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1.1 Rectal cancer: epidemiology & prognosis 
Rectal cancer is the malignant tumor growth from the inner wall of the final part of the 
large intestine. Risk factors for rectal cancer include heredity, polyps and chronic 
ulcerative colitis. Rectal cancer can be divided into two categories: non-locally ad-
vanced rectal cancer (NLARC) and locally advanced rectal cancer (LARC). For the pa-
tients with a clear margin between the tumor and the mesorectal fascia (MRF), ob-
served from pre-treatment magnetic resonance (MR) images, the tumor is classified as 
NLARC, whereas if from the MR-images an invasion of the tumor into the MRF or 
involvement of the tumor into regional lymph nodes is observed, the tumor is classi-
fied as LARC.  
 
According to the TNM classification, rectal cancer is divided into four stages on basis of 
the anatomical extent of the tumor 

1
. The TNM classification is used to define the 

extend of disease with respect to the primary tumor (T), involvement of regional 
lymph nodes (N) and the presence of distant metastases (M) 

1
. 

 
T – Primary Tumor 

T1  Tumor invades submucosa 
T2  Tumor invades muscularis submucosa 
T3    Tumor invades subserosa or into non-peritonealized pericolic or perirectal 

tissue 
T4 Tumor directly invades other organs or structures and/or perforates visceral 

peritoneum 
 
N – Regional Lymph Nodes 

N0  No regional lymph node metastasis 
N1  Metastasis in 1-3 regional lymph nodes 
N2  Metastasis in 4 or more regional lymph nodes 
 
M – Distant Metastasis 

M0  No distant metastasis  
M1  Distant metastasis 
 
Within the Netherlands, the incidence and prevalence of rectal cancer increased over 
the last 10 years (Table 1.1) 

2
. The prognosis of rectal cancer is related to the degree of 

penetration of the tumor through the rectal wall, the possible involvement of the 
tumor into regional lymph nodes and the presence of distant metastasis 

2
. Also, the 

circumferential resection margin (CRM) after surgery is prognostic for locoregional 
tumor control 

3
. A positive CRM, with the CRM involved by tumor or a distance of less 

than 1 mm between tumor and the CRM, is an important predictor of local and distant 
recurrence and patient survival 

3
. The absolute number of rectal cancer related deaths 

slightly increased over the last 10 years 
2
. 
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However, taking into account the strong increase of the incidence and prevalence of 
rectal cancer, the relative number of rectal cancer related deaths decreased over the 
last decade. Also, the 5 year survival probability significantly increased over the last 30 
years due to changes and standardization of the surgical approach and pre- and/or 
post-operative treatment with chemo- and radiotherapy (Table 1.1) 

2
. 

 
Table 1.1: Overview of the incidence, prevalence, number of related deaths and 5 year survival probability of 

rectal cancer within the Netherlands. 
 

  2000 2005 2010  

Incidence Male 1848 2206 2633  

 Female 1292 1438 1543  

Prevalence Male 10874 13713 17049  

 Female 8428 9860 11274  

Related Death Male 495 542 577  

 Female 390 398 387  

      

  1975 1985 1995 2000 

5 year survival Male 39% 41% 57% 58% 

 Female 41% 42% 50% 58% 

 
 
1.2 Treatment Modalities 
For the treatment of rectal cancer, three treatment modalities can be used: radiothe-
rapy, chemotherapy and surgery. Each of the treatment modalities can be used alone, 
but often, modalities are combined based on patient and tumor characteristics. 
 

