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Abstract 

The defining characteristic of malignant tumors is excessive, uncontrolled cell 

proliferation, suggesting that measurements of cell proliferation would be useful for 

characterizing tumors and tumor responses to therapy.  Molecular imaging with the experimental 

modality 3'-Deoxy-3'-18F-fluorothymidine (FLT) positron emission tomography (PET) can be 

used to non-invasively measure longitudinal changes in cell proliferation.  The overall goal of 

this dissertation is to investigate the clinical value of FLT PET as a biomarker of patient response 

to cancer therapy.  It focuses on utilization of FLT PET to improve anti-angiogenic and 

immunotherapies as they are promising cancer therapies but widespread efficacy has been 

hindered by acquired or intrinsic resistance to therapy.  In this dissertation a methodology for 

performing dynamic PET scanning and FLT compartmental modelling in clinical studies is 

developed.  Applying this methodology shed new insights relating to the interplay of vascular 

and proliferative changes occurring in tumors during anti-angiogenic therapy.   It was found that 

increases in tumor cell proliferation occurred during week-long breaks in anti-angiogenic 

therapy.  This led in part to development of a novel treatment paradigm where chemotherapy is 

applied sequentially during breaks in anti-angiogenic therapy to boost therapeutic efficacy.  We 

tested this novel treatment regimen and found greater decreases in tumor FLT uptake when 

chemotherapy was applied during anti-angiogenic treatment breaks, indicating sequential 

chemotherapy enhances the pharmacodynamic effect of anti-angiogenic therapy.  In the context 

of immunotherapy, we found increased FLT PET uptake in draining lymph nodes that provides 

evidence of regional activation of immune cells.  During immunotherapy, changes in FLT uptake 

in tumors were predictive of time to progression and increased FLT uptake in thyroid lobes was 

predictive of the occurrence of thyroid-related adverse events.  These results strongly support 
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continued study of FLT PET as imaging biomarker for devising improved therapeutic strategies 

and as an early predictor of patient response.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Chapter 1: Introduction 

1.1 Motivation and specific aims 

The promise of precision medicine has been spurred by the identification of new 

therapeutic targets specific to individual patients.  While this has led to many new therapies, it 

has also increased demand for biomarkers that predict therapeutic efficacy.  Development of 

biomarkers that can reliably assess whether a patient is responding favorably to therapy at early 

timepoints would facilitate the era of precision medicine, allowing physicians to quickly evaluate 

whether a targeted therapy should be continued or altered.  

The rapid rise in targeted therapies has also made apparent the shortage of available 

biomarkers for evaluating the mechanistic actions of new drugs in clinical trials. Without 

knowing the biologic mechanisms of a therapeutic agent, developing improved therapies 

becomes inefficient.  A good example of this occurred when investigators tried combining 

targeted anti-angiogenic therapy and chemotherapy.  It was proposed that brief periods of 

vascular normalization brought about by anti-angiogenic therapy would allow better delivery of 

chemotherapy to the tumor (1).  However, results of several phase III clinical trials studying the 

combination of anti-angiogenic therapy and concurrent chemotherapy were inconclusive, with 

some combination therapies showing improved outcomes (2-4) and others showing no 

improvement or even worse outcomes when compared with monotherapy (5-7).  Results such as 

this demand a better understanding of drug pharmacodynamic effects during early stage clinical 

trials so that synergistic treatment combinations are more efficiently developed.   

The preceding paragraphs highlight the need for novel response-based biomarkers that 

can measure the pharmacodynamic effects of new therapies and predict individual patient 

responses to therapy.  Some of the most successful biomarkers to date are those derived from 
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tumor biopsies, which can be powerful tools to aid selection of therapy (8-10).  However, due to 

the invasiveness of tissue biopsies, they are not possible for all tumor sites and repeat 

measurements are difficult to procure, limiting assessment of tumor heterogeneity and changes 

over time (11).  Biomarkers derived from peripheral blood, such as liquid biopsies, offer a less 

invasive supplement to biomarkers derived from tissue biopsies (12).  While peripheral blood 

markers can be measured longitudinally with relative ease, they do not offer a direct assessment 

of tumor sites and often cannot provide organ specific information that is necessary to fully 

characterize drug pharmacodynamic effects.   

A third class of biomarkers, those derived from medical imaging, offer a useful 

complement to tissue biopsies and peripheral blood sampling.  Imaging biomarkers provide an 

assessment of tumor sites and other organs as well as enable repeat measurements to assess 

changes during treatment.  These advantages are part of the reason why medical imaging is the 

standard for evaluating therapeutic effects in clinical trials, with changes in anatomic tumor size 

or number of tumors measured ubiquitously for assessing patient responses (13).  Anatomic 

imaging has proven useful for assessing response to established cytotoxic therapies such as 

radiation therapy or chemotherapy; however, it has proven less useful for monitoring emerging 

therapies for advanced cancers, where decreases in tumor size are not always indicative of 

response (14-16).    

The five year survival rate for patients with advanced cancer remains relatively low for 

most cancer types (17), which has led to the recent development of two promising classes of 

therapy: anti-angiogenic therapy and immunotherapy.  Both of these therapies have been shown 

to improve outcomes in subsets of patients but there are no reliable measures that can be used to 

identify these responding patients (18). The standard for assessing clinical response has been to 
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measure changes in tumor size derived from anatomic imaging modalities such as computed 

tomography (CT) (13,19).  A limitation of this type of assessment is that changes in anatomic 

tumor size are slow relative to physiologic changes occurring in tumors following treatment.  

This is especially problematic for evaluating anti-angiogenic and immunotherapies, where 

immediate decreases in gross tumor size are not always present in responding patients.  For 

example, anti-angiogenic therapies aim to slow proliferation of tumor cells by destroying tumor 

vasculature, which may not lead to measurable tumor shrinkage (16,20).  During immunotherapy 

tumors may initially increase in size in responding patients due to immune cell infiltration, 

making assessment of progression difficult with anatomic imaging modalities (14).   

Cancer is characterized by excessive, uncontrolled cell proliferation, and an earlier, 

potentially more useful biomarker of tumor response may be provided by measuring changes in 

tumor cell proliferation.  Molecular imaging with the experimental modality 3'-Deoxy-3'-18F-

fluorothymidine positron emission tomography (FLT PET) enables non-invasive measurement of 

tumor cell proliferation.  FLT is a radiolabeled molecular analogue of the DNA nucleoside 

thymidine that is preferentially taken up in proliferating cells (21).  It has already been shown 

that FLT PET is capable of measuring tumor cell proliferation in clinical studies and that early 

changes in these measurements are predictive of clinical outcomes (22-39).  However, few 

studies have evaluated FLT PET as a biomarker for emerging anti-angiogenic therapies or 

immunotherapies.   Even fewer studies have investigated the clinical utility of dynamic PET 

scanning with FLT compartmental modelling, which theoretically enables improved 

quantification of cell proliferation and concurrent assessment of vascular changes (40,41).   

Although FLT PET has shown promise in clinical trials, it remains an experimental tracer 

and has not been approved for assessing patient responses in routine clinical workflows; this is 
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partially due to limits in quantitative accuracy arising from small sample sizes and the 

technicality of performing dynamic PET scans.  The overall goal of this dissertation is to 

investigate the utility of FLT PET/CT imaging as a response-based biomarker in anti-angiogenic 

therapy and immunotherapy.  We will develop methodologies to improve the quantitative 

accuracy of FLT PET and when possible compare FLT PET measurements with established 

clinical biomarkers derived from anatomic imaging, peripheral blood samples, and tumor 

biopsies.  The following specific aims outline the major goals of this dissertation: 

  

Aim 1: Improve the quantitative accuracy of FLT PET. We aim to improve the quantitative 

accuracy of FLT PET imaging by performing dynamic scanning with FLT compartmental 

modelling. We also aim to identify normal data transformations that enable statistically powerful 

parametric modelling of PET datasets.  

 

Aim 2: Assess the utility of FLT PET/CT imaging as a response biomarker in anti-

angiogenic therapy.     Greater understanding of pharmacodynamic effects of anti-angiogenic 

therapy may offer insight into resistance and improved treatment strategies.  Pharmacodynamic 

effects will be assessed by analyzing serial FLT PET/CT scans during anti-angiogenic therapy; 

changes in tumor vasculature and cell proliferation will be summarized and correlated with other 

clinical biomarkers.   

 

Aim 3: Assess the utility of FLT PET/CT imaging as a response biomarker in 

immunotherapy.  We will investigate whether FLT PET detects changes in immune cell and 

tumor cell proliferation during immunotherapy.  The PET data will be correlated with standard 

clinical markers of response and the occurrence of immune-related adverse events.   
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This dissertation is organized as follows: The rest of this chapter describes previous work 

that provides rationale for the studies in this dissertation.  Section I describes efforts to improve 

the quantitative accuracy of FLT PET imaging, including compartmental modelling and 

parametric statistical modelling.  Section II describes the results of studies wherein FLT PET is 

utilized for response assessment in anti-angiogenic therapy.  Section III describes the results of 

studies wherein FLT PET is utilized for response assessment in immunotherapy.  Section IV will 

provide an overall summary and conclude with future directions of this work.   

1.2 Review of the FLT PET literature   

A defining characteristic of cancer is excessive, uncontrolled cell proliferation; this has 

motivated a large body of research aiming to quantify tumor cell proliferation (42).  In the 1950s, 

cell proliferation was measured using autoradiography of resected tissue with radiolabeled 

thymidine (43).   As interest in measuring cell proliferation grew, driven in part by the growing 

interest in cancer research, new techniques for measuring it were developed.   Notably, in 1983 a 

study reported on production of Ki67, a monoclonal antibody that binds to a nuclear antigen 

associated with cell proliferation (44).  This antibody is now ubiquitous in clinical pathology 

departments and is routinely used for measuring proliferative rates of cancer cells via 

immunohistochemistry of resected tissue (45).  However, a limitation of the Ki67 

immunohistochemical method is that it requires removal of the tissue of interest, an invasive 

procedure.  In 1988 a non-invasive technique for measuring cell proliferation was introduced that 

involved injection of 11C-thymidine and PET scanning (46).  However, the short half-life of 

carbon-11 (~20 minutes) and the presence of radiolabeled metabolites severely limited 11C-

thymidine’s clinical utility as a PET tracer. In 1998 Shields et al. developed an alternative non-

invasive method for measuring cell proliferation using FLT PET (21).  FLT is an 18F 
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radiolabeled thymidine analogue and its uptake into cells is increased during cell division (47).  

Unlike 11C-thymidine, FLT has no confounding metabolic products that enter tissue, making 

quantification relatively straightforward (40,41).  After entering cells, FLT is phosphorylated by 

thymidine kinase-1.  FLT is not incorporated directly DNA but rather remains trapped in a 

phosphorylated state within cells, providing a measure of thymidine kinase-1 activity that is 

upregulated in proliferating cells   (41,48).  The clinical utility of FLT PET is supported by 

studies showing that tumor FLT uptake correlates with measures of tumor cell proliferation 

derived from Ki67 immunohistochemical staining (21,40,48-51).   

A literature review revealed 202 clinical studies in human patients that have in some way 

utilized FLT PET.  The first clinical FLT PET study was performed in 2002, which was followed 

by a steady rise in yearly studies until 2011 wherein the number of yearly studies plateaued at 

13-18 studies per year (Figure 1).  The most frequent utilization of FLT PET in clinical studies 

has been for response assessment (Table 1).  Of these studies, FLT PET has primarily been used 

to assess response in chemotherapy, radiation therapy, or epidermal growth factor receptor 

inhibition therapy (Table 2).  A number of these studies have showed that changes in tumor FLT 

uptake measured shortly after therapy are correlated with long-term clinical outcomes (22-39).  

These results demonstrate the potential value of utilizing FLT PET to assess effects of cancer 

therapies.  Furthermore, dynamic FLT PET kinetic parameters derived from compartmental 

modeling quantify not only cell proliferation but also vascular characteristics such as perfusion 

and the vascular fraction of tissue (41,52).  This multi-faceted assessment of multiple biological 

processes has potential to inform of therapeutic effects and their mechanisms that ultimately lead 

to a positive or negative response.   
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The focus of this dissertation will be FLT PET response assessment in anti-

antiangiogenic therapy and immunotherapy.  These are two areas where FLT PET has not been 

extensively utilized and both types of therapy would benefit from the development of new 

response-based biomarkers.  A literature review of FLT PET in anti-angiogenic therapy and 

immunotherapy is presented at the beginning of Sections II and III, respectively.   

 
Figure 1: Number of published studies that have utilized FLT PET by year (only studies with 

human patients included). 

 

 

 

Table 1: Summary of published studies that have utilized FLT PET 

Study Purpose 
Description Number 

of studies 

Response This included studies wherein the primary goal was to 89/202 
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assessment evaluate therapeutic effects using FLT PET 44% 

Diagnosis 

This included studies wherein the primary goal was to 

evaluate the ability of FLT PET for diagnosing disease (in 

nearly all cases cancer) 

67/202 

33% 

Modality validation 

This includes studies that correlated FLT PET with an 

independent reference standard (typically Ki67 

immunohistochemistry), studies that assessed the 

safety/toxicity of FLT PET, or studies that performed test-

retest FLT PET scans   

27/202 

13% 

Development of 

image analysis tools 

This included studies whose primary goal was development 

of a method/algorithm for analyzing FLT PET images e.g. 

compartmental modelling approaches, automated image 

analysis, etc. 

11/202 

5% 

Radiotherapy 

treatment planning 

This included studies aiming to use FLT PET to identify 

organs at risk (bone marrow) or define gross tumor volumes 

to aide in radiotherapy treatment planning 

8/202 

4% 

 

Table 2: Summary of studies that have used FLT PET for response assessment 

Therapy Number of studies 

Chemotherapy 
24/89 

27% 

Chemotherapy and radiation 
15/89 

17% 

Epidermal growth factor 

receptor inhibitor 

11/89 

12% 

Radiation 
10/89 

11% 

Anti-angiogenic  
7/89 

8% 

Anti-angiogenic and 

chemotherapy* 

6/89 

7% 

Mixed  
6/89 

7% 

Other 
5/89 

6% 

Surgery 
3/89 

3% 

Immunotherapy 
2/89 

2% 

* All studies in brain tumors except 1 (that study is presented in this dissertation) 
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Section I FLT PET quantification 

Before utilizing FLT PET to investigate physiologic changes during therapy, steps must be taken 

to ensure measurements are quantitative.  The most common metric of FLT PET quantification is 

the standardized uptake value (SUV).  The SUV is calculated by taking the radioactivity 

concentration in a given region of interest (ROI) and normalizing it by the ratio of the injected 

dose divided by the patient weight (53).  Validation of the SUV as a quantitative measure has 

been performed by comparing FLT SUV measurements with reference standards of cell 

proliferation derived from immunohistochemistry (51).  The precision of FLT SUV 

measurements has also been assessed through test-retest studies.  FLT PET repeatability 

coefficients for SUVmean (i.e. the average SUV within an ROI) were found to be 41-53% in 

breast cancer tumors, 11-39% in lung cancer tumors, 23% in gliomas, and 20% in healthy bone 

marrow (54-60).  A retrospective review of FLT PET test-retest data concluded that differences 

greater than 25% in FLT SUV metrics likely represents a true change in tumor uptake (61).  This 

section will discuss our methods to further improve the quantitative accuracy of FLT PET in 

clinical trials.   Chapter 2 will discuss a methodology for FLT PET compartmental modelling 

that enables concurrent assessment of vascular and proliferative changes in tumors.  Chapter 3 

will discuss methods to enable parametric statistical modelling of PET data.   
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Chapter 2: Improving the quantitative accuracy 

of FLT PET with compartmental modelling 

2.1 Motivation 

While the FLT SUV provides a robust estimate of tumor cell proliferation, only moderate 

correlation with measures of cell proliferation derived from reference standards such as Ki67 

immunohistochemistry has been shown.  This is likely due to dephosphorylation of bound FLT 

that causes the tracer to leave the imaging region (40,41).   A more accurate estimate of cell 

proliferation can be derived from dynamic FLT PET images and tracer compartmental 

modelling.  In this case, the uptake of FLT into tissue is modelled as a function of time, 

providing an estimate of the net flux of FLT from the blood pool to its phosphorylated state 

within cells.  The net flux of FLT (Ki) has been shown to be more correlated with measures of 

cell proliferation derived from reference standards than FLT SUVs (40,49,50).  An additional 

advantage of FLT compartmental modelling is that it provides an assessment of tumor vascular 

changes that are important for evaluating anti-angiogenic therapies.   

However, there are a number of challenges that have hindered widespread adoption of 

dynamic FLT PET scanning in oncology.  This includes 1) the limited axial field of view (FOV) 

of current PET scanners, 2) the low signal to noise ratio in the short dynamic frames, 3) the 

requirement of a vascular input function that has been corrected for FLT metabolites in the 

blood, and 4) the need for specialized software for analysis of dynamic scans.  While increasing 

the FOV of current clinical PET scanners is outside the scope of this dissertation, other research 

groups aim to address this challenge (62).  Our research group has however, already developed 

specialized software for analyzing dynamic FLT PET scans using compartmental modelling 
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(63,64).  In this chapter we will expand on this work by incorporating a correction to account for 

FLT metabolism in the vascular input function.   

FLT is metabolized in the liver, resulting in the metabolite FLT-glucuronide that is 

confined to the liver and vasculature (47,50,65).  The vascular input function for FLT kinetic 

analysis must be corrected for this metabolite.  The metabolite correction can be performed using 

blood samples taken during each dynamic PET frame (full blood sampling); however, this 

process is invasive.  One study has claimed that a population-based correction (no blood 

sampling) is a viable method, resulting in mean absolute difference in kinetic parameter 

estimates of 6% from corrections derived from full blood sampling (66).  In this chapter we 

derive our own population based correction for FLT metabolism and investigate whether 

metabolite correction with limited blood sampling at 45 and 100 minutes post-injection results in 

significantly different estimates of kinetic parameters relative to our population-based correction.   

A FLT metabolite correction with limited or no blood sampling would reduce the 

invasiveness of dynamic PET imaging, providing a more clinically feasible methodology.  In 

addition to investigating a less invasive metabolite correction, this chapter will assess the 

uncertainty in tumor kinetic parameter estimates due to noise in dynamic frames. Characterizing 

the effects of noise on kinetic parameter estimates will be useful for deciphering what may be 

true changes in kinetic parameter estimates during therapy.   The work in this chapter will be 

derived from a dataset of patients undergoing anti-angiogenic therapy.  The resulting FLT kinetic 

model discussed in this chapter will be applied to characterize the pharmacodynamic effects of 

anti-angiogenic therapy in Chapter 5: Dynamic FLT PET to investigate concurrent changes in 

tumor vasculature and cell proliferation during anti-angiogenic therapy.   
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2.2 Methodology 

FLT PET/CT Acquisition 

Thirty-three patients are included in this chapter’s analysis.  These patients underwent 

dynamic FLT PET scanning at three timepoints during the course of intermittent anti-angiogenic 

therapy (at baseline, after two weeks of continuous treatment, and after a one week treatment 

break).  All dynamic PET scans were performed on a GE Discovery LS PET/CT scanner (GE, 

Waukesha WI).  The PET/CT field of view (FOV) was chosen to include a solid tumor amenable 

to FLT PET analysis as well as include a major artery for extracting the vascular input function.  

Each patient was scanned with the same FOV for all PET/CT scans.  Prior to initiating dynamic 

PET scans a low dose CT scan without contrast agent was acquired.  Immediately following the 

CT scan, patients were injected with a bolus of FLT (mean 370 MBq and standard deviation 110 

MBq).  The first 22 PET dynamic frames were acquired from 0-40 minutes post-injection with: 

eight 15-s, four 30-s, six 60-s, two 5-min, and two 10-min frames.  An additional 23rd frame was 

acquired between 60 and 90 minutes post-injection and lasted 5-min.  The final (23rd) frame was 

rigidly registered to the 22nd frame using Amira software (ThermoFisher Scientific Inc., 

Waltham MA) and was visually verified for alignment.  PET images were reconstructed using an 

ordered subsets expectation maximization algorithm using the CT scan for attenuation 

correction.  The reconstruction parameters included: 2 iterations, 35 subsets, and 6-mm Gaussian 

axial post filter.  The grid size was 128×128×47 with voxel dimensions of 5.47, 5.47, and 3.27 

mm, respectively.   
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FLT PET/CT Segmentation  

Using the combined PET/CT image and diagnostic radiology reports, tumors within the 

PET FOV were identified by an experienced nuclear medicine physician. Tumors were manually 

segmented on all scans using Amira software.  For vascular input function the ascending aorta, 

descending aorta, or common iliac were manually segmented using early PET frames for vessel 

visualization and later frames to ensure absence of severe motion artifacts (67).  The mean values 

of the vessel segmentation in each PET frame were fit to a tri-exponential function (to minimize 

noise) that was used as input function for FLT compartmental modelling (68,69).  To minimize 

the impact of input function partial volume effects, we focused the analysis on assessing relative 

changes in FLT kinetic parameters.  

