results of in vitro 

experiments   for a set of FDG-PET studies on tumor-bearing mice.  

Chapter 3 introduced a new tracer infusion strategy to extract the FDG quantitative 

parameters in tumor cells by using a PSAPD-coupled microfluidic chip. Due to various technical 

difficulties, extraction of kinetic parameters from in vitro cell culture experiments has not been 

done by others before. The new switching strategy, which consists of tracer incubation and 

background-removed periods, overcomes the difficulties caused by bolus injection or constant 

infusion for quantitation of dynamic cellular tracer uptake data. Furthermore, an optimal 

switching schedule design was obtained to provide the most reliable parameter estimates of the 

tracer transport and phosphorylation rate constants in tumor cells. The optimized schedule also 
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has the practical advantages of simplifying the tracer incubation protocol and reducing any 

potential disturbance to the cultured cells caused by the perfusions during the switches between 

periods. Robustness of the novel cell culture protocol and the reliability of the estimates were 

examined by both computer simulations and real experiments on chip. In addition, response of 

FDG uptake in tumor cell lines to specific media glucose levels was monitored. It was concluded 

that the kinetic switching strategy for tracer incubation could provide reliable estimates of 

cellular FDG transport and uptake constants and the reliability of the model parameters can be 

improved with an optimal design of fewer switching cycles. The results also indicated that 

glioma cell line U87 and prostate cancer cell line CaP8 can adapt well to elevated glucose levels 

in the environment.   

The study presented in Chapter 4 was conducted on regular cell culture micro-plate in 

order to investigate the effect of media glucose levels and free fatty acid levels on FDG uptake in 

tumor cells. Several different tumor types were tested and conclusions were not all the same at 

different tumor cell lines. It was found that FDG uptake in the tumor cell lines all decreased with 

the increased medium glucose level, but not with the change of the free fatty acid level. However, 

the relationship between FDG uptake and medium glucose level is different for different tumor 

types, e.g. the FDG uptake in mammary cell line MDA-MB-231 is not affected as much by 

medium glucose level over the normal physiological glucose range as those of U87 and PC3.  

The value of the lumped constant appeared not affected by the medium glucose level.  

As shown above, in vitro studies of FDG uptake kinetics in cells have been approached 

by two methods: (1) using a novel microfluidic beta camera system and a switching tracer 

infusion protocol; (2) using a multi-well cell culture plate. The microfluidic system owns many 
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advantages over the multi-well plate, such as automatic measurement of time activity curve 

(TAC) that reflects the dynamic change of FDG uptake in cells as a function of time, extraction 

of kinetic parameters of cells, less human intervention and time consuming. However, the 

experimental results from microfluidic system are not as good as predicted from the computer 

simulations when the switching strategy is applied, indicating that there are still spaces to 

improve the methodology and the design of the system. The future work may focus on improve 

the reliability of quantitation on chip for various cellular and tracer experiments. 

In chapter 5, in-vivo FDG-PET studies were performed on a set of tumor bearing mice. 

We hypothesized that the tumor cell lines that responded with strong effects to changes of the 

medium glucose level in vitro will similarly have a larger effect in vivo. Longitudinal FDG-PET 

imagings were performed on mice implanted with either U87 or MDA-MB-231. We addressed 

the effects of blood glucose level and tumor size on both SUV and FDG uptake constant Ki . The 

input function was derived from dynamic PET images and was used to quantitate the Ki values 

for both tumor types. Results indicated that there is probably different transporter/hexokinase 

adaptation to blood glucose level for the two tumor cell lines. The FDG uptake constant, after 

correction for tumor size and blood glucose level effects, was found stable as tumor grew in size. 

In other words, to ensure robust quantitation of FDG-PET images, corrections of blood glucose 

level and partial volume effect are needed for tumors that are sensitive to blood glucose levels in 

their FDG uptake constants.  

The animial FDG-PET studies suggest that FDG uptake and glucose metabolism are 

tumor-type dependent. Two biological effects: blood glucose level and tumor size are considered. 

However, more work needs to be done to account for other possible effects such as insulin and 
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tumor heterogeneity (when a necrotic core appears) to further improve the reliability of the 

quantitative measurements and to examine the metabolic stability/change after a necrotic core 

develops. Only after the known confounding factors are properly accounted for can one begin to 

critically assess the temporal changes in 
18

F-FDG uptake kinetics during normal growth or due to 

intervention or treatment. 

In conclusion, the effects of blood glucose level on the FDG uptake in various tumor cell 

lines were investigated in this dissertation in in-vitro and in-vivo situations. Results from 

microfluidic beta camera system, regular multi-well cell culture plate and FDG-PET studies were 

consistent and indicated that different tumors have different sensitivity to blood glucose level.       
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