Radiotherapy 

Radiotherapy (RT) is the medical use of ionizing radiation to treat malignancies. The 
patient referred to RT treatment is exposed to highly energetic megavoltage photon 
beams generated with a linear accelerator. With dedicated treatment planning soft-
ware, the shape and direction of the treatment beams are positioned in such a way 
that they result in a sufficient dose to the tumor while limiting the radiation burden to 
the healthy tissue of organs surrounding the tumor. For patients diagnosed with rectal 
cancer, RT alone or in combination with chemotherapy, is most often the treatment of 
choice. In Maastricht, the Netherlands, patients diagnosed with NLARC are treated 
with hypofractionated RT (5 fractions of 5 Gy on 5 consecutive working days), followed 
by surgery. For NLARC, pre-operative RT is primarily used to lower the risk of local 
failure 

4-7
. More advanced rectal tumors (LARC), with invasion of the tumor into the 

mesorectal fascia or involvement of the tumor in regional lymph nodes, are treated 
with long course RT (28 fractions, each of 1.8 Gy) combined with chemotherapy. Pre-
operative treatment with long course combined chemo-radiotherapy (CRT) results in 
significant downsizing, downstaging and regression of the primary tumor 

8-12
.  
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Chemotherapy 

Chemotherapy refers to the treatment of cancer with antineoplastic drugs by impairing 
the (mitotic part of the) cell cycle. The antineoplastic drugs kill cells that divide rapidly, 
which is one of the main properties of malignant cells. However, chemotherapy treat-
ment also affects non-malignant cells that divide rapidly, for example cells in the bone 
marrow, the digestive tract and hair follicles. In Maastricht, The Netherlands, patients 
diagnosed with LARC are most often treated with long course RT (28 fractions of 1.8 
Gy) combined with concomitant chemotherapy. In Europe, 5-fluorouracil (5-FU) is used 
for chemotherapy treatment of rectal cancer. 5-FU irreversible inhibits the enzyme 
thymidylate synthetase, ultimately blocking the synthesis of pyrimidine thymidine, a 
nucleotide required for DNA replication 

13
. For the patients included in the studies 

within this thesis, capecitabine (Xeloda) was orally administered to the patients as a 
chemotherapeutic agent. Capecitabine is a pro-drug of 5-FU, which is enzymatically 
converted to 5-FU 

13
.  

 
Surgery 

Nowadays, for patients diagnosed with rectal cancer, surgery is the major component 
of treatment. However, conventional surgery, without pre-operative treatment with 
chemo- and/or radiotherapy, resulted in a high probability of local recurrence (aver-
age: 22.5%, range: 9-36%) 

14
. Over the last years, in Europe, the total mesorectal 

excision (TME) has been standardized for the treatment of rectal cancer. The introduc-
tion of the standardized TME surgical approach has led to a significant decrease of the 
number of local recurrences and an increased probability of disease free survival when 
compared to the conventional, non-standardized surgical approach used prior to the 
introduction of the TME 

7, 15
. Also, training of the surgeons performing the TME has 

been proven to result in an improved outcome for the patients 
16, 17

. However, limiting 
the performance of rectal cancer surgery to highly specialized surgeons or to only 
those surgeons who perform more than a certain volume is impractical in view of the 
prevalence of rectal cancer in Western Europe 

17
. 

Pre-operative treatment with short course hypofractionated RT, followed by a 
TME was found to decrease the probability of local recurrence even more, whereas 
pre-operative treatment with long course CRT resulted in a significant downsizing and 
downstaging of the primary tumor 

5, 7-12
. In 15-30% of the patients even complete 

regression of the primary tumor was observed after pre-operative treatment with CRT.  
In Maastricht, The Netherlands, pre-operative treatment with either short course 

hypofractionated RT (NLARC) or combined long course CRT (LARC) is always followed 
by a TME. However, performing a TME is rather invasive with a significant risk on 
complications. For patients with relatively low seated tumors, a TME could result in 
loss of the sphincter, which would have serious negative impact on the quality of life 
for the patient. Patients with a strong or even complete pathological response to pre-
operative treatment could be referred to a less invasive surgical approach or even 
delayed or cancelled surgery. For patients with a small residual tumor volume with no 
tumor invasion in the MRF or involvement of the tumor into the regional lymph nodes, 
a less invasive surgical approach like a transanal endoscopic microsurgical approach 
could be used 

18
. It would therefore be desirable to differentiate pathological respond-

ing from non-responding patients as early as possible during pre-operative treatment. 
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Within this thesis, we tried to differentiate pathological responders from non-
responders during/after pre-operative treatment with the help of advanced multi-
modality medical imaging. 