 

FLT Metabolite Correction 

Venous blood was extracted during the PET/CT scans for nine patients with an 

intravenous line in the arm opposite FLT injection (40,67).  Blood samples were centrifuged for 

five minutes at 1500 rpm to separate out the plasma (Figure 2).  For each sample, 100 μL of 

plasma was mixed with 4 mL of deionized water and run through a Sep-Pack (Waters 

Corporation, Milford MA) to collect the metabolite sample.  Next 10 mL of ethanol was run 

through the Sep-Pak to collect the FLT sample.  Samples were counted using an auto gamma 

counter (PerkinElmer, 2480 WIZARD2) and the fraction of unmetabolized FLT in blood (FLT 

fraction) was calculated by dividing the counts for the FLT sample by the sum of the counts from 

the FLT and metabolite samples.  A double exponential fit to each patient’s FLT fraction 

measurements at 45 and 100 minutes was used to derive patient-specific FLT metabolite 
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corrections.  A population-based metabolite correction was derived by fitting a double 

exponential to the median value of FLT fraction measurements across all measured values at 45 

and 100 minutes. 

 

Figure 2: Tube containing patient plasma and hematocrit after centrifugation.  

 

FLT Compartmental Modelling 

FLT uptake in tumor voxels during dynamic PET scanning was used to specify voxel 

time activity curves (TACs).  The tumor voxel TACs, vascular input function, and metabolite 

corrected vascular input function were used to fit the FLT compartmental model for each tumor 

voxel (Figure 3 and  

Table 3).  Each voxel was fit to a four and a five parameter kinetic model (k4 was set to 

zero in the four parameter model) and the model with the lower Akaike information criterion 
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(AIC) was utilized.  Given high covariance between K1 and k2 parameters, the model was 

reparametrized by exchanging the k2 parameter with the ratio of K1 over k2 (Vd) to improve 

identifiability of K1 (41).  Equations 1-3 below, describe the four parameter model and Equations 

1, 4 and 5 describe the five parameter model.  For both models the net flux of FLT (Ki) from 

vasculature into a phosphorylated state within cells was calculated to quantify cell proliferation 

(Equation 6) (70).  All curve fitting was done using the trust-region-reflective least-squares 

minimization algorithm in MATLAB (63).   

Tissue concentration = (Q
e
 + Q

m
 + VbCb)ρ  Eq 1 

 
dQe

dt
 = K1 CbFLT - k2 Q

e
 - k3 Q

e
   Eq 2 

 
dQm

dt
 = k3 Q

e
      Eq 3 

 
dQe

dt
 = K1 CbFLT - k2 Q

e
 - k3 Q

e
 + k4 Q

m
  Eq 4 

 
dQm

dt
 = k3 Q

e
 - k4 Qm

     Eq 5 

 

Ki = 
K1k3

k2+k3
      Eq 6 

 

Table 3: Variable definitions for the FLT compartmental model 
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Figure 3: The two-tissue compartment FLT kinetic model following notation introduced by 

Muzi et al. (27).  The model includes kinetic rate-constants (K1, k2, k3, k4) as well as additional 

free parameter Vb that are estimated from model fitting.  The net flux of tracer (Ki) is calculated 

from the kinetic rate constants and has been shown to be increased in proliferating cells. 

 

Covariance of model parameters was investigated to determine which FLT kinetic 

parameters could be independently estimated during the course of anti-angiogenic therapy 

(41,71).  Monte Carlo simulations were also performed to assess the effect of noise on relative 

change estimates of the kinetic parameters.  For each patient, the Monte Carlo simulations 

consisted of: 1) estimate ‘true’ kinetic parameter values using tumor TACs from the clinical data, 

2) simulate PET TACs using ‘true’ parameter values, 3) add Poisson noise to the simulated PET 

TACs, 4) estimate kinetic parameters for simulated PET TACs, 5) calculate relative changes in 
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the estimated kinetic parameters across timepoints, and 6) calculate the bias (Equation 7) and 

root mean square error (Equation 8) of the relative change estimates by comparing with the 

relative changes in the ‘true’ parameter values (72).   

bias=
∑ (Ri-Rt)i

N
     Eq 7 

RMSE=√∑ (Ri-Rs)
2

i

N
  Eq 8 

 

where Ri is the relative parameter estimate from the ith simulation, Rt is the ‘true’ relative 

parameter value, and N is the total number of simulations.     

 

 

 

 

Statistical Analysis 
 

Due to the skewed nature of the FLT uptake distributions, we utilized non-parametric 

statistics to analyze the data.  The median value of each tumor’s voxel-based kinetic parameter 

distributions was extracted, providing summary kinetic parameters for each tumor.  The median 

kinetic parameter value across all tumors within a given patient was extracted, providing 

summary kinetic parameters for each patient.  Significant changes in FLT metabolism during 

treatment were assessed using Wilcoxon signed-rank tests.   

 

2.3 Results 

The median values of FLT fraction measurements across the scans from the nine patients 

with venous blood sampling were 0.78 and 0.70 at 45 and 100 minutes, respectively.  These 

values were used to derive the population-based correction for FLT metabolism (Figure 4a).  

Wilcoxon signed-rank tests indicated  FLT metabolism did not change significantly during the 

course of anti-angiogenic therapy i.e. the FLT fraction measurements at 45 and 100 minutes 
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post-injection were not significantly different across imaging timepoints (Figure 4b).  This 

indicates anti-angiogenic therapy has a minimal effect on the metabolism of FLT and the same 

population-based correction for FLT metabolism may be used throughout anti-angiogenic 

therapy.  Further, relatively small changes in kinetic parameters were found when going from the 

patient-specific to the population-based correction for FLT metabolism (Figure 4c), indicating 

little benefit to using the patient-specific FLT metabolite correction.   

All thirty-three patients with various metastatic cancers were included in the analysis of 

kinetic parameter covariance and noise simulations.  At baseline, parameter covariance was 

similar to what has been reported previously for the FLT kinetic model, including high 

covariance (correlation coefficient greater than 0.90) between the k3 and Vd parameters (Table 

4).  Moreover, covariance of FLT kinetic parameters did not change appreciably during the 

course of anti-angiogenic therapy.  The number of tumor voxels utilizing the 5 parameter FLT 

kinetic model were 6,859 (33%), 3,984 (24%), and 6,555 (35%) at the baseline, peak drug, and 

washout timepoints, respectively.  Nearly all tumors (>95%) had some voxels utilizing a 4 

parameter model and some utilizing a 5 parameter model.   

Figure 5 shows the results from the Monte Carlo simulations.  The median value of the 

bias is close to zero for all kinetic parameters, indicating estimates of relative parameter changes 

across a patient population will be unbiased.  The median value of the RMSE is approximately 

15% for Vb, K1, Vd, and Ki; however, the RMSE for k3 is larger (median approximately 30%), 

indicating estimates of k3 will be less precise relative to the other parameter estimates.   
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Figure 4: (a) A population-based correction for FLT metabolism was formulated using an exponential 

fit to the median value of FLT fraction measurements across all patients at 45 and 100 minutes.  

Measurement data points show median values and error bars show interquartile range across all patients’ 

blood sample measurements. (b) Comparison of FLT metabolism at different timepoints during 

VEGFR-TKI treatment.  The bars show the median value across all patients ± interquartile range.  (c) 

Going from patient-specific to the population-based metabolite correction led to relatively small changes 

in FLT kinetic parameters and no changes were significant using a Wilcoxon signed-rank test. 

 

 

Table 4: Normalized covariance matrix for FLT kinetic parameters.   
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(-0.72 to -0.58) (-0.10 to 0.24) (-0.15 to -0.02) (0.04 to 0.30) 
* These coefficients were summarized the same way as kinetic parameter s (i.e. taking medians) 
**Interquartile range 

   

 

Figure 5: The box plots show the bias (a) and RMSE (b) for each kinetic parameter that were calculated 

from the Monte Carlo simulations. 

 

 

2.4 Discussion 

In this chapter a population-based correction for FLT metabolism was derived using 

blood samples extracted 45 and 100 minutes after tracer injection.  Comparison between kinetic 

parameter estimates using the population-based correction and patient-specific correction using 

blood samples demonstrated relatively small changes in kinetic parameters for the majority of 

patients.  This suggests the population-based correction for FLT metabolism is a viable non-

invasive option for assessing changes in FLT kinetic parameters during anti-angiogenic therapy.  

Further comparisons of population-based corrections with patient-specific corrections using full 

blood sampling at various timepoints after injection, as was done in Shields et al. (66), would be 

valuable to further characterize uncertainties associated with population-based corrections.   



21 

 

Noise in the dynamic PET frames leads to uncertainty in kinetic parameter estimates.  To 

characterize the effect of noise on the parameters estimates we performed Monte Carlo 

simulations.  From these simulations we found the bias in relative parameter estimates was close 

to 0% (median) and the root mean squared error was approximately 15% (median) for Vb, K1, 

and Ki.  However, there are additional factors besides noise that lead to uncertainty in the kinetic 

parameter estimates.  Test-retest studies of FLT kinetic parameters in tumors have shown 

relatively small mean changes in kinetic parameters from test to retest timepoints; however, the 

repeatability coefficients (1.96σ) were approximately 50% for Ki and 70% for Vb (58,73). These 

results suggest conclusions regarding changes in Vb, K1, and Ki may be reliable when 

summarized across a large population but changes in any individual patient’s kinetic parameters 

should be interpreted with the relatively large parameter uncertainties in mind.  Prospective test-

retest studies of FLT kinetic parameters in larger patient populations would allow improved 

characterization of patient-level uncertainties; this would likely be necessary before clinical 

decisions could be made based on changes in any individual’s FLT kinetic parameters.   

 

2.5 Conclusion 

In this chapter we introduce a FLT compartmental model that can be used to measure 

kinetic parameters, such as the net flux of FLT (Ki) that theoretically offers a more reliable 

measure of cell proliferation than the FLT SUV.  We have derived a population-based correction 

for FLT metabolism using patient blood sampling at 45 and 100 minutes.  This population-based 

correction removes the need for blood sampling to correct for FLT metabolism, making the 

kinetic modelling approach more feasible for clinical studies.   Finally, we characterized the 

effects of noise on kinetic parameter estimates, concluding that population-based estimates of 
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kinetic parameter changes will be unbiased.  The results from this chapter will be applied in 

Chapter 5: Dynamic FLT PET to investigate concurrent changes in tumor vasculature and cell 

proliferation during anti-angiogenic therapy. 
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Chapter 3: Improving the quantitative accuracy 

of FLT PET with parametric statistical modelling 

3.1 Motivation 

When quantifying the pharmacodynamic effects of a given therapeutic agent, summary 

statistics are calculated by combining changes in a given biomarker across a population of 

patients.  A significant change in the summary statistic indicates whether or not the therapy is 

having its intended effect.  The quantitative accuracy of summary statistics can be improved with 

parametric statistical modelling.   Parametric statistical modelling can provide increased 

statistical power by accounting for correlations in underlying data.  For example, when analyzing 

patients with multiple tumors, investigators may summarize SUVs for each patient (19,25).  

Although this approach gives SUVs without intra-patient correlations, it discards information 

(e.g. SUVs for each tumor are reduced to single SUV for each patient by taking the average SUV 

across all tumors within a patient) and consequently reduces statistical power.  An alternative 

analysis may be to incorporate the tumor SUVs into a parametric model that accounts for intra-

patient correlation of tumor SUVs.    

Unfortunately, the skewed nature of PET SUV distributions prevents parametric 

statistical modelling (74).  Furthermore, skewed SUV distributions limit use of other parametric 

statistical tests such as t-tests, linear regression, and analysis of variance (75).  If the normality 

assumptions of these statistical tests are violated, resulting parameter estimates and conclusions 

may not be reliable.  This motivates PET SUV transformations that result in normal distributions 

and allow utilization of parametric statistical techniques (53,56,76).  The increased statistical 

power provided by these parametric techniques can potentially reduce the number of patients and 

expenses required for clinical studies. 
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18F-fluorodeoxyglucose (FDG) is a widely used PET radiotracer for quantifying glucose 

utilization in tumors (19,77).  FDG SUVs extracted from tumors have been shown to be 

positively skewed and a log transformation has been shown to provide normal FDG SUV 

distributions in some cases (53).  No study has assessed the normality of FLT PET SUV 

distributions.  In this chapter the utility of Box-Cox transformations for providing normal SUV 

distributions is assessed for FLT SUV distributions (78).  For comparison and to demonstrate the 

generalizability of our methodology we also apply Box-Cox transformations to FDG SUV 

distributions.   To our knowledge this is the first study to utilize Box-Cox transformations on 

PET data.  Sensitivity of the normal transformations to therapy is investigated.  Lastly, the 

lognormal behavior of these SUV distributions is investigated and compared with the optimal 

Box-Cox transformation.   

 

3.2 Methodology 

Imaging cohorts 

The transformation methodology is applied to two imaging cohorts.  The first cohort 

consists of FLT PET imaging data from our institution (University of Wisconsin Carbone Cancer 

Center).  This includes patients with metastatic cancers that underwent FLT PET scanning at 

baseline and after two weeks of anti-angiogenic therapy (Table 5).  The second cohort is a 

publicly available dataset (Radiation Therapy Oncology Group 0522 from the Cancer Imaging 

Archive) that consists of patients with head and neck squamous cell carcinoma that underwent 

FDG PET scans at baseline and eight weeks after radiation therapy (77).   The maximum SUV of 

voxels within a tumor (SUVmax) is extracted from each tumor and the resulting distributions of 

tumor SUVmax are analyzed using our transformation methodology.     
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Table 5: Summary of the patient cohorts utilized in this study. 

Cohort Tracer Disease Therapy Timepoints 
Number of 

patients 

Number of 

tumors 

1 FLT Various metastatic 

solid tumors 

Anti-

angiogenic 
Pre, Post 27 70 

2 FDG 
Head and neck 

primary and nodal 

tumors 
Radiation Pre , Post 52 126 

 

Identification of optimal transformations 

To identify optimal transformations, we apply one parameter Box-Cox transformations to 

SUV distributions (Equation 9).   

T= {
Sλ-1

λ
     if λ≠0

ln(S)        if λ=0
  Eq 9 

 

where S is the untransformed SUV measurement, λ is the Box-Cox transformation parameter, 

and T is the resulting transformed SUV measurement.  An optimal transformation is identified 

by conducting a grid search of λ in order to ascertain the distribution of transformed values 

which most closely resembles a normal distribution.  The transformation parameter is varied in 

increments of 0.01 within the range of -3 to +3.  The optimal transformation parameter is 

selected as that which produces a transformed SUV distribution with the maximum Shapiro-Wilk 

P-value (79).   

Ninety-five percent confidence intervals (95% CI) for the optimal transformation 

parameter are calculated with non-parametric bootstrapping using the bias corrected and 

accelerated bootstrap implemented using the boot function in R version 3.4 (80).  The resampling 

for the bootstrap is performed on a patient-level with 10,000 iterations.  Identification of an 

optimal transformation parameter is repeated separately for each imaging cohort.  To 
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characterize the resulting distributions, we calculate the distribution mean, skewness (Equation 

10) and excess kurtosis (Equation 11) 

γ
1
=

1

N
∑ (Si-S̅)

3N
i

 

(
1

N
∑ (Si-S̅)

2N
i )

3
2

  Eq 10 

 

γ
2
=

1

N
∑ (Si-S̅)

4N
i

 

(
1

N
∑ (Si-S̅)

2N
i )

2 -3  Eq 11 

 

N is the number of tumors in the SUV distribution, 𝑆𝑖 is the SUV for the ith tumor, and 𝑆̅ is the 

mean of the tumor SUV distribution.  Quantile-Quantile plots (Q-Q plots) were also generated to 

characterize resulting distributions and their deviations from normality (81,82). 

 

3.3 Results 

The effect of the Box-Cox transformation on SUVs is shown Figure 6. When the 

transformation parameter is less than one, the Box-Cox transform reduces positive skewness by 

shifting higher SUVs closer to lower SUVs.  The amount of shift is determined by the 

transformation parameter, with lower values of the transformation parameter leading to greater 

shift in SUVs. 
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Figure 6: For a given transformation parameter λ, the Box-Cox transform reduces positive skew 

by shifting high SUVs closer to low SUVs.  Various values of the transformation parameter are 

shown by different curves. 

 

 

Untransformed SUV distributions for both FLT and FDG deviated significantly from 

normality, demonstrating relatively high coefficients of variation as well as high values of 

skewness and excess kurtosis (Table 6).  The optimal Box-Cox transformation parameters for 

FLT and FDG are shown in Figure 7.  The optimal transformations for FLT SUVmax 

distributions were λ = -0.02 (95%CI: -0.34 to 0.30) and λ = -0.37 (95%CI: -0.77 to -0.03) at pre 

and post treatment, respectively.  The optimal transformations for FDG SUVmax were λ = 0.42 

(95% CI: 0.17 to 0.67) and λ = -0.01 (95% CI: -0.58 to 0.41) at pre and post treatment, 

respectively.   

Figure 8 shows Q-Q plots for the untransformed, log transformed, and optimally 

transformed FDG SUVmax distributions.  The untransformed SUV distributions had quantiles 

greater than expected for normal distributions, indicating non-normal behavior (Figure 8a and 

Figure 8d).  After a log transformation, the SUV distributions exhibited more normal behavior 

(Figure 8b and Figure 8e); however, some quantiles fall below what is expected for a normal 
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distribution (Figure 8b).  The quantiles for the optimally transformed distributions demonstrated 

good agreement with expected normal quantiles (Figure 8c and Figure 8f).   

For both FLT and FDG, therapy resulted in increased skewness and kurtosis in SUVmax 

distributions, leading to a decrease in the optimal transformation parameter from pre to post 

treatment.  After applying the optimal transformations, all SUV distributions had reduced 

skewness and excess kurtosis and none of the distributions deviated significantly from normality.  

A log transformation also resulted in reduced skewness and excess kurtosis but the pre treatment 

FDG SUVmax distribution remained significantly non-normal even after log transformation 

(Table 6).   

 

 
Figure 7: Optimal transformation parameters and 95% confidence intervals for the SUVmax 

distributions of both patient cohorts.  There are cases where the optimal transform deviates 

significantly from λ=0, indicating a log transformation is not likely to be optimal for producing 

normal SUV distributions.    
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Figure 8: Q-Q plots of SUVmax, log transformed SUVmax, and optimally transformed SUVmax at 

pre treatment (a-c) and post treatment (d-f).  In these plots the measured SUVs are plotted vs. the 

expected quantiles values of a standard normal distribution.  If the measured SUVs followed a 

true normal distribution, we expect the measured SUVs to be linearly proportional to the 

standard normal quantiles (indicated by the line of normality shown on each plot).  If the 

measured SUVs lie above this line that indicates the SUV measurements are higher than would 

be expected for a normal distribution.  This is the case for both the pre (a) and post (d) treatment 

SUV distributions where a number of measured SUVs lie above the line of normality, indicating 

positive skewness.  At pre treatment, the log transform shifts the data too far turning a positive 

skew (a) into a negative skew (b); however, there is minimal skew for the optimal transformation 

(c).  At post treatment, there is visual improvement in normality when going from untransformed 

SUV (d) to log transformed SUV (e).  In this case, since the log transform is very close to 

optimal, there is little difference when going from log transformed (e) to optimally transformed 

SUV (f). 
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Table 6: Summary of the untransformed, optimally transformed, and log transformed SUVmax 

distributions. Distribution statistics for FLT SUVmean and SUVtotal are also included for comparison.   

  
No Transform Optimally Transformed Log Transformed (λ=0) 

PET 

metric 
Time Mean CVa 𝛄𝟏

b 𝛄𝟐
c Pd Mean CVa 𝛄𝟏 𝛄𝟐 P Mean CVa 𝜸𝟏 𝜸𝟐 P 

FLT 

SUVmax 

Pre 6.0 0.6 1.3 1.2 <0.01 1.9 0.4 0.0 -0.5 0.49 1.6 0.4 0.0 -0.5 0.49 

Post 4.6 0.7 1.6 2.0 <0.01 1.0 0.4 0.0 -0.8 0.30 1.3 0.5 0.4 -0.6 0.05 

FLT 

SUVmean 

Pre 2.4 0.5 1.0 0.4 <0.01 0.7 0.6 0.0 -0.7 0.33 0.8 0.6 0.1 -0.8 0.28 

Post 2.0 0.6 2.5 7.9 <0.01 0.5 0.8 0.0 0.7 0.56 0.6 0.9 0.6 0.8 0.08 

FLT 

SUVtotal 

Pre 91.6 1.9 4.0 17.7 <0.01 3.5 0.4 0.0 -0.6 0.71 3.5 0.4 0.0 -0.6 0.71 

Mid 53.1 1.6 3.2 11.3 <0.01 3.0 0.6 0.0 -1.0 0.07 2.8 0.6 -0.1 -1.0 0.07 

FDG 

SUVmax 

Pre 12.3 0.6 0.9 1.4 <0.01 4.2 0.4 0.0 -0.5 0.12 2.3 0.3 -0.5 -0.4 <0.01 

Post 3.2 0.5 1.7 4.2 <0.01 1.0 0.5 0.1 0.6 0.21 1.0 0.5 0.1 0.6 0.21 

a Coefficient of variation 
b Skewness 
c Excess kurtosis 
d Shapiro-Wilk P-value for assessing distribution normality  

 

3.4 Discussion 

It is often assumed that a log transformation is adequate for providing normally 

distributed PET SUVs extracted from tumors (53); however, this chapter presented cases where 

the log transformation was not optimal for producing normal SUV distributions.  Through 

optimization of the Box-Cox transformation, we identified transformations leading to normally 

distributed SUVs, even in cases where the log transformation failed to provide normal 

distributions.  Importantly, the results showed that therapy can alter the optimal transformation 

leading to normally distributed SUVs.  This indicates that although a transformation may provide 
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sufficiently normal SUV distributions at one timepoint (prior to therapy) it may not do so at 

another timepoint (post therapy). 

After applying optimal Box-Cox transformations to FLT SUVs, both pre and post 

treatment distributions were normally distributed.  After applying optimal Box-Cox 

transformations to FDG SUVs, both pre and post treatment distributions were normally 

distributed, providing further validation of the Box-Cox transformation methodology.  After log 

transforming FLT SUVs, the pre treatment distribution was normally distributed but the post 

treatment distribution approached non-normality (P = 0.05). After log transforming the FDG 

SUVs, the pre treatment deviated significantly from normality (P<0.01) but the post treatment 

was normally distributed.  These results indicate therapy can alter the lognormal behavior of 

SUV distributions for both FDG and FLT.  This underlies the importance of assessing whether 

transformed SUV distributions are sufficiently normal before performing statistical tests that 

require distribution normality.  

The relatively high coefficients of variation for the tumor SUV distributions that have a 

lower bound of zero suggest non-normal behavior; this is further supported by relatively high 

values of skewness and excess kurtosis.  Some have speculated that tumor SUV distributions 

deviate from normality since the morphologic features of tumor vasculature follow lognormal 

distributions (53).   Given the deviation from normal and lognormal behavior found in this study 

for both PET tracers it seems likely physiologic factors in addition to vascular morphology are 

influencing the behavior of tumor SUV distributions.  For example, the distribution of cell 

densities across different tumors or the distribution of tracer phosphorylation rates across 

different tumors could impact the behavior of tumor SUV distributions.  Furthermore, SUV data 

that is compiled from multiple institutions will be influenced by differences in PET scanners and 
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imaging protocols across institutions that could alter the behavior of underlying SUV 

distributions (83,84).  

For both FLT and FDG SUVmax distributions, the skewness and kurtosis increased during 

therapy.  An increase in kurtosis implies a greater number of outliers; this accompanied by an 

increase in skewness indicates an increase in the number of outliers that are greater than the 

mean.  Thus, for both patient cohorts in this study, therapy led to an increase in the number of 

SUV outliers that were greater than the mean (this increase is evident in Figure 8a and Figure 

8d).  The increase in positive outliers from pre to post therapy may represent resistant tumors 

that are more refractory to therapy relative to the rest of the tumor population. This effect led to a 

decrease in the optimal Box-Cox transformation parameter from pre to post treatment for both 

patient cohorts.  This result indicates selection of the optimal normal transformation will likely 

change depending on whether analysis is performed on SUVs extracted before, during, or after 

therapy.  However, this does not rule out the possibility that a single transform may be adequate 

for providing normal distributions at pre and post treatment.  If one desired to analyze multiple 

timepoints with the same transform, the Box-Cox optimization could be modified to take into 

account the distributions from all timepoints simultaneously.  For example one could identify the 

transformation parameter that maximizes the minimum Shapiro Wilk P-value resulting from the 

transformed distributions.   

Oftentimes changes in PET SUVs are used to characterize tumor responses to therapy 

(19,25,56,85).  This may require analysis of negative changes in tumor SUV metrics as a result 

of treatment.  One of the limitations of the one-parameter Box-Cox transformation is that it 

cannot be used to transform distributions with negative values.  However, one could still assess 

changes in SUVs by performing the Box-Cox transformation prior to calculating changes i.e. 
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perform a normal transformation on the SUVs and then calculate changes on the transformed 

scale.  This would require that the same transformation be applied to both the pre and post 

timepoints.  Since the optimal transformation parameter decreased for both FLT and FDG SUV 

distributions from pre to post treatment, assessing changes across timepoints may require the 

optimization be modified so that a single normal transformation is found for both the pre and 

post treatment SUV distributions simultaneously.   

 

3.5 Conclusion 

In this chapter, Box-Cox transformations were utilized to identify the optimal normal 

transformations for FLT and FDG SUV distributions extracted from tumors before and after 

treatment.  Importantly, it was showed that SUV distributions can significantly change from pre 

to post treatment, indicating the optimal transformation leading to a normal distribution will 

likely change during the course of therapy.  These normal SUV transformations enable powerful 

parametric statistical modelling for analyzing correlated measurements and enable use of other 

parametric statistical tests (t-tests, linear regression, analysis of variance, etc.) when analyzing 

PET SUVs.  The results from this chapter will be utilized to enable parametric statistical 

modelling in Chapters 4 and 6 of this dissertation.   
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Section II FLT PET response assessment 

in anti-angiogenic therapy 
 

 

Angiogenesis is the process of new blood vessel formation and maintenance that is 

primarily activated during periods of human growth (20,86).  In adulthood, angiogenesis has a 

limited role in normal human physiology (87).  The discovery that tumors must activate 

angiogenic processes to grow beyond 2-3 mm in size led to the development of anti-angiogenic 

therapies (86).  Angiogenesis was an enticing therapeutic target as all tumors require the 

angiogenic process for growth and it is a process not normally activated in healthy tissues.  Thus, 

targeting the angiogenesis pathway was thought to have a high therapeutic index i.e. little 

adverse effects on healthy tissues and ubiquitous inhibition of tumor growth.  Excitement for 

anti-angiogenic agents grew in 2004 following the FDA approval of the anti-angiogenic agent 

bevacizumab for treating advanced colorectal cancer.  This led the then FDA commissioner to 

herald anti-angiogenic therapy as the “fourth modality of cancer treatment” following surgery, 

chemo, and radiation therapy (88).   

The vascular endothelial growth factor (VEGF) pathway is the most common target of 

anti-angiogenic agents due to its well documented role in angiogenesis (20).  Anti-angiogenic 

drugs targeting the VEGF ligand and VEGF receptors (VEGFRs) on endothelial cells have had 

the most success and have been shown to slow tumor growth for a number of different cancers 

(20).  Bevacizumab, a monoclonal antibody targeting the VEGF ligand, was one of the first anti-

angiogenic agents showing clinical success but only when combined with chemotherapy 

(2,3,89,90). This success was followed by development of VEGFR tyrosine kinase inhibitors 

(VEGFR-TKIs) that showed improved single agent activity compared with bevacizumab. 
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VEGFR-TKI monotherapies prolonged overall and progression free survival in multiple 

metastatic cancers (91-95).   

Despite initial responses to VEGFR-TKI treatments, brief periods of efficacy are always 

followed by disease resistance and progression (20,86,96).  Thus, development of novel 

therapeutic strategies to prolong patient benefit and delay the onset of disease resistance is an 

active area of research.  Given the success of VEGFR-TKIs as monotherapy, a logical next step 

to improve efficacy of these agents was combination trials with cytotoxic chemotherapy.  This 

was based on the clinical successes that were found when concurrently administering VEGF-

ligand targeting agents like bevacizumab with chemotherapies (2-4).  However, phase III clinical 

trials administering concurrent VEGFR-TKI and chemotherapy demonstrated negative results 

(5,97-102).   A more thorough investigation of mechanistic actions of anti-angiogenic therapies 

would provide crucial understanding of why some combination therapies fail, while others prove 

effective, leading to more efficient development of combination strategies.  Section II of this 

dissertation will utilize FLT PET to characterize the mechanistic actions of anti-angiogenic 

agents.  Through this work we were able to provide explanation for the negative results when 

concurrently administering VEGR-TKIs with chemotherapy and devise a novel treatment 

paradigm for combining VEGFR-TKIs with chemotherapy. 

FLT PET has been utilized to assess the effects of anti-angiogenic therapy in a number of 

clinical trials (25,26,28,52,85,103-106).  It has shown particular promise for assessing 

pharmacodynamic effects of VEGFR-TKIs (25,85,105,106).  During continuous treatment with 

VEGFR-TKIs patients experienced a decrease in tumor FLT uptake.   However, this decrease 

was followed by a rebound in FLT uptake just days after a break in VEGFR-TKI dosing, 

presumably due to rapid increases in tumor cell proliferation.  This rebound, known as the 
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VEGFR-TKI withdrawal flare, was independent of tumor type.  This led some to hypothesize 

that the withdrawal flare can be exploited by ‘synchronizing’ chemotherapy during VEGFR-TKI 

treatment breaks to maximize the therapeutic index of cell cycle-specific chemotherapy 

(25,85,105).  This sequential treatment strategy, i.e. applying cell-cycle specific chemotherapy 

during VEGFR-TKI treatment breaks to specifically target the withdrawal flare, has not been 

studied clinically.   

The work in this thesis utilizes FLT PET to further assess whether a sequential VEGFR-

TKI and chemotherapy treatment paradigm might be advantageous.  This includes assessment of 

the withdrawal flare in multiple intermittent VEGFR-TKI treatment cycles (Chapter 4: Assessing 

pharmacodynamic effects of intermittent anti-angiogenic therapy using static FLT PET) and 

utilization of dynamic FLT PET scanning to further characterize vascular and proliferative 

changes occurring in tumors during VEGFR-TKI therapy (Chapter 5: Dynamic FLT PET to 

investigate concurrent changes in tumor vasculature and cell proliferation during anti-angiogenic 

therapy ).  The anti-angiogenic therapy section of this dissertation concludes with the results 

from Chapters 4 and 5 being utilized to develop and assess a novel treatment paradigm (Chapter 

6: Assessing the pharmacodynamic effects of sequential VEGFR-TKI therapy and chemotherapy 

with FLT PET). 
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Chapter 4: Assessing pharmacodynamic effects of 

intermittent anti-angiogenic therapy using static 

FLT PET and plasma VEGF 

4.1 Motivation 

Axitinib is a VEGFR-TKI that blocks VEGFRs-1, 2, and 3.  It is a second generation 

anti-angiogenic agent that has shown improved potency over previous VEGFR-TKIs and has 

been approved for the treatment of metastatic renal cell carcinoma (107).  Despite the promise of 

axitinib, patients eventually acquire resistance to treatment.  This has motivated a number of 

studies investigating axitinib pharmacokinetics and pharmacodynamics in an effort to develop 

improved treatment strategies.   For example, pharmacokinetic modelling showed that higher 

doses of axitinib in renal cell carcinoma patients tolerating therapy was associated with improved 

response rate (108).   Alternatively, it has been hypothesized that combining VEGFR-TKI 

treatments such as axitinib with other types of treatments might improve efficacy (105).  Based 

on results from previous studies (25,85), it has been hypothesized that the treatment withdrawal 

flare, characterized by a rebound in tumor cell proliferation during the VEGFR-TKI washout 

period, may offer an opportune time to apply synergistic cell-cycle specific chemotherapy 

(25,85).  However, further characterization of VEGFR-TKI pharmacodynamic effects during 

intermittent regimens is necessary to determine the feasibility of sequential treatment strategies.   

This includes determining whether the withdrawal flare occurs in later cycles of intermittent 

treatment regimens.  

This chapter evaluates the withdrawal flare during multiple intermittent treatment cycles 

with the VEGFR-TKI axitinib.   FLT-PET/CT imaging and plasma measurements of VEGF 

ligand levels will be used to characterize the pharmacodynamic effects of treatment, including 
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the withdrawal flare.  Correlations between PET data and VEGF ligand levels will be assessed 

using normal data transformations and mixed effects models.  The ultimate clinical goal is to 

exploit the withdrawal flare to improve therapeutic index of cell–cycle specific chemotherapy for 

applications in the neoadjuvant or metastatic setting.   

 

4.2 Methodology 

Patient Population 

 Patients with histologically or cytologically confirmed solid malignancy (excluding 

lymphoma) that was metastatic or unresectable and for which no standard therapy existed were 

included in this study.  Patients with prior anti-VEGF treatment were excluded.  Other exclusion 

criteria include concomitant coumarin-derivative anticoagulation, history of brain metastases, 

and any concomitant use of CYP3A4 or CYP1A2 inducers.  All patients signed informed 

consent documents approved by the Institutional Review Board at the University of Wisconsin.  

Additional approval by the Radioactive Drug Research Committee at the University of 

Wisconsin was obtained given use of an experimental tracer.  This study was conducted in 

accordance with the Declaration of Helsinki. 

 

Drug administration and study design 

Patients underwent VEGFR-TKI treatment with the standard FDA approved 5 mg twice 

daily (BID) axitinib.   All patients underwent three week treatment cycles with axitinib taken 

orally, twice daily with food on days 1-14, followed by a one week drug break (days 15-21).     

Patients underwent up to 6 FLT PET/CT scans at three timepoints during both cycles 1 and 3 

(Figure 9).  No imaging was obtained during cycle 2.  The rationale for FLT PET/CT imaging 
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during cycle 3 was to determine whether the withdrawal flare was present in later cycles of 

intermittent treatment while still maintaining an evaluable number of patients on the study.  The 

imaging timepoints for cycle 1 and cycle 3 included: (i) baseline (-3 to 0 days prior to treatment), 

(ii) peak drug exposure (12 to 14 days into the dosing period), and (iii) near end of drug washout 

period (5 to 7 days into the treatment break).  In order to be evaluable for FLT PET/CT imaging 

patients needed to complete greater than 90% of scheduled axitinib doses prior to completion of 

the third FLT PET/CT scan.  All patients were assessed for progression every three cycles of 

therapy using RECIST 1.1 guidelines.  Patients were also assessed for progression by a treating 

physician, which was based on a number of factors available to the physician including adverse 

side-effects of treatment. 

 

 

Figure 9: Treatment schedule and FLT PET/CT imaging timepoints 

 

FLT PET/CT scans and analysis 

 Patients were injected with up to 300 MBq of FLT.  FLT PET/CT scans were initiated 60 

minutes post injection (7 bed positions, 5 minutes per bed position) on a Discovery LS PET/CT 
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scanner (GE, Waukesha WI).  An ordered-subsets expectation maximization (OSEM) algorithm 

was used for three-dimensional image reconstruction with CT data used for attenuation 

correction.  Parameters for the reconstruction included: 256x256 matrix, 35 subsets, 2 iterations, 

and a 3-mm Gaussian post-filter.   The resulting image was a 256x256x263 matrix with voxel 

dimensions of 2.73, 2.73, and 3.27 mm, respectively. 

Each tumor (up to five per patient) was identified by a nuclear medicine physician using 

both PET and CT images.  Manual segmentation of tumors was performed by the same 

individual for all scans using Amira software (Visage Imaging Inc.).  Imaging metrics analyzed 

included SUVs, which were corrected for injected activity and patient weight (resulting in SUVs 

with units of g/mL).  SUVs were calculated for each voxel and summarized for all tumors in 

each patient giving global SUVs (including SUVmean, SUVmax, and SUVtotal).  SUVmean was 

defined as the average SUV of all tumors within a patient.  SUVmax was defined as the SUV in 

the voxel with highest SUV of all tumors within a patient.  SUVtotal was defined as the product of 

the sum of SUVs from all tumors within a patient and the voxel volume.  In addition to 

extracting SUVs for each time point, relative percent changes in SUVs were calculated for the 

treatment and washout periods within cycles 1 and 3.  Equation 12 shows example calculation 

for the relative change in SUV during the treatment period in cycle 1.     

SUV%=
SUVPET 2-SUVPET 1

SUVPET 1
×100%  Eq 12 

 

VEGF and Axitinib Plasma Concentrations 

Plasma samples for analysis of axitinib and vascular endothelial growth factor ligand 

(VEGF) concentrations were collected on the same days as PET/CT scans:-3 to 0 days prior to 

dosing, after 12 to 14 days of dosing (week 2) and after 5 to 7 days of drug washout (week 3).  
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VEGF concentrations were measured by a commercially available 96-well plate quantitative 

sandwich immunoassay (Quantikine® human VEGF, R & D Systems, Minneapolis, MN) 

according to manufacturer’s instructions.  Axitinib plasma concentrations were measured by a 

validated LC/MS/MS (85).     

 

Statistical Methods 

Relative changes in SUVs and plasma markers were summarized in terms of medians and 

ranges.  Since the distributions of the relative changes in SUVs and plasma markers were highly 

skewed, the nonparametric Wilcoxon signed-rank test was utilized to evaluate changes across 

time points.  A linear mixed effects model with subject specific random effects was used to 

examine the association between SUVs and VEGF measurements.  A compound symmetry 

correlation structure was utilized to account for correlation of measurements arising from the 

same patient.  Both the SUV and VEGF distributions were normally transformed before 

inclusion in the linear mixed effects model.  All reported P-values are two-sided and P<0.05 was 

used to define statistical significance.  Data analysis was conducted using R software version 

3.4.0.   

4.3 Results 

Patient Characteristics 

Sixteen patients were enrolled on this study and underwent FLT PET scanning (Table 7).  

Two of the patients completed only the baseline FLT PET/CT scan and were not included in the 

imaging analysis.   The remaining fourteen patients completed three or more of the scheduled 

FLT PET/CT scans.  The median cycles of therapy received was 4 (range 2 to 18). 
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Table 7: Patient Demographics 

  
Patients 

N=16 

Age (years) 

Median (range) 70 (38-82) 

Number of Patients 

Male 11 (69%) 

Female 5 (31%) 

Primary Disease site 

Prostate 5 (31%) 

Colorectal 3 (19%) 

Urothelial 2 (13%) 

Ovarian 1 (6%) 

Lung 1 (6%) 

Other 4 (25%) 

Number of organs with metastases 

1 5 (31%) 

2 5 (31%) 

3+ 6 (38%) 

 

FLT PET/CT Imaging 

Figure 10 highlights a representative tumor that had decreases in SUVs during dosing 

periods and increases in SUVs during washout periods in both cycle 1 and cycle 3.  Although the 

tumor in Figure 10 shows increased SUV in cycle 3 relative to cycle 1, as a whole, the 

population of patients didn’t exhibit significantly different SUVs when comparing corresponding 

time points in cycle 1 vs. cycle 3 e.g. for SUVmean: Baseline cycle 1 vs. Baseline cycle 3, P = 

0.90; Peak Drug cycle 1 vs. Peak Drug cycle 3, P = 1; Washout cycle 1 vs. Washout cycle 3, P = 

0.50 (Figure 11). 

Table 8 summarizes median percent changes in SUVmean, SUVmax, and SUVtotal during 

treatment and washout periods for pharmacodynamic patients.  SUVmean decreased significantly 

during dosing period in both cycle 1 (median -15%, P = 0.02) and cycle 3 (median -21%, P = 
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0.008).  No statistical significant differences were found when comparing the percent change in 

SUVmean during dosing period in cycle 1 vs. cycle 3 (P = 0.8).  SUVmean significantly increased 

during washout period in both cycle 1 (median +20%, P < 0.001) and cycle 3 (median +27%, P = 

0.03).  No significant difference was found when comparing the percent change in SUVmean 

during washout period in cycle 1 vs. cycle 3 (P = 0.7).  Similar trends occurred for SUVmax and 

SUVtotal. 

 

 
Figure 10: Axial PET/CT slice with increased SUV in a metastatic lymph node (blue ellipse).  

Note reduced SUV at peak drug in both cycle 1 and cycle 3, which subsides by the end of 

washout.  C1 =cycle 1; C3 = cycle 3 
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Figure 11: Changes in tumor SUVmean for all patients across all six timepoints.  No significant 

differences were evident in the changes seen in cycle 1 (0 to 3 weeks) vs. the changes in cycle 3 

(6 to 9 weeks).     

 

 

Table 8: Median percent changes in tumor SUV and plasma VEGF during dosing and washout 

periods (range shown in parenthesis).   