 

 

1.3 Medical Imaging Modalities 
Prior to cancer treatment, (multi-modality) medical imaging is often used to obtain 
information about the location, size and stage of the malignancy. Anatomical imaging 
(computed tomography (CT) or magnetic resonance imaging (MRI)), provides insight in 
the location, size and stage of the tumor, whereas functional imaging with positron 
emission tomography (PET), dynamic contrast enhanced MRI (DCE-MRI) or perfusion-
CT (pCT), gives insight in functional processes within the imaged malignancy. Function-
al imaging is used to measure or quantify changes in the metabolism, blood flow or 
chemical composition of the imaged tissue by studying the spatial distribution of an 
administered tracer or contrast agent. Within radation oncology, medical images are 
used for pre-treatment staging of the tumor and for radiotherapy treatment planning. 
However, over the last years, medical imaging, especially functional imaging, has been 
used more and more to evaluate treatment related responses during and after pre-
operative treatment. 
 

Computed Tomography 

Computed tomography (CT) is a medical imaging modality which generates a three 
dimensional (3D) image of an object from a series of two dimensional (2D) cross-
sectional X-ray images using ionizing radiation. The X-ray images are generated using 
an X-ray source that rotates around the object and an array of detectors positioned on 
the opposite side of the X-ray source. Within the field of radiation oncology, CT-images 
are used to plan the highly energetic photon beams of a linear accelerator to treat the 
patient with radiotherapy, ensuring sufficient radiation dose to the tumor while limit-
ing the radiation burden to the surrounding healthy tissues and possible organs at risk. 
 

Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) makes use of magnetism and radio waves to 
produce 3D images of an imaged object. A circular magnet placed around the scanned 
object creates a strong magnetic field which aligns the protons of hydrogen atoms 
within the object. Exposure of the scanned object to radio waves spins the protons 
within the scanned object, producing a signal that is detected by a receiver coil of the 
MRI scanner. Relative to CT-imaging, MRI provides with a good spatial resolution and a 
good contrast between different soft tissues within the human body. MR-imaging 
makes no use of ionizing radiation, whereas for CT-imaging an X-ray source is used 
exposing ionizing radiation. 
 
Positron Emission Tomography 

Positron emission tomography (PET) is a medical imaging modality which produces a 
3D representation of functional processes within a scanned object. For this imaging 
modality, a positron emitting radionuclide is injected into the bloodstream of the 
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patient. The emitted positron interacts with an electron, producing a pair of annihila-
tion photons of 511 keV moving in opposite directions. The photons are detected by 
the scintillator crystal detectors of the PET-scanner. In oncology, the most common 
tracer for PET-imaging is fluorodeoxyglucose (FDG), a glucose analog with the positron 
emitting radioactive isotope fluorine-18 [

18
F] substituted for the normal hydroxyl group 

at the 2’ position of the glucose molecule. Similar to glucose, FDG is avidly consumed 
by cells in the brain, kidney and cancer cells. After uptake within the cell, phosphoryla-
tion of the FDG by hexokinase prevents it from being released again from the cell 

19
. 

Furthermore, the fluorine atom prevents it from further metabolization, and hereby, 
FDG is metabolically trapped inside the cell 

19
.  

 
Dynamic Contrast Enhanced Magnetic Resonance Imaging 

Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) makes use of 
repeated MR-imaging to evaluate and quantify the distribution of a contrast agent 
over time. An intravenously injected contrast agent circulates through the body and 
diffuses over time from the bloodstream into the extravascular and extracellular space. 
As the concentration of the administered contrast agent within the tissue increases, 
the signal intensity of the voxel within the MR-image representing this tissue also 
increases. A two compartment kinetic model (Kety-model) can be used to quantify 
tissue perfusion based on the measured relative signal changes 

20
. 

 
Perfusion-CT Imaging 

As DCE-MRI, perfusion-CT (pCT) imaging is a method of dynamic imaging by which 
perfusion of a tissue is measured, studying the distribution of an intravenously admi-
nistered (iodinated) contrast agent over time. From the contrast uptake curves of a 
blood vessel and the studied tumor tissue, tumor perfusion can be quantified using 
kinetic modeling techniques.  
 
For primary staging of malignancies, MRI was presented as the most accurate imaging 
modality for the determination of the margin between the tumor and the mesorectal 
fascia, whereas this margin could not be accurately determined from FDG-PET images 
12, 21, 22

. Also, MRI generally presents better soft-tissue contrast compared to CT imag-
ing. For the evaluation of the lymph node status of the patient, MR imaging is superior 
to CT and PET imaging because of the the high spatial resolution and soft-tissue con-
trast of MRI. Contrast enhanced MR-imaging even significantly improves the sensitivity 
and specificity of nodal staging and restaging in rectal cancer when compared to 
standard MRI 

23
. Therefore, in Maastricht, The Netherlands, MRI is used for pimary 

staging of rectal tumors prior to treatment.  
 
For the detection of distant metastases and the evaluation of tumor response during 
or after treatment, functional imaging with FDG-PET-imaging is most often used. 
Repeated FDG-PET-imaging at multiple time-points during and/or after treatment was 
found to result in an accurate prediction of the pathological treatment response 

10-12, 

24-35
. A prediction of the pathological treatment response of a malignancy already early 

during pre-operative treatment enables modifications of the treatment and/or 
planned surgical approach.  



Introduction and outline of the thesis 
 

15

Also, the FDG uptake within malignancies, assessed with PET-imaging, can be used to 
automatically delineate the tumor using standardized uptake value (SUV) thresholding 
36

. Automatic tumor contouring is largely user independent, whereas manual tumor 
delineation is subject to the clinical interpretation of the medical images by the radia-
tion oncologist delineating the tumor 

37-39
. 

However, there are two major limitations to the use of FDG-PET imaging in the 
treatment of cancer patients. First, a non-tumor specific increased FDG uptake is 
observed for different organs, for example kidney, liver, brain and bladder. Also, 
(peritumoral) inflammatory reactions, due to anti-cancer treatment, show an en-
hanced FDG uptake 

40, 41
. When the tumor is located within or in the direct neighbor-

hood of an organ presenting with non-tumor specific increased FDG uptake or the 
patient presents with a peritumoral inflammatory response, it is difficult to quantify 
the FDG uptake level within the tumor. 

The second drawback of FDG-PET-imaging is the limited spatial resolution of the 
current available PET-scanners. Accurate and reliable imaging of small malignancies is 
still difficult due to the partial volume effect (PVE) 

42
. The PVE can result in an underes-

timation of the FDG uptake within the imaged tissues. For most patients pre-
operatively treated with CRT, the tumor volume decreases over time as an effect of 
cancer-treatment. Based on FDG-PET-imaging, it is very difficult to conclude whether 
there is residual (metabolic active) malignant tissue present after pre-operative treat-
ment for patients with a strong (metabolic) treatment response. Besides these two 
drawbacks, it is known that when quantifying the FDG uptake within malignancies 
from sequentially performed PET-images or PET-images coming from different hospit-
als, standardization of the imaging-protocol is required 

43-45
. This, since the FDG uptake 

within tumors is known to be dependent on many factors, for example the blood 
glucose level (BGL) of the patient at the time of PET-imaging, the FDG uptake period as 
well as reconstruction parameters 

45-53
. 

 
For the non-invasive evaluation of tissue perfusion, functional imaging with DCE-MRI is 
most often used 

25, 54, 55
. However, it has been shown that pCT imaging is comparable 

to DCE-MRI for the quantification of perfusion of rectal tumors 
56

. The pre-treatment 
perfusion level as well as changes in tumor perfusion during of after (chemo-) radio-
therapy treatment, assessed with either CT or MR imaging, have successfully been 
correlated to the pathological treatment response 

25, 57-64
. In radiotherapy depart-

ments, the access to MR-scanners is limited compared to the availability of CT-
scanners 

56
. Also, pCT scans can be performed directly after the (PET-)CT scan per-

formed for treatment planning on the same CT-scanner, ensuring an identical patient 
orientation for both scans. pCT imaging results in an additional radiation burden for 
the patient, whereas DCE-MRI makes does not make use of ionizing radiation 

65
. 