 
Median % change during drug 

dosing period 

Median % change during drug 

washout period 

 Cycle 1  (n=14) Cycle 3  (n=8) Cycle 1  (n=14) Cycle 3  (n=6)   

SUVmean 
-15   

(-48 to +16) 

-21   

(-42 to -6) 

+20  

(+1 to +58) 

+27   

(+16 to +33) 

SUVmax 
-23   

(-68 to +23) 

-26   

(-43 to -7) 

+28  

(-29 to +159) 

+33   

(+14 to +69) 

SUVtotal 
-49 

(-91 to +23) 

-23 

(-91 to -4) 

+50  

(-15 to +1492) 

+62 

(-14 to +1100) 

VEGF 
+140 

(-40 to +3787) 

+193 

(+15 to +1363) 
-63 

(-95 to 0) 
-67  

(-82 to -39) 
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Plasma VEGF concentration 

The last row of Table 8 summarizes the relative percent changes in plasma VEGF ligand 

levels.  VEGF concentrations increased during dosing period in both cycle 1 (median +140%, P 

= 0.002) and cycle 3 (median +193%, P = 0.03).  There was no difference between the percent 

changes in VEGF during dosing period for cycle 1 vs. cycle 3 (P = 0.1).  VEGF concentrations 

decreased during washout in cycle 1 (median -63%, P < 0.001) and cycle 3 (median -67%, P = 

0.25).  There was no significant difference between the percent changes in VEGF during 

washout for cycle 1 vs. cycle 3 (P = 1.0).   

A linear mixed effects model with VEGF as a predictor variable, demonstrated 

significant negative correlation (P<0.001) between log-transformed VEGF and SUVtotal (slope = 

-0.42, 95%CI = -0.57 to -0.27).  The fitted model and measured data are shown in Figure 12.   
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Figure 12: Tumor SUVtotal as a function of plasma VEGF concentration is shown for both the 

measured data as well as the fitted linear mixed effects model.  In general, higher VEGF 

measurements indicated a lower SUVtotal. CI = confidence interval 

 

 

Axitinib plasma concentration 
 

The median plasma concentration of axitinib in cycle 1 week 2 (after 12-14 days of 

dosing) was 8 ng/mL (range 1 - 33 ng/mL).  The median concentration in cycle 3 week 2 was 11 

ng/mL (range 1 - 46 ng/mL).  No significant difference in axitinib concentration during week 2 

was found in cycle 1 vs cycle 3 (P = 0.6).  Axitinib concentrations measured prior to dosing and 

after 5-7 days of washout were below the limit of quantification. No significant correlations were 

found between axitinib plasma concentrations and either plasma VEGF concentrations or SUV 

metrics.   

 

4.4 Discussion 

The results in this chapter suggest that diminished tumor cell proliferation during 

continuous anti-angiogenic dosing likely contributes to negative results of previous studies 

concurrently combining VEGR-TKI therapy and chemotherapy.  However, an increase in tumor 

cell proliferation during drug washout periods offers a potential target for sequential combination 

chemotherapy.   

Significant increases in tumor FLT uptake during VEGFR-TKI washout periods 

characteristic of an acute treatment withdrawal flare was observed in both cycle 1 and cycle 3.  

Furthermore, tumor FLT uptake during the third cycle of treatment was not significantly 

different than uptake in first cycle of treatment.  These results suggest that the pharmacodynamic 

effect of axitinib is similar and consistent across multiple drug cycles.  This effect is 



47 

 

characterized by decreases in tumor cell proliferation during dosing periods followed by 

subsequent increases during drug washout periods.  These results suggest an intermittent 

VEGFR-TKI treatment regimen with cell-cycle specific chemotherapy applied during the 

VEGFR-TKI treatment breaks would be a rational treatment strategy.   

Significant increases in plasma VEGF levels during dosing periods were followed by 

decreases in VEGF levels during the washout periods.  This is in agreement with our previous 

study in a similar cohort of patients being treated with axitinib (108).   Additionally this study 

shows these trends are present in both the first and third cycles of treatment with no significant 

differences between cycles.  It has been hypothesized that acquired resistance to VEGR-TKI 

treatment might be attributed to increasing tumor secretion of the VEGF ligand; however, the 

results of this study showed no difference between VEGF plasma concentration in early and later 

cycles.  This indicates some patients acquire resistance by means other than increased VEGF 

secretion, such as recruitment of additional angiogenic pathways to circumvent the VEGF 

pathway (96).  

A significant negative correlation was found between FLT uptake metric SUVtotal and 

plasma VEGF concentration.  An increase in a patient’s plasma VEGF concentration indicated a 

corresponding decrease in their SUVtotal.  This negative correlation could be explained by the fact 

that a greater degree of tumor VEGFR inhibition (leading to increased VEGF secretion and 

unbound VEGF) is accompanied by a greater drop in tumor cell proliferation.  This confirms an 

on-target effect of axitinib and lends support to targeting the VEGF pathway to inhibit tumor cell 

proliferation and growth.   
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4.5 Conclusion 

Response to axitinib included diminished FLT uptake during dosing periods followed by 

increased FLT uptake during drug washout periods.  These changes were no different when 

comparing treatment cycle 1 versus cycle 3, suggesting that the pharmacodynamic effect of 

intermittent axitinib is similar across multiple drug cycles.  This suggests that a sequential 

treatment regimen that applies chemotherapy during VEGFR-TKI washout periods may be 

synergistic capitalize on the withdrawal flare.  Further correlation between FLT PET uptake and 

VEGF ligand levels is supportive of an on-target effect of VEGFR-TKI axitinib, leading to 

diminished FLT uptake and increase in circulating VEGF ligand.   
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Chapter 5: Dynamic FLT PET to investigate 

concurrent changes in tumor vasculature and cell 

proliferation during anti-angiogenic therapy  
 

5.1 Motivation 

In the previous chapter we utilized static (single-timepoint) FLT PET imaging to estimate 

SUVs in tumors.  In general, FLT SUVs have been shown to be correlated with reference 

standards of cell proliferation.   However, this has not been assessed in the context of anti-

angiogenic therapy where treatment may cause significant changes in tumor vasculature, 

potentially influencing SUVs independent of changes in cell proliferation.  FLT compartmental 

modelling can be used to differentiate changes in tumor vasculature and cell proliferation, 

providing insight into the causes of SUV fluctuations during anti-angiogenic therapy.  In this 

chapter we utilize dynamic FLT PET imaging with compartmental modelling to evaluate 

spatiotemporal changes in FLT kinetics in metastatic cancer patients undergoing anti-angiogenic 

therapy.  Specifically, we will investigate concurrent vascular and proliferative changes 

occurring in tumors during VEGFR-TKI therapy with axitinib.   We will compare the estimated 

kinetic parameters with the more simplified SUV metrics evaluated in the previous chapter.  The 

results provide additional clinical insight relating to optimal combination strategies for VEGFR-

TKIs and chemotherapies. 

 

5.2 Methodology 

Study design 
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Thirty-three patients with histologically or cytologically confirmed solid metastatic 

tumors for which no standard curative therapy exists were included in this analysis.  For all 

patients, oral axitinib was administered continuously for two weeks followed by a scheduled one 

week treatment break (Figure 13).  During the continuous VEGFR-TKI treatment weeks patients 

took 5 mg of axitinib twice daily. Patients underwent up to three dynamic FLT PET/CT scans 

during the first cycle of treatment including at: 1) baseline, 2) peak drug (after two weeks of 

continuous axitinib dosing), and 3) the end of drug washout (after a one week treatment break).   

Detailed methodology of the dynamic PET scanning and FLT compartmental modelling can be 

found in Chapter 3. 

 
Figure 13: Dynamic PET scanning with FLT compartmental modelling was performed at three 

timepoints during the first cycle of VEGFR-TKI therapy.   

 

Statistical Analysis 

Significant changes in patient summarized FLT kinetic parameters were assessed using 

Wilcoxon signed-rank tests.  Spearman correlation coefficients were used to assess relationships 

between changes in FLT PET kinetic parameters as well as relationship between kinetic 

parameters and SUVs.  SUVs were extracted at early (0 to 20 minutes), mid (20 to 40 minutes), 

and late timepoints (60+ minutes) post-injection by averaging dynamic PET frames.  P-values 

less than or equal to 0.05 were considered significant and all statistical analysis was performed in 

R software version 3.4.0.   
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5.3 Results 

A total of thirty-three patients with soft-tissue metastatic tumors completed at least two 

PET scans at designated imaging timepoints.  These patients had various types of metastatic 

cancers with the most common being carcinomas of the colon, prostate, and lung (Table 9).   

Figure 14 shows an axial CT slice with a tumor parametric map overlay, demonstrating 

representative changes in FLT kinetic parameters.  The parametric maps revealed spatial 

heterogeneity in tumor vasculature (Vb and K1) and cell proliferation (Ki) that is altered during 

therapy. Tumor size as visualized on CT was relatively unchanged during the first treatment 

cycle; however, the results of the FLT kinetic analysis demonstrated notable changes in 

underlying tumor physiology.  This included decreases in both vascular and proliferative FLT 

kinetic parameters during axitinib exposure weeks and increases in these parameters during 

axitinib washout.   

Table 9: Patient characteristics 

Characteristic Number of patients 

Total  33 

Gender  

Male 23 (70%) 

Female 10 (30%) 

Prior anti-VEGF therapy  

Yes 12 (36%) 

No 21 (64%) 

Primary Cancer Histology  

Colorectal 

Adenocarcinoma 
7 (21%) 

Prostate Carcinoma 5 (15%) 

Non-Small-Cell Lung 

Carcinoma 
4 (12%) 

Renal Cell Carcinoma 3 (9%) 

Urothelial Carcinoma 2 (6%) 

Breast Carcinoma 2 (6%) 

Neuroendocrine 2 (6%) 

Head and Neck Carcinoma 2 (6%) 

Other* 6 (19%) 
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Tumors segmented for analysis  

1 11 (33%) 

2 16 (49%) 

3 4 (12%) 

4 2 (6%) 

FLT PET/CT scans completed  

Baseline 25 (76%) 

Peak Drug 32 (97%) 

End of Washout 31 (94%) 
* Other histologies included one of each: hepatocellular carcinoma, ovarian carcinoma, appendiceal 

carcinoma, squamous cell carcinoma, neurofibrosarcoma, and one of unknown primary cancer origin 
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Figure 14: Spatiotemporal changes in tumor cell proliferation and vasculature during VEGFR-

TKI treatment.  The top row of images shows representative model estimated time activity 

curves, including measured SUVs for a pelvic tumor voxel from a patient with metastatic 

colorectal cancer at baseline, peak drug, and end of washout timepoints. The second, third, and 

fourth row of images show the corresponding FLT parametric maps overlaid on top of CT slices 

(data has been up-sampled to the resolution of CT scan for visualization). The second row of 

images shows changes in blood volume parameter Vb, the third row shows changes in the 

vascular perfusion/permeability parameter K1, and the fourth row shows changes in the 

proliferative parameter Ki.   The last row of images shows fused PET/CT images (final PET 

frame of dynamic scan). 

 

Percent changes in kinetic parameters were calculated across the various imaging 

timepoints and are summarized in Table 10. Changes in kinetic parameter for each patient are 

shown in Figure 15a-d for Vb, K1, and Ki and in Figure 16a-d for Vd and k3.   During axitinib 

exposure, the median value of all kinetic parameters decreased and the decrease was significant 

for K1, k3, and Ki.  The majority of patients had simultaneous decreases in both vascular (Vb and 

K1) and proliferative (Ki) kinetic parameters during axitinib exposure (Figure 15a); however, 

there was no significant correlation between the changes in the parameters.  During axitinib 

washout, the median value of all kinetic parameters increased and the increase was significant 

for Vb, K1, k3, and Ki.  The majority of patients experience simultaneous increases in both 

vascular and proliferative kinetic parameters during axitinib washout (Figure 15b).   

From baseline to end of axitinib washout, there were no significant changes in any of the 

kinetic parameters, indicating that by the end of axitinib treatment breaks, many tumors resemble 

their pretreatment condition (Figure 15c).  This is also supported by negative correlations 

between change in a given kinetic parameter during the axitinib exposure period and change in 

that same parameter during the axitinib washout period.  These trends were strongest for the 

vascular kinetic parameters Vb (ρ=-0.70, P<0.01) and K1 (ρ=-0.71, P<0.01) (Figure 17).   
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Table 10: Summary of changes in tumor kinetic parameters during axitinib treatment. 

 Kinetic 

parameter 

Median 

change (%) 

Interquartile 

range (%) 

Mean change 

(%) 

Standard   

deviation (%) 
P-value* 

Baseline to peak drug  

(axitinib exposure) 

 Vb -21 -60 to +14 -20 47 0.07 

 K1 -39 -51 to -22 -28 43 <0.01 

 Vd -11 -37 to +25 -3 48 0.45 

 k3 -33 -50 to -9 -24 42 0.01 

 Ki -37 -55 to -19 -32 36 <0.01 

Peak drug to end of washout 

(axitinib washout) 

 Vb +42 -12 to +177 +234 603 <0.01 

 K1 +46 +20 to +91 +61 66 <0.01 

 Vd +15 +1 to +29 +16 36 0.02 

 k3 +16 -8 to +53 +67 159 0.02 

 Ki +39 -4 to +82 +61 95 <0.01 

Baseline to end of washout 

 Vb -1 -23 to +38 +16 56 0.58 

 K1 -3 -13 to +28 +11 47 0.63 

 Vd -4 -18 to +21 +4 35 0.81 

 k3 -11 -37 to +25 +21 129 0.45 

 Ki -8 -35 to +30 +13 92 0.65 
* P-value is from the Wilcoxon signed-rank test 
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Figure 15: Change in individual patients’ kinetic parameters (Vb, K1, and Ki) during (a) axitinib 

exposure, (b) axitinib washout, and (c) from baseline to end of washout.  A summary of dynamic PET 

FOVs and primary cancer histologies for each patient are provided for reference (d). Patients are 

numbered consistently for each insert and the blanks on the graphs represent patients that did not 

complete scans at the requisite timepoints. For inserts a-c the top graph shows changes in blood volume 

parameter Vb, the middle graph shows changes in the vascular perfusion/permeability parameter K1, and 

the bottom graph shows changes in the proliferative parameter Ki.  In general, patients experienced 

decreases in tumor FLT kinetic parameters during axitinib exposure (a), followed by increases during 

axitinib washout (b); this is indicated by median lines shown on each of the plots.  Patients who 

experienced decrease in a given kinetic parameter during the axitinib exposure were more likely to have 
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increase in that kinetic parameter during the axitinib washout. Similarly, patients that experienced 

increase in a given kinetic parameter during the axitinib exposure were more likely to have decrease in 

that kinetic parameter during the axitinib washout (these negative correlations are shown in greater 

detail in Fig. 5).  Note the vertical axis bounds are from -100% to +100% for ease of comparisons across 

plots; however, some patients had changes greater than +100%.   

 

 

Figure 16:  Change in patients’ kinetic parameters (k3 and Vd) during axitinib exposure (a), axitinib 

washout (b), and from baseline to end of washout (c).  A summary of dynamic PET FOVs and primary 

cancer histologies for each patient are provided for reference (d). Patients are numbered consistently for 

each insert and the blanks on the graphs represent patients that did not complete scans at the requisite 

timepoints.  For inserts a-c, the top graph shows changes in Vd and the bottom graph shows changes in 

k3.  In general, patients experienced decreases in k3 (P=0.01) during axitinib exposure (a) and increases 

in k3 (P=0.02) and Vd (P=0.02) during axitinib washout (b); this is indicated by median lines shown on 
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each of the plots.  Note the vertical axis bounds are from -100% to +100% for ease of comparisons 

across plots; however, some patients had changes greater than +100%.   

 

 
Figure 17: Correlation plots showing relationship between change in a given kinetic parameter 

during the axitinib exposure period and change during the axitinib washout period.  Spearman 

correlation coefficients and corresponding P-values are also shown for Vb (a), K1 (b), Vd (c), k3 

(d), and Ki (e).  Patients that experienced large decreases in Vb, K1, or Vd during axitinib 

exposure were more likely to experience large increases in these parameters during axitinib 

washout.   
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Oftentimes, simplified methods such as the SUV are used in place of more rigorous 

kinetic analysis.  Typically SUVs are measured from a static PET scan performed at a single 

timepoint following injection of a radiotracer; thus, it is critical to ensure the appropriate 

timepoint is chosen so the physiology of interest is captured by the SUVs.   

 

Table 11 shows correlation between relative FLT kinetic parameters and relative SUVs 

extracted at early, mid, and late timepoints following radiotracer injection.  In general, SUVs 

measured at an early timepoint post-injection, were significantly correlated with vascular kinetic 

parameters (Vb and K1).  SUVs measured at the mid and late timepoints post-injection were 

significantly correlated with the proliferative parameter (Ki).  In nearly all cases, SUVs were 

significantly correlated with kinetic parameter Vd.   

 

Table 11: Spearman correlation coefficients describe relationship between SUVs and kinetic 

parameters 

 SUV early  
(frames 0-20 min averaged) 

SUV mid  
(frames 20-40 min averaged) 

SUV late  
(60+ min; final dynamic frame) 

 Axitinib 

exposure 
Axitinib 

washout 
Baseline to 

end wash. 
Axitinib 

exposure 
Axitinib 

washout 
Baseline to 

end wash. 
Axitinib 

exposure 
Axitinib 

washout 
Baseline to 

end wash. 

Vb 0.77 

(<0.001)* 
0.47 

(0.01) 
0.11  

(0.60) 
0.39  

(0.06) 
-0.01 

(0.95) 
-0.07  

(0.75) 
0.54 

(0.007) 
0.03 

(0.86) 
0.03  

(0.87) 

K1 0.57 

(0.004) 
0.45 

(0.01) 
0.10   

(0.66) 
0.31  

(0.14) 
0.42 

(0.02) 
0.20  

 (0.36) 
0.18 

(0.39) 
0.33 

(0.07) 
0.17  

(0.42) 

Vd 0.42 

(0.04) 
0.38 

(0.04) 
0.48  

(0.02) 
0.74 

(<0.001) 
0.70 

(<0.001) 
0.43 

 (0.04) 
0.68 

(<0.001) 
0.35 

(0.06) 
0.60 

(0.003) 

k3 0.13 

(0.56) 
-0.06 

(0.76) 
-0.09  
(0.68) 

0.04  
(0.85) 

0.14 

(0.47) 
0.20 

 (0.36) 
0.02 

(0.91) 
0.13 

(0.50) 
0.07  

(0.72) 

Ki 0.41 

(0.05) 
0.14 

(0.48) 
0.33  

(0.11) 
0.47  

(0.02) 
0.59 

(<0.001) 
0.66 

(<0.001) 
0.51 

(0.01) 
0.46 

(0.01) 
0.53  

(0.01) 

*P-value shown in parenthesis 
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5.4 Discussion 

The purpose of this chapter was to utilize dynamic FLT PET imaging to provide greater 

understanding of the clinical pharmacodynamics of VEGFR-TKIs, including the interplay 

between vascular and proliferative changes occurring in tumors. Two prior clinical studies have 

utilized dynamic imaging to assess vasculature pharmacodynamics during treatment with the 

VEGFR-TKI axitinib (109,110).  In a phase I study, Liu et al. reported reductions in vascular 

perfusion and permeability in 13/17 (76%) patients’ tumors after two days of continuous 

treatment with axitinib as measured with DCE-MRI (12).  Similarly, the current chapter showed 

decreases in vascular perfusion and permeability after two weeks of continuous axitinib 

exposure, with 20/24 (83%) patients experiencing decreases in FLT kinetic parameter K1.  In a 

phase II study, Lo et al. showed decreases in fractional blood volume in 10/15 (67%) hepatic 

tumors following two weeks of continuous axitinib treatment as measured with DCE-US (110). 

The results in this chapter also showed decreases in fractional blood volume after two weeks of 

continuous axitinib exposure with 15/24 (63%) patients experiencing decreases in FLT kinetic 

parameter Vb.  The fact that three different imaging modalities independently obtained similar 

findings regarding vascular changes during axitinib therapy provides strong evidence of axitinib 

successfully targeting tumor vasculature in vivo and demonstrates the potential value of dynamic 

FLT PET imaging for evaluating emerging anti-angiogenic agents.  It is worth noting that in this 

analysis it is assumed FLT is similar to thymidine in that the tracer is rapidly transported from 

the blood into the cell and therefore K1 is primarily determined by blood flow (41,70,111).  

Although we acknowledge other factors such as changes in vascular permeability may also affect 

K1 (48,71). 
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The advantage of utilizing dynamic FLT PET is that in addition to providing insight into 

vasculature pharmacodynamics, it enables concurrent assessment of proliferative changes.  

Decreased tumor cell proliferation has been a documented effect of axitinib and other VEGFR-

TKIs in preclinical studies (112,113).  This study demonstrated decreases in tumor cell 

proliferation after two weeks of continuous axitinib treatment as measured by the FLT kinetic 

parameter Ki. These results shed insight into the clinical effects of axitinib.  It suggests 

concurrent treatment of axitinib with chemotherapies may not be synergistic due to the reduction 

in tumor cell proliferation caused by VEGFR inhibition.   This may be the reason most studies 

are reporting negative results when co-administering VEGFR-TKIs and cell-cycle specific 

chemotherapies (5,97,98).   

Increases in both vascular and proliferative FLT PET kinetic parameters were observed 

during the axitinib washout period, implying rebound in the malignant nature of the tumor during 

treatment breaks.  Given the effective plasma half-life of axitinib is 2 to 6 hours, the PET scans 

performed at the end of the washout period occur long after the drug has been excreted from the 

body (109,114).  This corroborates findings of previous studies describing increases in tumor 

vasculature and cell proliferation during VEGFR-TKI washout periods (25,115,116).  Initially 

the rationale for including these treatment breaks was to decrease drug-related toxicities (117); 

however, this washout period may be an opportune time to apply synergistic therapies.  The 

increased cell proliferation and vasculature during VEGFR-TKI washout periods offers a 

potential target for combination therapies applied sequentially i.e. during VEGFR-TKI treatment 

breaks.   Interestingly, negative correlations were found between changes in the tumor 

vasculature during axitinib exposure and changes in the tumor vasculature during axitinib 

washout.  This suggests that changes in FLT PET kinetic parameters during the axitinib exposure 
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period could be used to predict which patients will experience a vascular rebound during planned 

treatment breaks.  In theory, patients with rebound in the malignant state of the tumors during 

treatment breaks would benefit the most from sequential therapy.   

Relative changes in FLT SUVs measured prior to 20 minutes post-injection were 

moderately correlated with relative changes in the vascular parameters K1 and Vb.  Relative 

changes in FLT SUVs measured after 20 minutes post-injection were moderately correlated with 

relative changes in the proliferative parameter Ki.   These findings are similar to results from 

other studies that have assessed the relationship between the FLT SUVs and kinetic parameters 

in greater detail (40,64).   

5.5 Conclusion 

Dynamic FLT PET was used to investigate the mechanistic actions of the VEGFR-TKI 

axitinib in patients with advanced solid malignancies.  Axitinib exposure led to decreases in both 

proliferative and vascular FLT PET kinetic parameters that may antagonize treatment with 

concurrent chemotherapy.  Increases in proliferative and vascular FLT PET kinetic parameters 

during axitinib washout suggests rebound in the malignant nature of tumors, indicating VEGFR-

TKI treatment breaks may be an optimal time for scheduling synergistic chemotherapy.    The 

results indicate dynamic FLT PET imaging provides a valuable tool for concurrently evaluating 

vascular and proliferative changes in tumors during anti-angiogenic therapy and can facilitate 

development of improved therapeutic strategies.  
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Chapter 6: Assessing the pharmacodynamic 

effects of sequential VEGFR-TKI therapy and 

chemotherapy with FLT PET 

6.1 Motivation 

The previous two chapters provided evidence that treatment breaks in VEGFR-TKI 

dosing lead to increased tumor cell proliferation (withdrawal flare) that offers an opportune time 

to apply synergistic cell-cycle specific chemotherapy.  This chapter investigates the sequential 

treatment approach, using a VEGFR-TKI in combination with cell-cycle specific chemotherapy.  

The aims were to assess the safety, tolerability, and pharmacodynamic effects of this sequential 

treatment strategy.  Serial FLT PET/CT scans and plasma VEGF measurements were acquired to 

assess differences between pharmacodynamic effects in cycle 1 (after VEGFR-TKI exposure) 

and pharmacodynamic effects in cycle 2 (after sequential chemotherapy and VEGFR-TKI 

exposure).  

6.2 Methodology 

Study Design  

Patients with histologically or cytologically confirmed solid malignancies that were 

metastatic or unresectable were included in this study. Informed consent was obtained from all 

patients prior to their participation and the study was approved by the Institutional Review Board 

at the University of Wisconsin.   

X-82 (VEGFR-TKI) was provided to patients in 100 mg tablets. Patients underwent 1:1 

randomization to two X-82 dose levels; in the high dose cohort, patients took 400 mg X-82 once 

daily and on the low dose cohort, patients took 200 mg X-82 once daily. Treatment cycles for all 

patients consisted of continuous X-82 dosing on days 1 to 14 followed by a break in X-82 dosing 
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on days 15 to 21; docetaxel was administered intravenously (75 mg/m2) on day 21 of each 

treatment cycle (Figure 18).  Patients continued on treatment until radiographic disease 

progression, clinical progression (based on physician discretion or serious drug-related adverse 

event), or patient withdrawal of consent. Patients were evaluated for response and radiographic 

progression every 3 cycles (9 weeks) using RECIST 1.1 guidelines (13).   Objective response 

was defined as the best response measured by RECIST 1.1 and all measured partial responses 

were confirmed with repeat measurement within 4 weeks after the criteria for partial response 

were met. Pharmacodynamic assessments, including FLT PET/CT imaging and plasma VEGF 

measurements, were performed at four timepoints: 1) baseline, 2) maximum X-82 exposure, 3) 

maximum X-82 washout and 4) maximum X-82 exposure post docetaxel.  

 

 

Figure 18: Study schema including drug administration and pharmacodynamic timepoints for 

the first two treatment cycles.   

 

FLT PET/CT Imaging 

FLT PET/CT scans were performed using a Discovery LS PET/CT scanner (GE, 

Waukesha WI).  At the beginning of each imaging session patients were injected with FLT 
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(mean injected dose 362 MBq, range 314-394 MBq).  Sixty minutes post-injection patients 

underwent a CT scan followed by a whole-body PET scan (5 minutes per scanning position). The 

CT scan was used for PET attenuation correction and as an anatomic reference for identifying 

tumors.  The PET scans were reconstructed with an iterative 3D ordered subsets expectation 

maximization algorithm with grid size 256x256, 2 iterations, 14 subsets, and 4 mm post-filter; 

the PET voxel size was 2.73x2.73x3.27 mm.   

Using the resulting PET/CT scans and baseline diagnostic radiology reports, an 

experienced nuclear medicine physician identified tumors amenable for quantitative FLT PET 

analysis (i.e. solid tumors outside of regions with high background FLT uptake such as liver and 

bone marrow).  The identified tumors were manually segmented using Amira software 

(ThermoFisher Scientific Inc., Waltham MA).  Tumor cell proliferation was quantified by 

calculating the max (SUVmax), mean (SUVmean), and total (SUVtotal) SUV of tumor voxels.  

 

Plasma VEGF Measurements 

Blood samples were drawn (4 mL) for analysis of VEGF levels by enzyme-linked 

immunosorbent assay (ELISA).  For each sample, plasma was separated by centrifugation at 

approximately 1200g x 15 minutes, aliquoted into cryovials, and stored at -70oC until analysis.  

Each sample was analyzed using a commercially available 96-well plate quantitative sandwich 

immunoassay (Quantikine® human VEGF, R & D Systems, Minneapolis, MN) with a standard 

curve ranging from 31.2 to 500 pg/mL VEGF.  At the time of assay, all samples and standards 

were brought to room temperature and prepared on the plate as recommended by the 

manufacturer. The plate was read at 450 nm using a Molecular Devices SpectraMax 190 plate 

reader.   
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Statistical Analysis 

Changes in tumor SUV metrics were evaluated using a linear mixed effects model with 

patient specific random effects and a compound symmetry correlation structure to account for 

multiple tumors within the same patient. A separate model was formulated for estimating the 

change in FLT uptake between each pair of time points. All SUV measurements were normally 

transformed before conducting the analyses to ensure the normality assumption was met. Model 

estimated percentage changes and the corresponding 95% confidence intervals were back 

transformed and reported on the original scale. All P-values were two-sided and P<0.05 was used 

to define statistical significance. All model fitting was performed in R (v 3.2.00).    

Percent changes in plasma VEGF measurements were calculated for each patient and 

summarized in terms of medians and ranges. Significant changes in VEGF levels across time 

points were assessed using Wilcoxon signed-rank tests.  Significant differences in VEGF levels 

between the high and low dose X-82 cohorts were assessed using Wilcoxon rank-sum tests. 

 

6.3 Results 

Patient Characteristics 

Fourteen patients (8 patients in the low dose cohort; 6 patients in the high dose cohort) 

were enrolled in the study (Table 12). The median patient age was 61 years (range 47 to 72) and 

64% of patients were female. Patients had a variety of primary cancer histologies with the most 

common being lung carcinoma (n=3). The median number of RECIST identified tumors (target 

plus non-target tumors) at baseline was 5 (range 3 to 8). The median number of prior systemic 
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therapy regimens was 2.5 (range 0-11). Eleven patients (79%) had been treated with prior 

chemotherapy. Two patients (14%) had been treated with a prior anti-VEGF agent.   

 

Table 12: Patient characteristics 

Patient Age Gender Histology 
X-82 

Cohort 

No. of 

prior 

systemic 

therapies 

Prior 

VEGF 

therapy 

(Y/N) 

Objective 

response 

FLT 

PET 

analysis 

1 57 Female Breast carcinoma Low  6 N Progressive Yes 

2 47 Female Thyroid carcinoma High  1 Y Stable Yes 

3 72 Female Ovarian carcinoma High  6 N Stable Yes 

4 57 Female Lung carcinoma High  4 Y Partial Yes 

5 64 Female Urothelial carcinoma High 2 N Stable No 

6 71 Male 
Squamous cell 

carcinoma 
Low 

4 N 
N/A No 

7 65 Female Lung carcinoma Low 1 N N/A No 

8 67 Male Lung carcinoma Low 2 N Progessive No 

9 54 Female Ovarian carcinoma Low 2 N Stable No 

10 67 Female 
Endometrial 

carcinoma 
High 

5 N 
N/A No 

11 56 Female Breast carcinoma Low 11 N Stable No 

12 65 Male 
Adenoid cystic 

carcinoma 
Low 

0 N 
Stable No 

13 53 Male Leiomyosarcoma Low 3 N Progressive No 

14 58 Male 
Unknown primary 

carcinoma 
High 0 N Stable No 

 

Adverse Events 

No patients experienced an adverse event greater than grade 3 that were possibly related 

to X-82.  For the six patients in the high dose X-82 cohort, three patients (50%) experienced at 

least one grade 3 adverse event while on study (Table 13). For the eight patients in the low dose 

X-82 cohort, three patients (38%) experienced at least one grade 3 adverse event while on study. 

Of the 11 total grade 3 adverse events that were experienced, 7 (64%) occurred in cycle 5 or 

later.  Two patients had docetaxel doses reduced to 60 mg/m2 after starting treatment due to 

persistent neutropenia.  
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Table 13: Adverse events of grade (Gr) 3 or greater that were possibly related to X-82. 

Adverse event 
Number of pts 

high dose cohort 

Number of pts low 

dose cohort 

     Gr 3 Hypertension 1 - 

     Gr 3 Low WBC 1 - 

     Gr 3 Infection 1 1 

     Gr 3 Anemia 1 - 

     Gr 3 Hyponatremia 1 1 

     Gr 3 Hypoalbumenia 1 - 

     Gr 3 Thrombosis 1 - 

     Gr 3 Rectal Hemorrhage - 1 

 

Disease Response 

For the six patients in the high dose X-82 cohort, the median time on treatment was 13 

weeks (range 3 to 19). The objective responses for the high dose cohort were as follows: one 

patient (17%) with partial response, four patients (67%) with stable disease, and one patient who 

withdrew consent to participate in the study prior to any follow-up RECIST assessment making 

them unevaluable for objective response. For the eight patients in the low dose X-82 cohort, the 

median time on treatment was 8 weeks (range 1 to 36).  The objective responses for the low dose 

cohort were as follows: three patients with stable disease (38%), three patients with progressive 

disease (38%), and two patients that were unevaluable for objective response.   

 

FLT PET/CT Imaging 

Four patients with fourteen metastatic tumors completed all four of the scheduled 

PET/CT scans and were included in the imaging pharmacodynamic assessment.  Figure 19 

shows a tumor with representative changes in SUV.  Mixed effects modelling provided estimates 

of changes in tumor SUVs during therapy (Table 14).  During the cycle 1 X-82 exposure period 

(X-82 alone), tumor SUVmean decreased (mean change -2%; P=0.78).  During the cycle 1 X-82 

washout period, tumor SUVmean significantly increased (mean change +19%; P<0.01).  During 
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the cycle 2 X-82 exposure period (post docetaxel administration), tumor SUVmean significantly 

decreased (mean change -26%; P=0.02).  Percent changes between timepoints for all analyzed 

tumors are shown in Figure 20. 

 

 

Figure 19: Axial FLT PET/CT slice of a lung tumor (Patient #4).  The SUVmean for this tumor 

(indicated by arrow) was 1.9 g/mL at baseline, decreased to 1.6 g/mL at maximum X-82 

exposure in cycle 1, then rebounded to 1.7 g/mL at maximum X-82 washout, and decreased to 

1.2 g/mL at maximum X-82 exposure in cycle 2.  This patient achieved a partial response as 

measured by RECIST but eventually progressed after 4 cycles due to development of new brain 

metastases.   
 

Table 14: Percent changes in tumor SUVs across timepoints calculated using mixed effects 

models 

 
SUV metric 

Model Estimated 

Mean Change (%) 

95% Confidence 

Interval 
P-Value 

Change PD1 to PD2 (n=14)  

 SUVmean -2 -17 to +15 0.78 

 SUVmax -11 -20 to -2 0.04 

 SUVtotal -16 -33 to +5 0.16 

Change PD2 to PD3 (n=14)  

 SUVmean +19 +10 to +28 <0.01 

 SUVmax +29 +20 to +40 <0.01 
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 SUVtotal +71 -9 to +220 0.13 

Change PD3 to PD4 (n=14)  

 SUVmean -26 -40 to -8 0.02 

 SUVmax -44 -63 to -14 0.03 

 SUVtotal -59 -73 to -37 <0.01 

 

 

Figure 20: Percent change in tumor SUVs for SUVmax (top), SUVmean (middle), and SUVtotal 

(bottom).  Tumors from the same patient are shown in the same color.  Diminished SUVmax is 

evident for the majority of tumors during cycle 1 (change from PD1 to PD2).  Increases in 

SUVmax are evident for the majority of tumors during the X-82 treatment break (change from 

PD2 to PD3).  After docetaxel and X-82 exposure in cycle 2 (change from PD3 to PD4), there 

are decreases in uptake in nearly all tumors.  Changes in SUVmean and SUVtotal had similar trends 

as SUVmax.  However, SUVmean was less sensitive to therapy induced changes than SUVmax.  
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SUVtotal was more sensitive than SUVmax to therapy induced changes but the SUVtotal changes 

demonstrated greater variability across patients than the SUVmax changes. 

 

Plasma VEGF 

Ten patients completed two or more plasma VEGF measurements and were included in the 

VEGF pharmacodynamic analysis (Table 15 and Figure 21).  Changes in plasma VEGF were not 

significantly different between the low and the high dose X-82 cohorts.  A combined analysis of both 

cohorts demonstrated a median increase in plasma VEGF of +13% during the cycle 1 X-82 dosing period 

(P = 0.57) and a median increase of +52% during the cycle 2 X-82 dosing period (P = 0.03).   

Table 15: Median percent changes in plasma VEGF for the low and high dose X-82 cohorts 

Change PD1 to PD2 Low (n=4) High (n=6) Combined (n=10) 

Median (%) -13 +17 +13 

Range (%) -53 to +37 -55 to +195 -55 to +195 

Change PD2 to PD3 Low (n=4) High (n=5) Combined (n=9) 

Median (%) -19 -32 -29 

Range (%) -45 to +174 -76 to +137 -76 to +174 

Change PD3 to PD4 Low (n=3) High (n=4) Combined (n=7) 

Median (%) +62 +48 +52 

Range (%) +27 to +169 -21 to +282 -21 to +282 
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Figure 21: Percent changes in plasma VEGF relative to baseline.  Median plasma VEGF levels 

increased during the cycle 1 (PD1 to PD2) and cycle 2 (PD3 to PD4) X-82 exposure periods; 

however, there was large amount of interpatient variability, particularly during the cycle 1 X-82 

exposure period.  

 

 

6.4 Discussion 

While combination of VEGF ligand targeting agents like bevacizumab with 

chemotherapy have shown added benefit, combining VEGFR-TKIs with chemotherapies has 

failed to achieve the same benefit in many studies (5,97-102). Although there have been 

exceptions, we hypothesized that the mostly negative results of VEGFR-TKIs with 

chemotherapy studies are due to suboptimal scheduling with a concurrent rather than sequential 

approach (118).  This rationale formed the basis for this study where we investigated the effects 

of a novel VEGFR-TKI X-82 used in sequential combination with docetaxel applied during 

VEGFR-TKI treatment breaks.   The primary goals of this chapter were to assess the 

safety/tolerability of treatment and assess pharmacodynamic changes during the sequential 

treatment regimen.   None of the 14 patients in this study experienced an adverse event greater 

than grade three and 6 (43%) patients experienced a grade 3 adverse event (with the majority of 

these grade 3 events occurring after 5 cycles of therapy).  The sequential combination of X-82 

and docetaxel led to diminished tumor FLT uptake, suggestive of a decrease in tumor cell 

proliferation. Further, a greater decrease in FLT uptake was evident during cycle 2 (X-82 plus 

docetaxel) than in cycle 1 (X-82 alone), suggesting sequential chemotherapy enhances the 

pharmacodynamic effect of therapy.   

The effect of X-82 at two dose levels (400 mg daily vs. 200 mg daily) was assessed in 

this study.  There were a greater number of patients with stable or partial response on 400 mg X-
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82 (5/6 patients; 84%) than those on 200 mg X-82 (3/8 patients; 34%). However, there were a 

greater number patients that experienced grade 3 adverse events on 400 mg X-82 (3/6 patients; 

50%) than on 200 mg X-82 (3/8 patients; 38%). 

Increases in FLT PET parameters during the X-82 washout period, indicates a tumor 

withdrawal flare that is consistent with increased tumor cell proliferation (25,85).  After 

administration of docetaxel and two additional weeks of X-82 exposure, FLT PET parameters 

decreased again.  A greater decrease in FLT PET parameters was evident in the second cycle of 

treatment suggesting greater decreases in tumor cell proliferation. These results support the 

hypothesis that ‘synchronizing’ cell-cycle chemotherapy with VEGFR-TKI treatment breaks will 

lead to greater anti-tumor effect than VEGR-TKI monotherapy; however, further clinical studies 

are warranted to confirm long-term clinical benefit.  Although we did not assess the effects of 

docetaxel monotherapy, one prior study has shown that tumor FLT SUVmax had median change 

of -18% two weeks after administration of docetaxel to patients with breast cancer (119).  In this 

study we found even greater decrease in FLT SUVmax with mean change of -44% (median -31%) 

two weeks after administration of docetaxel and continuous VEGFR-TKI therapy, lending 

further support to the sequential treatment approach.  It is important to note that three out of the 

four patients included in the FLT PET/CT analysis were in the high dose X-82 cohort. 

This study was limited in that it accrued only 14 of the targeted 30 patients as the study 

was prematurely terminated due to a change in developmental strategy of the agent by the 

sponsor.  However, this is one of few clinical studies assessing the effects of sequential 

chemotherapy applied during VEGFR-TKI treatment breaks.  Further, X-82 is a novel VEGFR-

TKI that has been studied little in clinical trials and in only one other clinical trial for treating 
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cancer (120), indicating the potential value of these results for guiding future development of X-

82 as well as development of improved therapeutic strategies with VEGFR-TKIs.   

 

6.5 Conclusion 

The sequential combination of VEGFR-TKI and chemotherapy was safe and led to 

diminished FLT uptake. Further, decrease in FLT uptake during cycle 2 (VEGFR-TKI plus 

chemotherapy) was greater than in cycle 1 (VEGFR-TKI alone), suggesting sequential 

chemotherapy enhances the pharmacodynamic effect of therapy.  These results suggest further 

study comparing anti-angiogenic therapy with sequential combination of anti-angiogenic therapy 

and chemotherapy is warranted and in particular determination of whether the sequential 

treatment approach leads to improved patient outcomes.   
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Section III FLT PET response assessment 

in immunotherapy 
 

 Immunotherapies have shown great potential for treating metastatic cancers.  In 

metastatic melanoma for example, T cell checkpoint inhibitors were the first therapies to lead to 

significant increases in overall survival (121-123).  T cell checkpoint inhibitors target proteins 

such as the programmed cell death protein (PD-1) or its ligand PD-L1.  PD-1 is a member of a 

broader class of CD28 proteins that are expressed on the surface of T cells and are involved in 

regulation of T cell activation and survival.  When PD-1 interacts with its ligand PD-L1, 

deactivation of the T cell occurs, serving as protection from autoimmune destruction of healthy 

tissue.  However, this pathway also provides immunity to infectious diseases and cancer.  

Specifically in cancer, PD-L1 expressed on the surface of tumor cells can bind to PD-1 receptors 

on T cells, enabling the tumor to deactivate T cells.   These insights led to the development of 

drugs targeting the PD-L1-PD-1 pathway wherein the goal is to inhibit activation of PD-1, 

thereby promoting T cell proliferation, survival, and destruction of tumor cells (124).   