However, the additional radiation dose due to a pCT-scan is rather low compared to 
the total radiation dose of the RT treatment. 
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1.4 Objectives and outline of the thesis 
The main objective of this thesis was to study treatment related changes in the FDG 
uptake within and perfusion of rectal tumors during pre-operative treatment with RT 
alone or combined CRT and to investigate the correlation between changes in these 
functional processes within the tumor and the pathological treatment response of the 
tumor. An accurate prediction of the pathological treatment response early during pre-
operative treatment would enable response guided modifications of the treatment 
protocol, which could ultimately result in individualized (chemo-)radiotherapy and 
surgical approaches. 
   
Part I: FDG-PET-CT based treatment response evaluation and prediction 

In Chapter 2 we investigated the early effects of hypofractionated RT and combined 
CRT on the metabolic activity of rectal tumors. The metabolic treatment response to 
either short course hypofractionated RT or long course RT combined with concomitant 
chemotherapy was studied using sequential FDG-PET-CT imaging. 
 
The metabolic treatment responses of rectal tumors pre-operatively treated with CRT 
were correlated to the pathological treatment responses in Chapter 3 of this thesis. An 
accurate prediction of the pathological treatment response already early during pre-
operative treatment would ultimately enable PET-based modifications of the treat-
ment protocol.  
 
Quantification of PET-scans is known to be dependent upon the imaging and recon-
struction protocol as well as on fluctuations in the patient conditions. Therefore, in 
Chapter 4, the time sensitivity of FDG uptake within rectal tumors was studied during 
the first hours after FDG injection. Also, the influence of fluctuations in the blood 
glucose level of the patient on the accuracy of PET-based response predictions was 
investigated. 
 
To prove the applicability of PET-based predictions of the pathological treatment 
response early during pre-operative treatment for patients not included in the patient 
group used to develop the predictive model, the PET-based predictive model pre-
sented in Chapter 3 was applied to a group of newly included patients in Chapter 5 of 
this thesis. 
 
Part II: Perfusion-CT imaging during short course hypofractionated radiotherapy   

Since no metabolic treatment response was found in Chapter 2 for the patients treated 
with short course hypofractionated RT, in Chapter 6 of this thesis, tumor perfusion was 
studied prior to and after pre-operative treatment with hypofractionated RT to inves-
tigate possible early treatment related changes of tumor perfusion. 
 
In Chapter 7, quantification of the FDG uptake within rectal tumors was correlated to 
tumor perfusion assessed with perfusion-CT imaging to study the correspondence 
between FDG uptake and tumor perfusion on both inter- and intra-tumor level. 
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Part III: Validation of automatic PET-based tumor delineation 

For modern RT techniques, an accurate delineation of the tumor volume is required. 
Since manual tumor delineation on medical images is known to be subject to clinical 
interpretation, there is a growing interest in automatic techniques for tumor contour-
ing. In Chapter 8 of this thesis, the volume of the tumor contour resulting from SUV 
thresholding was validated with pathology for patients diagnosed with NLARC.   
  
In Chapter 9, a summary and a general discussion with future perspectives are pre-
sented. 
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Abstract 
Purpose 

The purpose of this study was to prospectively investigate metabolic changes of rectal 
tumors after one week of treatment with either chemo-radiotherapy (28x1.8Gy + 
Capecitabine)(CRT) or hypofractionated radiotherapy (5x5Gy) alone (RT). 
 

Materials & Methods 

Fourty-six rectal cancer patients, 25 CRT- and 21 RT-patients, were included in this 
study. Sequential FDG-PET-CT scans were performed for each of the included patients 
prior to treatment and after the first week of treatment. Consecutively, the metabolic 
treatment response of the tumor was evaluated. 
 