Despite the promise of T cell checkpoint inhibitors for treating advanced cancers a 

number of challenges remain.  In some cancers, there have not been responses.  In metastatic 

prostate cancer for example, PD-1 blocking antibodies showed no evidence of objective response 

(125,126).  Furthermore, even for cancers that do demonstrate clinical responses to PD-1 

blocking antibodies, typically only a small fraction of patients achieve durable, long lasting 

responses.  One theory for the lack of universal responses is that the immune system cannot 

differentiate tumor cells from healthy cells i.e. the tumor cells express no unique antigens that 

are recognizable to the immune system as a threat.  This had led investigators to explore 

combinations of T cell checkpoint inhibitors and vaccine-based treatments.  In this case, the 
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vaccine trains the immune system to recognize a specific antigen expressed by tumor cells and 

the T cell checkpoint blockade prevents the tumor from deactivating the immune response.  This 

multi-faceted approach may prove especially useful in cancers such as prostate that have 

previously not responded to T cell checkpoint blockade monotherapies (127).   

However, there are additional challenges that threaten to hinder clinical translation of 

these novel immunotherapy combinations.  Measuring tumor responses is complicated by the 

fact that responding tumors may initially increase in size due to infiltration of immune effector 

cells into the tumor (14).  Without having a reliable early marker of response, it is challenging 

for physicians to manage patient care and decide whether a given treatment should be continued 

or swapped with something more appropriate.  Furthermore, knowledge of why a given patient 

does not respond to a particular immunotherapy is often unknown.  Another important challenge 

of combining multiple immunotherapies is the increased risk of patients experiencing an immune 

related adverse event.  As monotherapies, T cell checkpoint inhibitors have well documented 

risks relating to adverse events, however, these risks become even greater when combining 

multiple immunotherapies (128,129).  This generates a need for pharmacodynamic and 

predictive biomarkers in immunotherapy (130,131).   

This dissertation will investigate the potential clinical value of FLT PET/CT imaging as a 

biomarker in immunotherapy.   Specifically we will investigate whether FLT PET detects 

changes in immune cell and tumor cell proliferation during novel combination of a PD-1 

inhibitor and prostate cancer vaccine (Chapter 7: Evaluating patient responses to immunotherapy 

using FLT PET).  We will also perform a preliminary assessment of combined FLT and FDG 

PET-based biomarkers for assessing an immune response (Chapter 8: Multi-modality FLT and 

FDG PET for imaging immune response in canine patients). 
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Chapter 7: Evaluating patient responses to 

immunotherapy using FLT PET  

7.1 Motivation 

A large number of patients do not respond to immunotherapy, many respond without 

immediate changes detectable with conventional imaging, and many have unusual immune-

related adverse events that cannot be predicted in advance.  This has been the motivation for a 

number of clinical studies aiming to identify improved biomarkers for evaluating patient 

responses to immunotherapy.  Two of these studies utilized FLT PET in clinical trials to evaluate 

its feasibility as a biomarker of response in immunotherapy.  In 2010 Ribas et al., performed 

baseline and follow-up FLT PET scans on 10 patients with advanced melanoma who were 

treated with cytotoxic T lymphocyte-associated antigen 4 (CTLA4) blockade (132). No 

significant change in FLT uptake was observed in tumors after approximately two months of 

treatment, but a significant increase in FLT uptake was noted in spleen. The authors 

hypothesized this increase in uptake was due to proliferation of splenic T-cells in response to 

CTLA4 blockade.  In the other clinical study, 11 patients with melanoma lymph node metastases 

were treated with dendritic cell vaccine therapy injected intranodally.  These patients underwent 

multiple FLT PET scans at baseline and follow up (133). A significant increase in FLT uptake 

was evident in vaccinated lymph nodes, and this increase persisted for up to three weeks 

following vaccination. Furthermore, a significant correlation was found between FLT uptake in 

vaccinated lymph nodes and T and B cell responses derived from peripheral blood samples taken 

at the time of imaging. These studies provide evidence suggesting FLT PET may be useful for 

assessing pharmacodynamics effects of immunotherapies.  
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In this chapter, we further investigate how FLT PET measurements of tumor and immune 

cell proliferation might be utilized to overcome the clinical challenges facing immunotherapy. 

Changes in FLT PET uptake will be assessed in metastatic castrate resistant prostate cancer 

patients undergoing treatment with pTVG-HP DNA vaccine and PD-1 checkpoint inhibitor 

pembrolizumab.  The results of this work demonstrate the utility of FLT PET for predicting 

tumor responses and immune-related adverse events during immunotherapy.   

    

7.2 Methodology 

Study Design 

This chapter reports on the exploratory aim of a clinical trial whose primary endpoints 

were to assess the safety and clinical effects of pTVG-HP DNA Vaccine and PD-1 inhibitor 

Pembrolizumab in patients with metastatic prostate cancer (127).  Patients underwent treatment 

in one of three study arms (Figure 22).  In study Arm 1 pTVG-HP vaccine was given every 2 

weeks from week 0 to week 10 and pembrolizumab was given every 3 weeks from week 0 to 

week 9.  In study Arm 2 pTVG-HP vaccine was given every 2 weeks from week 0 to week 10 

and pembrolizumab was given every 3 weeks from week 12 to week 21.  In study Arm 3 both the 

pembrolizumab and pTVG-HP vaccine were given every 3 weeks from week 0 to week 21.  The 

vaccine was administered intradermally (100 μg) in the left deltoid region and pembrolizumab 

was administered intravenously (2 mg/kg).  All patients also received recombinant human 

granulocyte-macrophage colony-stimulating factor (GM-CSF) at time of vaccine administration 

(208 μg).  Both a baseline and follow-up FLT PET/CT scan was acquired in all treatment arms.  

The baseline FLT PET/CT scan was performed prior to starting treatment (within 4 weeks) and 

the 12 week FLT PET/CT scan was performed at the start of week 12 (± 3 days).   
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Patients’ serum PSA was measured every 6 weeks.  All subjects were followed for at 

least one year, with staging CT scans of the abdomen and pelvis, and bone scintigraphy, 

performed every 12 weeks or as clinically indicated using Prostate Cancer Clinical Trials 

Working Group recommendations (134).  Patients came off study at the time of radiographic 

progression, undue toxicity, or at the discretion of the treating physician for clinical 

deterioration.  The study protocol was reviewed and approved by all local (University of 

Wisconsin Human Subjects’ Review Board), and federal (FDA, NIH Recombinant DNA 

Advisory Committee) entities. All patients gave written informed consent for participation. 

 

 

 

Figure 22: Study Schedule 

 

PET/CT image acquisition and segmentation 

All patients were scanned on a Discovery 710 PET/CT scanner (GE, Waukesha WI).  The 

CT scan was used for PET attenuation correction and anatomic localization of regions of interest.  

A median of 345 MBq of FLT was injected (range = 210 to 363 MBq) and PET scans were 
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started median 59.8 minutes post-injection (range = 59.2 to 60.7 minutes post-injection).  Each 

PET scan was a whole body scan with 5 min per bed position (patients were scanned from thighs 

to eyes) and 700 mm axial field of view.  The PET reconstruction was a 3D ordered subsets 

expectation maximization algorithm with parameters that included an axial grid size of 192x192 

voxels (3.64x3.64 mm axial voxel size), 3.27 mm slice thickness, 3 iterations, 24 subsets, and 5 

mm Gaussian post filter. 

To evaluate changes in immune cell proliferation, the left and right axillary lymph nodes 

were identified by a nuclear medicine physician and manually segmented using the PET and CT 

images. The femoral bone marrow and spleen of each patient were also segmented using semi-

automatic methods that utilized both the CT and PET images.  Bone marrow and spleen 

segmentations were visually checked to ensure no metastatic disease was present within the 

segmentations.  Tissues that were related to immune-related adverse events (pancreas and 

thyroid) were also manually segmented to quantify FLT uptake in these tissues.   

To evaluate tumor responses, soft tissue metastases were identified by a nuclear medicine 

physician and manually segmented using the FLT PET/CT images.  The average and maximum 

PET uptake was extracted from all segmentations (SUVmean and SUVmax, respectively).  To 

assess tumor burden, the total tumor uptake (SUVtotal) was also extracted from tumor 

segmentations.   

 

Statistical Analysis 

Due to the skewed nature of PET SUV distributions, non-parametric statistics were used 

to analyze the data.  Wilcoxon signed-rank tests were used to assess whether there were 

significant changes in PET uptake from baseline to 12 weeks.  Correlations were assessed using 
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Spearman Correlations.  Wilcoxon rank-sum tests were utilized to assess differences is SUV 

distributions between independent groups.  Cox-proportional hazards regression models were 

used to investigate the relationship between changes in PET uptake and progression free 

survival.  Patients who came off study for any reason other than radiographic progression were 

censored.  The concordance index was used to assess the ability of PET metrics to predict 

progression free survival and the hazard ratio was used to assess correlations between PET 

metrics and progression free survival (135,136).  Receiver operating characteristic (ROC) curves 

were used to assess the ability of FLT PET to predict adverse events (137).  All statistical 

analysis was done using R (v3.4.0).  P-values less than P=0.05 were considered statistically 

significant. 

 

7.3 Results 

Changes in FLT PET Uptake in Immune Organs and Soft-Tissue Metastases 

Seventeen patients completed both the baseline and 12 week FLT PET/CT scans (Table 

16).  The number of patients in study arms 1, 2, and 3 were 6/17 (35%), 6/17 (35%), and 5/17 

(30%), respectively.  The median progression free survival time was 24 weeks (range 12 to 

greater than 72 weeks).  No significant differences in progression free survival time were found 

across the three study arms.  For all segmented regions, the changes in SUVmean and SUVmax 

were strongly correlated (ρ > 0.70, P < 0.05).  Thus, the following results focus on describing 

changes in SUVmean (the results for SUVmax were similar). 

The change in SUVmean of vaccine draining left axillary (sentinel) lymph nodes was 

significantly greater than the change in contralateral right axillary lymph nodes (median +16%, P 

= 0.02) (Figure 23a-b).  Changes in SUVmean of left axillary lymph nodes were strongly 
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correlated with changes in right axillary lymph nodes (ρ = 0.84, P < 0.01).  No significant 

differences in lymph node SUVs were evident across the study arms.   

Changes in spleen and bone marrow SUVmean were moderately correlated (ρ = 0.53, P = 

0.04).  The bone marrow had a median increase of 1% in SUVmean (range -20% to +49%, P = 

0.23).  The spleen demonstrated a significant median increase of 8% in SUVmean (range -16% to 

+46%, P = 0.02).  Furthermore, patients in arm 3 had significantly greater increases in spleen 

SUVmean relative to arm 1 (P = 0.04) and arm 2 (P < 0.01) (Figure 23c-d).  Neither changes in 

bone marrow or spleen SUV were significantly correlated with changes in lymph node SUV.    

The median tumor SUVmean increased 10% (range -45% to +29%, P = 1.0) (Figure 23e-

f).  Changes in tumor SUVmean were not significantly correlated with changes in lymph node, 

bone marrow, or spleen SUVs.  No significant differences in the changes in tumor SUVmean were 

evident across the study arms.   

The median thyroid SUVmean increased 12% (range -16% to +202%, P=0.03) (Figure 

23g-h).  No significant differences in the changes in thyroid SUVmean were evident across the 

study arms.  Changes in thyroid SUVs were not significantly correlated with changes in lymph 

node, bone marrow, spleen, or tumor SUVs. 
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Table 16: Patient information 

Patient 

# 
Study 

arm 

Soft tissue 

mets. at 

baseline 

Bone 

mets. at 

baseline 

IRAE greater than Gr 1a 

(week of occurrence) 

Progression 

free survival 

(weeks) 

1 1 Yes Yes None 24 

2 1 Yes Yes None 48 

3 1 No Yes None  24 

4 1 Yes No None 48+ 

5 1 Yes Yes None 16 

6 1 No Yes 
Hyperthyroidism (6), 

Hypothyroidism (12) 
24 

7 2 No Yes Hypothyroidism (36) 36+ 

8 2 Yes Yes Pancreatitis (30) 48 

9 2 Yes Yes None 24 

10 2 Yes Yes None 24+ 

11 2 No Yes Hyperthyroidism (18) 48 

12 2 No Yes Adrenal Insufficiency (38) 72+ 

13 3 Yes Yes Elevated TSH (9) 36+ 

14 3 Yes No None 24 

15 3 Yes Yes None 24 

16 3 Yes No Hyperthyroidism (3) 12 

17 3 No Yes None 12 

a Immune-related adverse events that were at least possibly related to pembrolizumab or pTVG 

vaccine are listed 
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Figure 23: Patients are numbered the same in all inserts (also the same as in Table 1) and are ordered 

by study arm.  (a) Changes in FLT SUVmean in vaccine draining left axillary lymph nodes are shown 

for each patient along with changes in non-draining right axillary lymph nodes.  A number of outliers 

with changes in left axillary lymph node SUV greater than 50% are evident.   (b) Axial FLT PET/CT 

slice of the thorax of patient #1.  The insert highlights a vaccine draining left axillary lymph with 

elevated uptake after 12 weeks of therapy (c) Changes in FLT SUVmean in bone marrow and spleen.  

(d) Axial FLT PET/CT slice of the upper abdomen of patient #17.  The arrow indicates the patient’s 

spleen that has noticeably increased FLT uptake after 12 weeks. (e) Changes in FLT uptake in patients 

with soft tissue metastases are shown for SUVmean and SUVtotal.  Changes in tumor SUVmean and 

tumor SUVtotal were significantly correlated (ρ = 0.66, P = 0.04).  (f)  Axial FLT PET/CT slice of the 

thorax of patient #9.  The arrow indicates metastatic mediastinal lymph nodes with visually increased 

FLT uptake after 12 weeks of therapy.  Following RECIST this patient had radiographically stable 

disease at week 12 but had subsequent disease progression upon the next radiographic follow-up at 24 

weeks.   (g) Changes in thyroid FLT uptake (h) Axial PET/CT slices are shown for a patient that 

experienced grade 2 hyperthyroidism (patient #11).   The arrow indicates the position of the right 

thyroid lobe where visually increased FLT uptake is evident at 12 weeks.  Notably, this patient had 

their first pembrolizumab injection 1 day prior to their 12 week PET scan.   

 

FLT PET and Tumor Responses to Immunotherapy 

When looking across all evaluable patients, changes in FLT uptake after 12 weeks were 

positively correlated with changes in RECIST measurements (Figure 24a-b) and PSA 

measurements (Figure 24c-d).   Changes from baseline to 12 weeks in patient PSA, tumor size 

measurements, and PET SUVs were included in univariate Cox proportional hazards regression 

models to assess their association with progression free survival (Table 17).  The strongest 

association was found for changes in tumor SUVmean (Concordance index = 0.83, P<0.01; 

Hazard Ratio = 3.38, P = 0.05).  A greater increase in tumor SUVmean during therapy was 

predictive of shorter progression free survival.  Furthermore, the change in SUVmean from 

baseline to 12 weeks differentiated patients with progression free survival less than or equal to 

the median time from those patients with progression free survival greater than the median time 

(Figure 25a).  For comparison, Figure 25b shows that greater increases in PSA were also 

associated with shorter progression free survival, albeit the association was not as significant.  

Notably, a greater increase in spleen SUVmean was also significantly predictive of shorter 
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progression free survival (Concordance index = 0.73, P = 0.01; Hazard Ratio = 2.14, P = 0.02).  

At baseline, only tumor SUVmean and tumor SUVtotal were significantly predictive of progression 

free survival (Table 18). 

 

 
Figure 24: (a) Changes in tumor FLT SUVmean after 12 weeks are plotted against changes in 

tumor size after 12 weeks.  Tumor size was measured following RECIST guidelines using a 

diagnostic CT scan.  (b) Changes in tumor FLT SUVmean after 12 weeks are plotted against 

changes in tumor size after 24 weeks.  (c) Changes in tumor FLT SUVmean after 12 weeks are 

plotted against changes in PSA after 12 weeks.   (d) Changes in tumor FLT SUVmean after 12 

weeks are plotted against changes in PSA after 24 weeks.  The strong correlation between the 

changes in PET uptake at 12 weeks and changes in tumor size at 24 weeks, indicate FLT PET 

may offer a relatively early marker of response in patients with soft tissue tumors. Note some 

patients are not included in these figures because they did not have RECIST measurable soft 

tissue tumors or were on study for less than 24 weeks.   
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Table 17: Changes in FLT SUVs, RECIST size measurements, and PSA levels from baseline to 

12 weeks were included in Cox proportional hazards regression models to assess association 

with progression free survival time.  Rows are organized from highest to lowest concordance 

index values. 

Organ/Tissue 
C-indexa 

C-index P 

value 
HRb HR P value Nc 

Change tumor 

SUVmean  
0.83 

(0.71 to 0.95) 
<0.01  

3.38 

(1.01 to 11.28) 
0.05 10 (8) 

Change spleen 

SUVmean  
0.73 

(0.56 to 0.90) 
0.01  

2.14 

(1.11 to 4.12) 
0.02 16 (11) 

Change PSA 0.72 

(0.50 to 0.94) 
0.05  

2.34 

(1.18 to 4.62) 
0.01 17 (12) 

Change left 

axillary lymph 

node SUVmean  
0.70 

(0.48 to 0.91)  
0.07  

0.89 

(0.43 to 1.84) 
0.75 16 (11) 

Change tumor 

SUVtotal  

0.69 

(0.59 to 0.79) 
<0.01  

1.53 

(0.76 to 3.10) 
0.24 10 (8) 

Change bone 

marrow SUVmean  
0.65 

(0.41 to 0.89) 
0.22  

1.94 

(0.98 to 3.86) 
0.06 17 (12) 

Change soft 

tissue tumor size 

RECIST  
0.59 

(0.54 to 0.63) 
<0.01  

1.78 

(0.60 to 5.29) 
0.30 7 (6) 

a C-index = concordance index (95% confidence interval shown in parenthesis) 
b HR = hazard ratio (95% confidence interval shown in parenthesis) 
c N = number of patients included in calculation (value in parenthesis is number of patients that were not censored) 
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Figure 25: (a) Change in tumor SUVmean at 12 weeks differentiated patients who had progression 

free survival less than or equal to the median progression free survival time (24 weeks) from 

patients who had progression free survival greater than the median.  (b) Changes in PSA levels 

after 12 weeks for the same set of patients as shown in insert (a).   

 

Table 18: Baseline FLT SUVs, tumor size measurements, and PSA levels were included in Cox 

proportional hazards regression models to assess association with progression free survival time.  

Rows are organized from highest to lowest concordance index values  

Organ/Tissue C-indexa 
C-index P 

value 
HRb HR P value Nc 

Tumor SUVmean  0.76 

(0.64 to 0.88) 
<0.01  

0.34  

(0.11 to 1.10) 
0.07 10 (8) 

Tumor SUVtotal  
0.62 

(0.50 to 0.74) 
0.04  

1.61 

(0.71 to 3.64) 
0.25 10 (8) 

Bone marrow 

SUVmean  
0.58 

(0.45 to 0.72) 
0.24  

1.07 

(0.68 to 1.68) 
0.78 17 (12) 

Spleen SUVmean  0.58 

(0.39 to 0.77) 
0.40 

0.83 

(0.45 to 1.54) 
0.57 16 (11) 

Left axillary 

lymph node 

SUVmean  

0.54 

(0.43 to 0.76)  
0.69 

0.71 

(0.38 to 1.31) 
0.27 16 (11) 

Soft tissue tumor 

size (RECIST) 

0.53 

(0.30 to 0.76) 
0.78  

0.96 

(0.51 to 1.78) 
0.89 7 (6) 
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PSA  0.50 

(0.29 to 0.71) 
1.0  

0.74 

 (0.36 to 1.52) 
0.42 17 (12) 

a C-index = concordance index (95% confidence interval shown in parenthesis) 
b HR = hazard ratio (95% confidence interval shown in parenthesis) 
c N = number of patients included in calculation (value in parenthesis is number of patients that were not censored) 
 

 

Only patient #5 had successful baseline and 12 week soft-tissue tumor biopsies that could 

be compared with FLT PET (Figure 26).  At 12 weeks, this patient’s PSA had decreased 42%, 

their sum of CT defined tumor diameters had decreased 30% (RECIST measurement), and tumor 

FLT PET uptake had increased 10% (SUVmean) (Figure 26a).   Immunofluorescence staining of 

this patient’s biopsy tissue revealed the majority of proliferating cells were prostate cancer cells 

at both baseline and follow-up (Figure 26b).  Quantification of the immunofluorescence images 

revealed a non-significant increase in the number of proliferating (Ki67+) cells per unit area 

from baseline to 12 weeks that is in agreement with the slight increase in FLT PET uptake during 

this same time period (Figure 26c).  Notably by week 16, this patient’s PSA had increased 26% 

and RECIST measurements had increased 31%, leading to classification of progressive disease.   
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Figure 26: (a) Axial CT and 

PET/CT slices with a metastatic 

tumor indicated.  At week 12 this 

patient had experienced 

diminished PSA and tumor size 

but slightly increased tumor FLT 

uptake.  By week 16, this patient 

was found to have progressive 

disease with marked increases in 

tumor size and PSA.  (b) 

Immunofluorescence images show 

representative histology sections 

taken from the week 12 biopsy of 

the tumor indicated in part (a).  

The left immunofluorescence 

image shows proliferating T cells 

(Ki67+CD8+; yellow arrows) and 

the right image shows proliferating 

tumor cells (Ki67+PSMA+).  (c) 

Quantification of the 

immunofluorescence images from 

the tumor indicated in part (a).  

The top row shows changes in the 

number of proliferating cells per 

unit area (left) and changes in the 

percentage of proliferating cells 

(right).  The bottom row shows 

percent changes in proliferating 

CD8+ T cells (left) and 

proliferating PSMA+ tumor cells 

(right). Immunofluorescence 

images and analysis are courtesy 

of Christopher Zahm.  *P-value is 

less than 0.05 
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FLT PET and Immune-Related Adverse Events  

Five out of seventeen patients (29%) experienced a grade 2 or greater adverse event 

relating to thyroid function (median time to adverse event was 9 weeks).  Three out of the five 

patients that experienced a thyroid-related adverse event had the adverse event occur prior to the 

second FLT PET scan at 12 weeks, indicating the second PET scan may not be as useful for 

making predictions (Figure 27a).  However, baseline FLT uptake in the thyroid was significantly 

predictive of whether or not a patient would go on to experience a thyroid-related adverse event 

(AUC = 0.97 P<0.01) (Figure 27b).   

One out of seventeen patients (6%) had grade 2 or greater pancreatitis. This patient 

experienced a 30% increase in pancreas FLT SUVmean from baseline to 12 weeks.  However, 

other patients experienced even greater increases in pancreas FLT uptake and did not go on to 

experience pancreatitis.  Baseline pancreatic FLT uptake was not significantly different in the 

patient that experienced pancreatitis than in the patients that did not experience pancreatitis.  One 

patient experienced grade 3 adrenal insufficiency 38 weeks after starting treatment; however, 

there was no evidence of this on the baseline or 12 week FLT PET scans.  No association was 

evident between immune-related adverse events and progression free survival.   
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Figure 27: (a) Thyroid SUVmean at baseline and after three months for all patients.  Patients that 

experienced a thyroid related-adverse event of grade 2 or greater are shown in various colors to 

distinguish them from patients that did not experience a thyroid-related adverse event (black).  

(b) ROC curve showing the value of thyroid SUVmean at baseline for predicting which patients 

will go on to experience a thyroid-related adverse event.  

 

 

7.4 Discussion 

In this chapter we evaluated changes in various lymphoid organs including non-

metastatic lymph nodes, spleen, and bone marrow.  This rationale was based on prior studies that 

showed increased FLT uptake in lymphoid organs following immunotherapy (132,133).  

Specifically relating to lymph nodes, previous work by Aarntzen et al. showed increased FLT 

uptake in lymph nodes after a dendritic cell vaccine was injected intranodally in patients with 

melanoma (133).  Thus in the current chapter, we hypothesized that similar increases in FLT 

uptake would be evident in vaccine-draining lymph nodes following intradermal injection of 

pTVG-HP vaccine.   Significantly increased FLT uptake was found in left axillary lymph nodes 

(sentinel node) when compared with right axillary lymph nodes.  This suggests that at least a 

subset of patients experience a regional immune response to pTVG-HP vaccine that is 
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characterized by increased cell proliferation in vaccine draining lymph nodes after 12 weeks of 

therapy.   

Previous work by Ribas et al. showed significantly increased spleen uptake of FLT 

following treatment with tremelimumab in patients with metastatic melanoma (132).  The 

authors of that study hypothesized that releasing the CTLA4 checkpoint on cell cycle in 

lymphocytes resulted in increased cell proliferation in the spleen.  Similarly in this study, 

significant increases in spleen uptake of FLT were evident.  These increases were greatest in arm 

3, where patients received a combination of pTVG-HP vaccine and pembrolizumab every three 

weeks.  Interestingly, these increases in splenic FLT uptake were inversely correlated with 

progression free survival time i.e. patients with greater increases in splenic FLT uptake were 

more likely to have shorter progression free survival. Further investigation of this phenomenon 

may be critical to understanding why some patients do not respond to therapy.    

Measurements of tumor size derived from anatomic imaging modalities (e.g. computed 

tomography, magnetic resonance imaging, etc.) have proven essential in oncology, particularly 

for assessing tumor responses to cytotoxic therapy (13).  However, these modalities are less 

useful in the context of immunotherapy where inflammation in responding patients can confound 

measurements of tumor progression (14).  We hypothesized that changes in cell proliferation as 

measured via FLT PET will be more specific for identifying non-responding patients than other 

imaging modalities.  This is supported by the results of this study, where changes in FLT PET 

after 12 weeks were more predictive of time to progression (based on concordance index values) 

than changes in tumor size measured via CT after 12 weeks or changes in PSA after 12 weeks.   

This suggests FLT PET measurements may offer earlier markers of response than traditional 

methods of clinical assessment.   
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In this study 5/17 (29%) patients experienced an adverse event of grade 2 or greater 

related to thyroid function.  One case led to discontinuation of treatment that was followed by 

subsequent disease progression. We discovered significantly higher FLT uptake at baseline in 

thyroids of patients that went on to experience a thyroid-related adverse event during treatment.  

These results indicate that prior to therapy, there is elevated cell proliferation in thyroids of 

patients who are likely to experience thyroid related adverse events.  A previous study suggested 

PD-1 blockade may cause latent thyroid auto-immunity to become clinically detectable and lead 

to subsequent thyroid-related adverse events (138). Further study might elucidate whether 

elevated FLT uptake in thyroid tissue at baseline is providing a measure of proliferating T cells 

that is linked with latent thyroid auto-immunity.  In this study, monitoring of thyroid-related 

adverse events was done by measuring serum changes in thyroid function.  The results of this 

work suggest FLT PET imaging might also have a role in monitoring/predicting adverse events 

related to thyroid function. 

Thyroid-related adverse events have been documented during pembrolizumab treatment 

but not during pTVG-HP vaccinations, making it likely that the thyroid-related adverse events in 

this study were caused by the pembrolizumab (128,129).  This is supported by the fact that no 

patients in this study experienced a thyroid adverse event before having a pembrolizumab 

injection. Interestingly, one patient had increased thyroid FLT uptake less than 24 hours after 

receiving their first pembrolizumab injection (Figure 23h).  This suggests that the auto-immune 

effects mediated by pembrolizumab may be detectable using FLT PET as early as 1 day 

following pembrolizumab injection.   

In this study 1/17 (6%) patients experienced a grade 2 or greater pancreatitis.  This 

patient had increased pancreatic FLT uptake from baseline to 12 weeks; however, greater 
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increases in pancreatic FLT uptake were evident in patients that did not go on to experience 

pancreatitis.  This indicates FLT PET has limited specificity for predicting the occurrence of 

pancreatitis.   

It would be of great value for future studies to explore the optimal timing of follow-up 

FLT PET scans since this is currently an area of uncertainty.  Likely the optimal timing of PET 

scanning will not only depend on the particular immunotherapy but also the specific process 

being measured.  For example, in this study the rationale for choosing the 12 week follow-up 

PET was based on the expected time frame for immune activation to occur following pTVG-HP 

vaccination (139).  Nonetheless, some patients may have immune responses and meaningful 

changes in cell proliferation at earlier timepoints.  As indicated, increases in thyroid FLT uptake 

were evident less than 1 day after injection of pembrolizumab.  Perhaps a similar change in FLT 

uptake occurs in tumors with preexisting immune cell infiltrates that may offer an early marker 

of tumor response.    

This work was limited in that bone marrow metastasis could not be evaluated using FLT 

PET/CT imaging.  This is because of the high FLT uptake in non-diseased bone marrow that 

makes identification and segmentation of bone marrow metastases challenging.  However, our 

group is currently working on developing image analysis tools to enable analysis of bone marrow 

metastases on FLT PET/CT images.  Interestingly, for patients with bone marrow metastases and 

soft-tissue metastases, changes in FLT PET uptake in soft-tissue metastases alone, were 

predictive of clinical outcome. 

7.5 Conclusion 

In this chapter patients with metastatic prostate cancer were treated with pTVG-HP DNA 

vaccine and pembrolizumab.  Increases in FLT uptake in the spleen and vaccine draining lymph 



96 

 

nodes suggest increased immune cell proliferation in these tissues is a pharmacodynamic effect 

of treatment.  Changes in FLT uptake in soft-tissue tumors were predictive of progression free 

survival, indicating that changes in tumor cell proliferation may offer an early measure of tumor 

response.  It was also found that baseline FLT uptake in the thyroid was predictive of the 

occurrence of thyroid-related adverse events.  Together these results suggest PET imaging has 

potential as a biomarker in immunotherapy, providing a relative early marker of tumor and 

immune responses.   
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Chapter 8: Multi-modality FLT and FDG PET 

for imaging immune response in canine patients 

8.1 Motivation 

FLT PET has been shown to be more specific for assessing active tumor cell proliferation 

than FDG PET (140).  This is particularly relevant in the context of immunotherapy where 

interpretation of FDG PET avid tumors is confounded by increases in glycolysis from immune 

cells infiltrating the tumor (18).  However, FLT PET has been shown in some cases to have 

inferior sensitivity compared with FDG PET especially for assessing tumors with low 

proliferative rates (141,142).  Incorporating concurrent FDG PET imaging for response 

assessment may help to overcome this limitation.  One might expect a tumor response during 

immunotherapy to consist of decreases in tumor cell proliferation (FLT) and increases in glucose 

utilization due to immune cell infiltration into the tumor (FDG).  To quantify this phenomenon, 

this chapter investigates multi-modality response assessment with FLT and FDG PET imaging.  

The tumor FDG/FLT SUV ratio is investigated as a biomarker of immune response in canines 

treated with mifamurtide immunotherapy.  The ultimate clinical goal is to identify new 

techniques for measuring immune responses in patients undergoing immunotherapy. 

 

8.2 Methodology 

 

Mifamurtide is an analogue of a molecule found in bacterial cell walls; upon entering the 

blood stream mifamurtide binds to toll-like receptors on monocytes, stimulating the innate 

immune system.  This discovery led to its development as an immunotherapy for treating cancer.  

Treatment with mifamurtide has been shown to improve outcomes for both canines and humans 

with osteosarcoma (143,144).  In this chapter a canine with osteosarcoma was injected with 
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mifamurtide on days 0 and +4.  FDG PET/MR scans were performed on days -1 and +6; FLT 

PET/CT scans were performed on days 0 and +7 (Figure 28).   

Tumor and lymphoid organs were identified by a veterinary radiologist and manually 

segmented, allowing extraction of summary SUV metrics.  All images were rigidly registered to 

the baseline FLT PET scan, enabling assessment of changes in tumor SUVs on a voxel-level.  

Since infiltration of immune cells into the tumor is believed to cause decreased tumor cell 

proliferation and increased glucose utilization, change in tumor FDG/FLT SUV ratio was used to 

quantify an immunotherapeutic response (increases in this ratio would indicate an immune 

response). 

  
Figure 28: Schedule for canine treated with mifamurtide. 

 

8.3 Results 

The voxel-level analysis revealed heterogeneous changes in tumor cell proliferation, with 

sixty percent of tumor voxels (146 cm3) exhibiting increases in FLT SUV (median +55%) and 

forty percent of voxels (97 cm3) exhibiting decreases in FLT SUV (median -34%) (Figure 29).   

Overall the tumor-level FLT SUVmean was unchanged with a value of 2.9 g/mL at both 

baseline and follow-up (Figure 30).  The tumor FDG SUVmean increased 37% from 3.0 g/mL at 

baseline to 4.1 g/mL at follow-up.  The tumor FDG/FLT SUVmean ratio increased 40% from 1.0 

at baseline to 1.4 at follow-up (Figure 31).   
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Assessment of lymphoid organs revealed SUVmean changes in a non-metastatic lymph 

node to be -9% for FLT and +14% for FDG.  Both tracers exhibited decreases in the spleen with 

FLT -1% and FDG -11%.  Changes in the liver were +7 for FLT and -10% for FDG.  Bone 

marrow (vertebrae L2–L7) changed +31% for FLT and -28% for FDG.   

 

 
 

Figure 29: Axial slice of the tumor for various imaging modalities.  The response maps reveal a 

spatially heterogeneous tumor response. Note PET images are overlaid on corresponding CT 

slices for reference and are upsampled to CT resolution for visualization.   
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Figure 30: Maximum intensity projections (MIPs) of the baseline and follow-up FLT and FDG 

PET scans.  Slightly diminished FLT uptake is evident in the tumor (black arrow) from baseline 

to follow-up.  Increased FDG uptake is evident in the tumor from baseline to follow-up.  

Increased in FLT uptake is also visually evident in the bone marrow.  
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Figure 31: Change in SUVmean in tumor and lymphoid organs from baseline to follow-up scans.  

Notably, the bone marrow (vertebrae L2 – L7) exhibited substantial increase in FLT SUV and 

decrease in FDG SUV during therapy.   

 

 

8.4 Discussion 

A voxel-based analysis revealed that different tumor regions experienced vastly different 

responses to mifamurtide immunotherapy.  It suggests some regions within the tumor 

demonstrated increases and other regions demonstrated decreases in cell proliferation even 

though as a whole tumor cell proliferation was unchanged (0% change in SUVmean from baseline 

to follow-up).   If the tumor in this chapter were to have been biopsied at follow-up, one of the 

residually proliferating regions might have been removed and it may have been incorrectly 

concluded that the treatment had no effect.   This underscores the importance of having imaging 

biomarkers to assess changes in the spatial heterogeneity of tumors during therapy.   

The results of this chapter showed an increase in the tumor FDG/FLT uptake ratio after 

therapy.  We believe this was caused by an increase in immune cells within the tumor region 

(increased FDG) and a relatively stable rate of tumor cell proliferation (unchanged FLT).  
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Previously it has been shown that immune cell infiltration into the tumor can lead to increased 

FDG uptake (18,145).  This is supported by the results of this chapter where our canine patient 

experienced a 37% increase in tumor FDG SUVmean after one week of immunotherapy.  

Typically, it would be impossible to differentiate whether this increased glycolytic activity was 

due to tumor progression or immune cell infiltration but the results of this chapter also showed 

no change in tumor FLT SUVmean.  This suggests tumor cell proliferation remained relatively 

stable during treatment and that the tumor was not progressing despite the increased glycolytic 

activity.  This highlights the value of multi-modality response assessment.  Having only the FDG 

PET or only the FLT PET may have led to the erroneous conclusion that the treatment was 

having little to no effect.   

In this chapter it was shown that bone marrow FLT uptake increased and FDG uptake 

decreased during therapy with mifamurtide.   The underlying causes of these changes are 

unknown; however, a plausible explanation is offered by the expected pharmacodynamic effects 

of mifamurtide.  Previous studies have showed that low concentrations of toll-like receptor 

ligands in the blood stream drive emigration of monocytes from the bone marrow (146,147). 

After emigration from the bone marrow, monocytes enter the blood stream and stimulate the 

innate immune system (144).   This suggests that treatment with the toll-like receptor agonist 

mifamurtide also leads to monocyte emigration from the bone marrow.  Thus, the decrease in 

FDG uptake in the bone marrow may be explained by a drop in glycolytic activity that 

accompanies the emigration of monocytes out of the bone marrow.  Similarly, the increase in 

FLT uptake may be caused by a compensatory increase in cell proliferation as the bone marrow 

replenishes the monocyte population. Regardless of the mechanism leading to the changes in 

PET uptake, the results suggest the bone marrow is an important mediator of mifamurtide 
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pharmacodynamic effects and biomarkers assessing this organ should be evaluated further in this 

context.  Interestingly, this also suggests that FLT PET may be useful for evaluating bacterial 

infections wherein an innate immune response is triggered by bacterial molecules binding to toll-

like receptors in a manner similar to mifamurtide.   

8.5 Conclusion 

Treatment with the innate immune stimulant mifamurtide led to an increase in the tumor 

FDG/FLT uptake ratio.  We hypothesize that this phenomenon is due to an increase in the 

number of immune effecter cells within the tumor (increased FDG) and a relatively stable rate of 

tumor cell proliferation (unchanged FLT).  These result warrant further study, including 

comparison with tissue histopathologic changes.  Change in bone marrow FLT and FDG uptake 

suggest the bone marrow is an important mediator of mifamurtide pharmacodynamic effects and 

should be studied further in this context.  
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Section IV Concluding Remarks 
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Chapter 9: Summary and Future Work 

The goal of this dissertation was to assess the clinical value of FLT PET as a biomarker 

of patient response to cancer therapy.  In Section I, we developed methodologies to improve the 

quantitative accuracy FLT PET to enable more accurate response assessment.  In Section II, we 

characterized the pharmacodynamic effects of various anti-angiogenic therapies using FLT PET, 

gaining insight into improved treatment strategies.  In Section III, FLT PET was used to predict 

tumor responses to immunotherapy and to predict immune-related adverse events.  This 

concluding chapter summarizes the major discoveries of this dissertation and describes how they 

could impact clinical utilization of PET imaging in the future.   

 

9.1 Summary 

Improving FLT PET quantification  

The focus of Section 1 of this dissertation (Chapters 2-3) was improving the quantitative 

accuracy of FLT PET.  The section consisted of two chapters each describing modelling 

approaches that might be utilized to improve quantitative accuracy in clinical studies.  The 

following paragraphs reiterate the major results of these chapters.   

In Chapter 2 of this dissertation we describe a compartmental modelling approach that 

can be used for FLT kinetic analysis.  FLT kinetic analysis has been shown to lead to improved 

quantitative accuracy over FLT SUVs (40,49,50).  However, the kinetic analysis methodology is 

more complicated than the SUV approach, including requirement of blood input function that 

must be corrected for FLT metabolism.  In Chapter 2 we presented a non-invasive approach to 

correct for FLT metabolism.  This approach is less invasive than other approaches that rely on 
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blood sampling during the dynamic imaging session and therefore offers a potentially more 

feasible approach for clinical implementation of FLT PET kinetic analysis.  Additionally, in 

Chapter 2 we evaluated the ability of the FLT compartmental model to estimate kinetic 

parameters using Monte Carlo simulations.  This provided some indication of the uncertainty in 

our kinetic parameter estimates, which is important for reliably applying this methodology to 

quantify patient responses to therapy.  Ultimately this work helps facilitate use of dynamic PET 

scanning and FLT compartmental modelling in clinical studies to assess patient responses to 

therapy.  The results led to the first published study reporting concurrent changes in tumor cell 

proliferation and vasculature during intermittent VEGFR-TKI therapy that is described in 

Chapter 5 of this dissertation (148).    

In Chapter 3 we described a methodology to enable statistically powerful parametric 

modelling.  Increasing statistical power can reduce uncertainties in parameter estimates and 

consequently improve the quantitative accuracy of FLT PET.  The most straightforward way to 

increase statistical power is to acquire more data; in the case of PET imaging this can be 

expensive for researchers and burdensome for patients.  An alternative way to increase statistical 

power is to utilize more powerful statistical methods for analyses.  Parametric statistical 

modelling can provide superior statistical power over non-parametric approaches but requires the 

data follow a known distribution (74).  This motivated Chapter 3 of this dissertation where we 

provided a methodology to identify transformations for providing normally distributed FLT PET 

SUVs.  These normal transformations enable parametric statistical modelling that can lead to 

increased statistical power.  This work led to the first published study to identify optimal normal 

transformations for FLT PET SUVs, including an investigation of how therapy affects these 

optimal transformations (149).  It facilitates incorporation of parametric statistical modelling into 
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clinical trials that utilize FLT PET imaging.  It enables researchers to include parametric 

modelling into study designs to increase statistical power, potentially reducing the number of 

patients and expenses required to meet clinical endpoints.  As demonstrated in Chapter 6 of this 

dissertation, parametric modelling enable analysis of changes in tumor FLT SUVs by accounting 

for correlations in tumor SUVs arising from the same patient.  The methodology outlined in 

Chapter 3 for identifying normal data transformations need not be limited to analysis of medical 

images and could be applied more broadly to any medical biomarker to improve understanding 

of distribution behavior.  Going forward this methodology will help to minimize errors in 

statistical testing and facilitate selection of appropriate tests to maximize statistical power.     

 

FLT PET as a biomarker of response in anti-angiogenic therapy 

In Section II of this dissertation, FLT PET was applied as a biomarker of response during 

anti-angiogenic therapy.  The work was motivated by the fact that the majority of metastatic 

cancer patients treated with anti-angiogenic therapy will experience only modest improvements 

in survival.  Novel therapeutic combinations have been shown to improve outcomes in anti-

angiogenic therapy; however, there are cases where combination therapy has failed, particularly 

in the context of VEGFR-TKIs and chemotherapies (5,97,98).  These failures highlight the 

importance of having identified physiologic targets for synergistic combination therapy.  The 

purpose of Section II (Chapter 4-6) of this dissertation was to utilize FLT PET to provide greater 

understanding of the clinical pharmacodynamics of VEGFR-TKIs and gain insight into improved 

anti-angiogenic treatment strategies. 