Results 

For the patients referred for pre-operative CRT, significant reductions of SUVmean
 

(p<0.001) and SUVmax (p<0.001) within the tumor were found already after the first 
week of treatment (8 Gy biological equivalent dose (BED). In contrast, one week of 
treatment with RT alone did not result in significant changes in the metabolic activity 
of the tumor (p=0.767, p=0.434), despite the higher applied RT dose of 38.7Gy BED. 
 
Conclusions 

Chemo-radiotherapy of rectal cancer leads to significant early changes in the metabolic 
activity of the tumor, which was not the case early after hypofractionated radiothera-
py alone, despite the higher radiotherapy dose given. This indicates that the chemo-
therapeutic agent Capecitabine might be responsible for the early metabolic treatment 
responses during chemo-radiotherapy in rectal cancer. 
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2.1 Introduction 
During the last years, sequential 

18
F-fluorodeoxyglucose positron-emission-

tomography computed tomography (FDG-PET-CT) imaging has been increasingly 
studied to monitor the metabolic response of the tumor to multimodality treatment of 
rectal cancer 

1-12
. For rectal cancer, pre-operative short course radiotherapy (RT) was 

shown to result in improved local control, whereas pre-operative treatment with 
chemo-radiotherapy (CRT) was found to result in a significant downsizing and down-
staging of the tumor, increasing the rate of complete surgical resection 

2-4, 9, 12
. In 15-

30% of the patients being pre-operatively treated with CRT, even complete tumor 
regression was observed 6 to 8 weeks after finishing the pre-operative treatment 

3, 4, 12, 

13
. Over the years, many studies have been published reporting metabolic treatment 

response determinations of rectal carcinomas using dual time PET-imaging both before 
and after therapy, presenting a significant reduction of FDG uptake due to pre-
operative treatment with neo-adjuvant CRT 

1, 3-7, 10, 12, 14, 15
. However, in contrast to 

response evaluations based on PET-imaging before and after treatment, monitoring 
the tumor response early during pre-operative treatment enables response-guided 
modifications of the treatment protocol on the basis of early changes of FDG uptake, 
possibly strengthened by additional clinical or biological factors.  

A significant reduction of the FDG uptake within rectal carcinomas was observed 
already after two weeks of pre-operative CRT, with the reduction of the FDG uptake 
being a good predictor of pathological treatment response 

2, 8, 11
. However, not much is 

known about the possible cause of early changes in the metabolic activity of rectal 
tumors undergoing pre-operative CRT. Therefore, in order to better understand the 
early metabolic changes within the tumor during CRT, we thought it might be helpful 
to compare the metabolic response early during CRT with the metabolic response 
occurring after treatment with RT alone. This could lead to a better understanding of 
the biological basis for early changes and could help to improve the percentage of 
early responding tumors, thereby also possibly improving the prognosis of patients 
with rectal cancer. To our knowledge, very few direct comparative studies have been 
performed

 
so far 

9
. Thus, a prospective study was initiated to compare early metabolic 

treatment response in rectal cancer undergoing either concomitant CRT or RT alone.       

 

 

2.2 Materials & Methods 
Patient Characteristics 

Fourty-six patients diagnosed with rectal cancer were included in this study, from 
which the clinical TN staging was obtained from a pre-treatment MR-scan according to 
the TNM classification of malignant tumors (Edition 6). The included patients were 
treated according to the national and regional guidelines. According to these guide-
lines, patients with a T2N0-1 or a mid or high rectal T3N0-1 tumor with a predicted 
circumferential resection margin (CRM) on MR of > 2mm were pre-operatively treated 
with short course hypofractionated RT (5 fractions of 5 Gy on consecutive working 
days).  
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Patients with N2 disease, with low seated T3 tumors and patients with a tumor close to 
or invading the mesorectal fascia (CRM < 2mm) were treated with neoadjuvant CRT 
(28 fractions of 1.8 Gy daily; Capecitabine 825 mg/m

2
 BID). Twenty-five of the included 

patients were pre-operatively treated with CRT, whereas twenty-one patients were 
pre-operatively treated with RT alone. For the patients treated with hypofractionated 
short course RT, a TME was planned within 3 days after the last RT-fraction, whereas 
for the patients pre-operatively treated with CRT, the TME was planned approximately 
3 months after the first RT fraction. The Medical Ethics Committee according to the 
Dutch law approved the trial and all patients gave written informed consent before 
entering the study. 
 
 

 
 

Figure 2.1: PET-CT study scheme for the assessment of the early metabolic treatment response during pre-

operative treatment of rectal cancer; A) study scheme for the patients treated with chemo-radiotherapy 

(CRT) B) study scheme for the patients treated with short course hypofractionated radiotherapy (RT). 

  
PET-CT Imaging and Processing 

Sequential FDG-PET-CT scans, both static and dynamic, were performed for each of the 
included patients at two different time points. The patients treated with CRT were 
imaged prior to CRT and one week after the onset of CRT (10.8 Gy, which corresponds 
to a biological effective dose (BED) of 8.0 Gy) (Fig. 2.1A) 

16
. Patients treated with RT 

were imaged prior to the start of RT and at the day of the fifth RT fraction (total dose 
of 25 Gy, corresponding to a BED of 38.7 Gy) (Fig. 2.1B) 

16
. All patients were instructed 

to fast for at least 6 hours prior to FDG injection. All PET-CT scans were performed by 
use of a dedicated Siemens Biograph 40 TruePoint PET-CT scanner (Siemens Medical, 
Erlangen, Germany) with an axial field of 16.2 cm, slice thickness of 3 mm and a pixel 
spacing of 5.3466 mm in both directions. The scanner is equipped with ulta-fast detec-
tor electronics (Pico 3D) and has a spatial resolution of approximately 6 mm full-width-
at-half-maximum (FWHM). PET data acquisition was done 3 dimensional (3D), requir-
ing a proper scatter correction. CT-based attenuation and decay correction was per-
formed. PET-images were reconstructed from the acquired list-mode (LM) data using 
Fourier-rebinning(FORE) and ordered-subset-expectation-maximization-reconstruction 
(OSEM 2D) with 4 iterations and 8 subsets. The patient was positioned on a flat table-
top using a movable laser alignment system in a “head-first supine” position with the 
arms crossed above the chest, identical to the treatment position. For each scan, first a 
topogram was made from which the radiation oncologist manually selected the region 
of interest (ROI) for the dynamic PET-scan. Next, a CT-scan of the ROI was acquired, 
after which the FDG, with the activity depending on the weight of the patient (weight 
[kg]*4+20 [MBq]), was injected intravenously followed by injection of physiologic-
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saline (10 ml). Acquisition of the dynamic PET-scan over 60 minutes was started direct-
ly after FDG administration. The list-mode PET-data were rebinned and reconstructed 
using 28 time-frames (10x30 sec., 5x60 sec., 5x120 sec. and 8x300 sec.)

 17
. An addition-

al static PET-CT scan, with an acquisition time of 5 minutes per bedposition, was 
acquired after finishing the dynamic PET-CT scan. Prior to each FDG injection, the 
patients blood glucose level (BGL) was measured using an automatic device (LifeScan 
One Touch Ultra, LifeScan Inc., Milpitas, USA). All acquired PET-data were normalized 
for the BGL using the following equation: 

100

][Glu
SUVSUVnormalized ⋅= , with [Glu] the measured BGL [mg/dl] 

18, 19
. 

Also, all dynamic PET-data were corrected for tumor motion during dynamic imaging, 
using the Image-Fusion-toolbox of the PMOD software package (PMOD Technologies 
Ltd., Zurich, Switzerland).  
 
PET analysis 

For each PET-CT scan, both static and dynamic, a tumor contour was generated using 
automated standardized-uptake-value (SUV) thresholding with the threshold depend-
ing on the tumor-to-background signal ratio with the gluteus muscle selected as a 
relevant background 

20, 21
. From the static PET-data, SUVmean and SUVmax within the 

tumor were calculated using dedicated software (TrueD VC50, Siemens MI, Erlangen, 
Germany). For the dynamic PET-CT scans, a tumor contour was obtained from the last 
time frame of the dynamic PET-scan using PMOD (version 2.9, PMOD Technologies 
Ltd., Zurich, Switzerland). From the mean and maximum time activity curves (TACs) 
within the tumor, the FDG uptake rates (ΔSUV / min.) were calculated over the last 8 
time frames of the dynamic PET-data. Subsequently, changes in the metabolic activity 
of the tumor, SUVs and FDG uptake rates, were quantified by calculation of the re-
sponse indices (RIs), representing the percentage reduction relative to the pre-
treatment measured value. 
 