It has been hypothesized that normalization of tumor vasculature brought about by anti-

angiogenic therapy would lead to improved vascular function and drug delivery; this formed the 

rationale for numerous studies aiming to concurrently combine anti-angiogenic therapy and 
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chemotherapy (1,150).   This hypothesis proved successful when combining VEGF-ligand 

targeting agents such as bevacizumab with chemotherapy.  However, it proved less successful 

when combining VEGFR-TKIs with chemotherapy (5,97-102).   The results in Chapters 4 and 5 

of this dissertation showed that treatment with VEGFR-TKI led to reductions in FLT PET 

parameters representing tumor vascular function that could abrogate concurrent treatment with 

chemotherapy.   This offers a plausible explanation for why studies concurrently combining 

VEGFR-TKI and chemotherapies have not led to improved outcomes.   

Chapter 4 revealed that recurrent VEGFR-TKI treatment breaks leads to a withdrawal 

flare characterized by a rebound in tumor FLT uptake that, after 7 days of treatment break, is not 

significantly different from baseline levels of FLT uptake.  This rebound flare was present in 

multiple intermittent treatment cycles suggesting it may be an opportune time to schedule 

synergistic therapy.  These results led to the first published study documenting this recurring 

withdrawal flare (151). Chapter 5 built on the work of Chapter 4 to further explore the 

physiologic causes of the withdrawal flare using dynamic FLT PET with compartmental 

modelling.  Increases in vascular and proliferative FLT PET kinetic parameters during axitinib 

washout suggested a disease rebound. This provided further evidence that VEGFR-TKI 

treatment breaks would be an optimal time for scheduling synergistic cell-cycle specific 

chemotherapy (148). These results indicate that FLT PET can provide therapeutic insights for 

more evidence-based development of combination therapies.  This is an under-appreciated use of 

molecular imaging in clinical trials that often focus on utilizing molecular imaging solely for 

diagnoses or outcome prediction. 

The results of Chapters 4 and 5 led in part to a novel treatment paradigm where cell-cycle 

specific chemotherapy was applied in sequential combination with VEGR-TKI therapy to 
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capitalize on the withdrawal flare.  This treatment paradigm was evaluated in Chapter 6 using 

FLT PET imaging.  It was found that application of cell-cycle-specific chemotherapy during 

VEGFR-TKI treatment breaks led to a greater reduction in FLT uptake than VEGFR-TKI 

treatment alone or chemotherapy alone.  This suggests the sequential combination of VEGFR-

TKI and chemotherapy is synergistic and offers a potentially improved treatment strategy for 

metastatic cancer patients.  These finding have been subsequently published in a peer-reviewed 

journal (152). 

It has been assumed that selective VEGFR-TKIs, primarily target VEGFRs on 

endothelial cells, leading to disruption of tumor vasculature and diminished tumor growth (153).  

The results of Section II support this hypothesis with the majority of patients experiencing 

simultaneous decreases in proliferative and vascular FLT kinetic parameters during axitinib 

(VEGFR-TKI) treatment.  However, lack of correlation between changes in these parameters, 

suggests the anti-proliferative activity of axitinib cannot be inferred solely from assessing 

changes in tumor vasculature.   This indicates vascular changes occurring in tumors as a result of 

axitinib therapy may not be the only cause of delayed tumor growth.  Furthermore, in vitro 

studies have showed that neuroblastoma cell lines had significantly diminished proliferation after 

treatment with axitinib, suggesting axitinib may have direct anti-proliferative activity against 

tumor cells that is decoupled from its anti-vascular effects (112).  Taken together, these results 

indicate biomarkers limited to assessing vascular pharmacodynamics may not fully capture the 

mechanistic actions of VEGFFR-TKIs such as axitinib.  Emerging interest in novel VEGFR-TKI 

treatment schedules that directly target tumor cells rather than tumor vasculature indicates an 

additional need for modalities that provide concurrent assessment of tumor cell proliferation and 

vasculature (154).   This underlies the potential advantage of molecular imaging with FLT PET 
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over conventional modalities (DCE-MRI, DCE-US, DCE-CT) that are limited to assessing only 

the vascular pharmacodynamics of anti-angiogenic therapies.  Taken as a whole, Section II of 

this dissertation definitively establishes FLT PET as a clinically relevant biomarker for 

characterizing the pharmacodynamic effects of anti-angiogenic agents and demonstrates how it 

can lead to development of new combination treatment strategies.     

 

FLT PET as a biomarker of response in immunotherapy 

Section III of this dissertation (Chapters 7-8) investigates use of FLT PET as a biomarker 

in immunotherapy.  Anti-PD1 therapies are actively being researched as treatment for patients 

with metastatic cancer; however, identifying a reliable biomarker to predict responding patients 

has remained elusive (155).  No prior study has assessed the predictive value of FLT PET during 

anti-PD1 therapy.  The two prior studies that have utilized FLT PET for response assessment in 

immunotherapy identified immune responses in lymphoid organs (132,133).  Thus, in Section III 

of this dissertation we aimed to determine whether FLT PET detects changes in lymphoid organs 

and evaluate the predictive value of FLT PET during immunotherapy.   

Chapter 7 of this dissertation is the first reported use of FLT PET to evaluate patient 

responses to anti-PD1 therapy in a clinical study.  The results showed that FLT PET uptake was 

predictive of progression free survival as well as immune-related adverse events.  The results 

indicate that FLT PET biomarkers, in the context of anti-PD1 immunotherapy of prostate cancer, 

may provide earlier markers of patient response than traditional clinical measures such as patient 

PSA or tumor anatomic size.  The ramifications of this, if validated in larger patient cohorts, 

suggest that physicians may be able to utilize FLT PET scans to make timely, data-driven, 

clinical decisions to improve patient care.   For example lack or tumor response on FLT PET 
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would indicate it is time to move on to a new therapy.  This could save patients months of wasted 

time on ineffective treatment regimens, which is crucial for patients with metastatic cancer who 

may only have a few months to live without effective treatment.  It may also be that physicians 

could use the FLT PET to identify patients at risk to experiencing an immune-related adverse 

event.  This could lead to treatment with drugs to prevent or mitigate the adverse event.    

 Chapter 8 of this dissertation investigates utilization of multi-modality FLT PET and 

FDG PET imaging to evaluate mifamurtide immunotherapy.  The results demonstrated how FDG 

may be combined with FLT PET to improve identification of immune responses.  An increase in 

the tumor FDG/FLT uptake ratio was found during immunotherapy.  This was the result of 

unchanged tumor FLT uptake and increased FDG uptake, suggesting an immune response 

characterized by immune cell infiltration into the tumor.  In addition notable increases in FLT 

uptake were found in the bone marrow that suggested increased cell proliferation in the bone 

marrow as a pharmacodynamic effect of mifamurtide immunotherapy. 

Taken as a whole, the results of Section III of this dissertation indicate clinical potential 

for FLT PET as a non-invasive, whole-body, biomarker in immunotherapy.  Given the relatively 

few published studies utilizing FLT PET for evaluating immunotherapy, there is an opportunity 

to further expand FLT PET into other immunotherapeutic settings and even more generally as a 

biomarker of the immune system.   

 

9.2 Future Directions 

 Chapter 2 describes a methodology for dynamic PET scanning and FLT compartmental 

modelling.  This methodology is aimed at making dynamic PET scanning clinically feasible by 

deriving a population based correction for FLT metabolism that does not require blood sampling.  
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Chapter 5 highlights the clinical value of this methodology by applying it to characterize 

vascular and proliferative changes occurring in tumors during anti-angiogenic therapy.  There are 

still a number of challenges that need to be addressed before widespread utilization of dynamic 

FLT PET imaging can take place clinically.  This includes kinetic modelling software that is 

standardized across scanners and institutions.  The work in this thesis has in-part contributed to 

an effort to commercialize kinetic analysis software by incorporating it directly into GE 

Healthcare’s Advantage Workstation.  This would help to standardize the software analysis, 

making comparisons across scanners more feasible.   

The large uncertainties in FLT PET kinetic parameters that were described in detail in 

Chapters 2 indicates reduction of parameter uncertainties is necessary before changes in kinetic 

parameters of individual patients can be used to guide clinical decision making.  This might 

include for example, image-processing to increase the signal-to-noise ratio of early dynamic PET 

frames (156).  It may also include optimization of the reconstruction parameters for each 

dynamic frame or even estimation of kinetic parameters directly from the raw projection (157).  

Nonetheless, this dissertation provides insight into how dynamic FLT PET may be used in the 

future to investigate the mechanistic actions of therapeutic agents.  

Chapter 3 demonstrated how normal transformations enable parametric statistical 

modelling and increased statistical power when analyzing PET data.  In the future, this 

methodology could be applied to identify normal transformations to distributions of imaging-

based parameters derived from other imaging modalities such as magnetic resonance and 

computed tomography.  For example, an endpoint for clinical trials often includes the objective 

response rate measured following RECIST i.e. the percentage of patients who experience 

measurable decreases in tumor size during the study.  These measurements of tumor size are 
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made by summing the diameters of tumors within a patient on CT or MRI scan.  The changes in 

the sum of the tumor diameters are tracked throughout the course of therapy and a patient is 

classified as having a partial response if the sum of tumor diameters decreases by 30% or more 

(13).  An analysis with greater statistical power would take into account the responses of each 

individual lesion rather than overall sum of diameters.  The inherent correlation resulting from 

changes in lesion diameters within the same patient could be accounted for with parametric 

statistical modelling (after normal transformations have been applied).   This is one area where 

the normal transformation methodology of this dissertation could be applied to improve 

statistical power in clinical trials.   

Although the analysis in Chapter 3 focused on normal transformations for tumor 

summarized SUV metrics (SUVmax, SUVmean, etc.), the methodology could be extended to voxel-

level SUV distributions from tumors or organs.  For example, one may wish to normalize the 

voxel-level SUV distributions within healthy organs so that identification of outlier voxels 

indicative of pathology would become probabilistic and intuitive (158).   In this case, normal 

transformations could be of great value for disease diagnosis, where knowing underlying 

biomarker distributions in healthy and diseased patients might aid in discriminating between the 

two (159,160).  This is already being investigated within our research group, where we are 

generating reference normal distributions of FLT SUVs in the bone marrow of healthy patients 

(Figure 32).  These reference distributions will be utilized to identify regions of abnormal bone 

marrow uptake in a prospectively scanned patient based on their deviations from the reference 

normal distribution.   
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Figure 32: Reference distribution of healthy bone marrow FLT uptake.  This statistical 

appearance model was generated by analyzing the distribution of FLT SUVs in each region of 

bone marrow for a cohort of patients.  (Courtesy of Timothy Perk) 
 

 

Chapter 7 of this thesis provided evidence that FLT PET may be a valuable biomarker for 

assessing response in immunotherapy.   Changes in FLT uptake in lymphoid organs shed insight 

into the pharmacodynamic effects of immunotherapy.  However, to reach its full potential the 

underlying mechanisms driving FLT PET uptake must be identified.  This includes for example, 

understanding the biology that leads to increased FLT uptake in thyroids of patient most likely to 

experience thyroid-related adverse events.  Utilizing other immune specific PET agents is one 

way to further investigate the underlying biologic mechanisms influencing FLT PET uptake 

during immunotherapy.  FLT PET cannot distinguish between proliferation of immune cells and 

proliferation of tumor cells, limiting its specificity.  However, more specific PET tracers are 

under development for imaging specific components of the immune system (Table 19).  For 

example, a phase I dose escalation study incorporated PET imaging with a 89Zr-labelled anti-

CD44 antibody to assess organ specific and non-specific uptake of the anti-CD44 

immunotherapeutic agent RG7356 (161).  The authors concluded that specific target mediated 

uptake of anti-CD44 antibody was evident in the spleen, liver, bone marrow, kidney, and lung.  
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This PET agent might be utilized in conjunction with FLT PET to indicate whether changes in 

FLT uptake in lymphoid organs during immunotherapy are indeed due to changes in immune 

cells or potentially driven by other mechanisms.   

Chapter 8 provided some preliminary evidence that the uptake ratio of FDG/FLT may be 

a valuable biomarker of immune response in tumors.  An area of future work within our group 

aims to utilize this phenomenon to assess whether multi-modality imaging with FDG and FLT 

PET provides a prognostic marker of immune response in metastatic melanoma patients treated 

with an immune checkpoint inhibitor.  A crucial next step will be performing studies that relate 

the FDG/FLT uptake ratio to clinical endpoints or histopathology results, providing validation of 

its use as an imaging biomarker of immune response.   

Interestingly, the results in Chapter 8 suggest that stimulates of the innate immune system 

(not just immunotherapies) may be detectable with FLT PET imaging.  The drug utilized in 

Chapter 8 was a molecular analogue of a molecule found in bacterial cell walls, which after 

injection stimulates the innate immune system (143).  This drug led to an increase in FLT uptake 

in canine bone marrow after six days of treatment.  This is assumed to be due to activation of the 

innate immune system, causing a corresponding increase in proliferation of immature immune 

cells within the bone marrow.  A similar innate immune system response would be expected 

following a bacterial infection (18). Thus, elevated FLT PET uptake in the bone marrow may 

indicate a potential bacterial infection.  PET imaging of bacterial infections is an active area of 

research although limited specificity, among other challenges, has hindered widespread adoption 

of any one tracer (162).  FLT PET has not been explored for evaluating bacterial infections.  The 

results of this dissertation at the very least suggest FLT PET should be considered as a potential 

tracer for assessing infections and shedding new insights into the pathogenesis of infections.  For 
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example, FDG PET has been shown to poorly differentiate true infection from sterile 

inflammation (162); in these cases FLT PET bone marrow assessments may provide a more 

specific indication of an infection. 

The work in this dissertation is supportive of continued development of FLT PET, as it 

offers a readily-available clinical tool to measure tumor responses to therapy.  The results of 

Chapters 4-6 suggest that static and dynamic FLT PET/CT imaging of changes in tumor 

vasculature and cell proliferation may be sufficient for characterizing the pharmacodynamic 

effects of anti-angiogenic therapies.  However, the results of this dissertation are also supportive 

of multi-modality imaging that combines FLT PET and other imaging biomarkers in cases where 

a more comprehensive evaluation is required.  As shown in Chapter 8 of this dissertation, multi-

modality PET imaging was useful for characterizing the canine patient’s response to mifamurtide 

immunotherapy.  Multi-modality imaging with FLT PET and immune-specific PET tracers 

(Table 19) would be especially beneficial in immunotherapy.  For example, it may enable 

determination of the contributions of immune cells and tumor cells to the overall proliferative 

rate and changes in this rate during immunotherapy.  Without the biopsy results in Chapter 7, it 

would have been difficult to determine whether changes in tumor FLT uptake were due to 

changes in immune cell proliferation or tumor cell proliferation.  Combining FLT PET imaging 

with more specific PET tracers that bind specifically to immune cells would shed further insights 

into the spatial and temporal effects of immunotherapy and mitigate the need for invasive 

biopsies to differentiate tumor and immune cell proliferation.  Given the breadth of 

immunotherapeutic agents, it is likely that the optimal imaging biomarkers will depend on the 

mechanisms of the particular immunotherapy and the clinical problem being addressed.  
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Regardless, this dissertation provides strong evidence supporting further development of FLT 

PET for assessing immunotherapy and tumor responses more generally.   

 

Table 19: Studies utilizing PET tracers that specifically target immune system pathways and 

may benefit from multi-modality imaging with FLT PET 
PET Tracer # Patients Tumor Type Treatment Imagine time 

points 

Notable Results Ref. 

89Zr-RG7356 
 

13 CD44-
expressing 
solid tumours 
 

RG7356 
(anti-CD-44) 

1, 24, and 96 hours 
post-injection 

Dose escalation study with patient 
receiving different doses of RG7356 
followed by a 1mg injection of 89Zr-
RG7356 
 
Dose-dependent uptake of 89Zr-
RG7356 was evident in the spleen, 
liver, bone marrow, lung, and 
kidney indicating target-specific 
uptake in these organs 
 
Study demonstrates a method to 
differentiate target specific and 
non-specific uptake of monoclonal 
antibodies as a means to aide drug 
development 

(161) 

18F-FHBG 
 

7 Glioma CAR T cell 

therapy 

Baseline and after 

two to five weeks 

A significant increase in [18F]FHBG 

Uptake was evident in tumors after 

CAR T cell injection suggesting T 

cell trafficking to tumors; however, 

authors could not rule out the fact 

that increased uptake may also have 

been the result of diminished blood 

brain barrier 

 

This study demonstrates the 

potential of reporter gene imaging to 

characterize the in vivo viability and 

trafficking of cytotoxic T 

lymphocites 

 

(163) 

64Cu-

DOTA-anti-

CTLA-4 

 

Variable Colon cancer Anti-mouse 

CTLA-4 mAb  

 

 Tumors demonstrated visually 

increased uptake of 64Cu-DOTA-

anti-CTLA-4 and this was verified 

with ex-vivo biodistribution analysis 

 

This type of assessment may enable 

selection of patients for anti-CTLA 

immunotherapies 

(164) 

 64Cu-

DOTA-

ipilimumab 
 

12 Non-small cell 

lung cancer  

Ipilimumab 

(anti-CTLA-4) 

6, 24, and 48 hours 

after injection 

This studied aimed to characterize 

binding of radiolableled ipilimumab 

to non small cell lung cancer cells in 

vivo in mice 

 

In vivo PET finding showed 

increased uptake in three tumor cell 

lines in vivo and were in 

concordance with in vitro and ex 

(165) 
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vivo measurements of CTLA-4 

expression 

 

Tracer uptake in tumors decreased 

following injection of excess 

unlabaled ipilimumab indicating 

specific tracer uptake in the tumor 
64Cu-

NOTA-PD-1 

and 64Cu-

NOTA-PD-

L1  
 

Variable Melanoma Checkpoint 

blocking 

monoclonal 

antibodies 

combined with 

radiotherapy 

24 hours after 

injection 

Following immunoradiotherapy, 

tumor, lymph node, and spleen 

uptake was higher in wild type mice 

than in antigen-blocked mice, 

suggesting specificity of 64Cu-

NOTA-PD-1 

to PD-1 expressing cells.  Similar 

results were found for 64Cu-NOTA-

PD-L1. 

 

After treating mice with IFN-γ, 

pronounced 64Cu-NOTA-PD-L1 

 induction was evident in the lungs.  

The authors concluded the lung is 

strongly protected against immune 

attacks by PD-L1 upregulation  

 

(166) 

89Zr-DFO-

CD3 (anti-

CD3 PET) 
 

Variable Colon 

carcinoma 

Anti-CTLA-4 Mid-treatment 89Zr-DFO-CD3 PET stratified mice 

into low and high tumor uptake 

groups with no significant difference 

in tumor size between the low and 

high uptake groups.  However, by 

the end of treatment, the low uptake 

group had significantly larger tumor 

volume than the high uptake group, 

suggesting 89Zr-DFO-CD3 PET may 

be useful as a response-based 

biomarker. 

(167) 

89Zr-

malDFO-

169 cDb 

(anti-CD8 

PET) 

Variable  Adoptive cell 

transfer therapy, 

anti-CD137 

antibody 

therapy, and 

anti-PD-L1 

therapy 

 

Baseline and 

midtreatment 

Following infusion of tumor 

antigen-specific T cells, anti-CD8 

PET detected increased uptake in 

tumors compared with antigen 

negative control tumors. Further 

relatively large increase in uptake 

was observed in axillary draining 

lymph node.   

 

Following anti-Cd137 therapy, anti-

CD8 PET showed higher uptake in 

tumors compared with tumors of 

CD8 blocked mice.  Further 

immunohistochemistry confirmed 

presence of CD8+ tumor-infiltrating 

T cells in tumors.  Uptake in lymph 

nodes increased during therapy, 

which the authors believed due to 

the systemic agonistic activity of 

therapy on immune cells throughout 

the body.   

 

Following anti-PD-L1 therapy, anti-

CD8 PET showed higher tumor 

uptake in responders than in non-

responders and the result was 

confirmed ex vivo.  Interestingly, a 

(168) 
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rim of uptake was seen on the 

periphery of non-responding tumors 

suggesting presence of T cells but 

no infiltration within the tumor.   

 

9.3 Conclusion 

This dissertation developed FLT PET imaging as a response biomarker to guide treatment 

decisions and develop improved therapeutic strategies.  FLT PET was utilized as a 

pharmacodynamic biomarker to understand the mechanistic actions of anti-angiogenic therapy. 

The insight into drug pharmacodynamics facilitated development of a new treatment strategy 

wherein anti-angiogenic therapy and chemotherapy are sequentially combined.   We showed that 

changes in FLT uptake in tumors allowed prediction of patient responses to immunotherapy.  

Additionally, we showed that changes in FLT uptake in non-diseased tissues (spleen, draining 

lymph nodes, thyroid) may provide useful information regarding the mechanistic action of 

immunotherapeutic agents and immune related-adverse events.  As a whole, the work is highly 

supportive of continued use of quantitative FLT PET as a clinical tool to facilitate precision 

medicine, guiding evaluation of new therapeutic strategies and providing an early marker of 

patient response.  
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