Statistical Analysis 

Statistical analyses were performed using SPSS (version 15.0; SPSS Inc., Chicago, IL, 
USA). All quantitative values were expressed as mean ± standard deviation (SD) and 
range (min. to max.). Comparisons of related measurements were performed using a 
Wilcoxon-signed rank test, whereas a Mann-Whitney U test was used in case of inde-
pendent samples. 

 
 
2.3 Results 
Metabolic treatment response during CRT 

A significant decrease of the metabolic activity within the tumor was observed already 
early during pre-operative CRT (Fig. 2.2A). SUVmean and SUVmax decreased from respec-
tively 8.5±2.8 (range: 4.0 to 15.1) and 16.4±5.8 (range: 7.0 to 28.1) measured prior to 
the onset of CRT to 6.9±2.2 (range: 4.3 to 12.7) (p<0.001) and 13.0±4.8 (range: 7.6 to 
27.4) (p<0.001) after the first week of CRT. Comparable time-trends were found for the 
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mean and maximum FDG uptake rates within the tumor, with RIs of respectively 
21.0±31.3% (range: -40.6 to 65.2%) (p=0.003) and 11.4±41.5% (range: -73.1 to 60.7%) 
(p=0.062) after the first week of CRT (Fig. 2.2A). 
 
Metabolic treatment response during RT 

In contrast to CRT, for the patients pre-operatively treated with RT, no significant 
reduction of the tumors metabolic activity (SUVmean & SUVmax) was observed early 
during therapy (Fig. 2.2B). Average values of respectively 8.3±2.9 (range: 3.4 to 15.1) 
and 15.3±5.7 (range: 5.7 to 29.3) were found for the pre-treatment PET-CT scan and 
8.2±2.7 (range: 4.4 to 14.3) (p=0.767) and 14.7±5.2 (range: 6.9 to 27.5) (p=0.434) for 
the follow-up PET-data. For the mean and maximum FDG uptake rate of the tumor, RIs 
of respectively -9.9±30.5% (range: -52.6 to 44.9%) (p=0.334) and -6.7±22.4% (range: -
41.2 to 33.0%) (p=0.293) were found (Fig. 2.2B).  
 

 

Figure 2.2: Mean time activity curves (TACs) of the tumor, indicating the amount and rate of FDG uptake 

over time. (A) Mean TACs at the two imaging time-points for the patients treated with chemo-radiotherapy, 

respectively pre-treatment (black) and one week (grey) after the onset of treatment, indicating a significant 

reduction of the metabolic activity of the tumor already during the week of treatment. (B) Mean TACs at 

both time-points for the patients treated with short course hypofractionated radiotherapy, respectively pre-

treatment (black) and after one week of treatment (grey), presenting stable FDG uptake levels within the 

tumor during radiotherapy treatment. 
 

CRT versus RT 

When comparing the metabolic treatment response of the two different treatment 
schemes after one week of treatment, a significant higher metabolic response was 
found for the patients treated with CRT when compared to pre-operative treatment 
with RT alone (Fig. 2.3). The average reduction of SUVmean of 16.4±18.2% (range: -20.9 
to 47.6%) after the first week of CRT was found to be statistically significantly higher 
when compared to the average reduction of only 0.1±14.7% (range: -29.4 to 23.5%) for 
the patients treated with RT alone (P=0.004) (Fig. 2.3). Also, the percent reduction of 
SUVmax of 17.6±20.5% (range: -21.8 to 50.3%) after one week of CRT was found to be 
statistically significant higher than the average reduction of SUVmax of 1.8±15.4% 
(range: -21.1 to 27.1%) after one week of RT alone (P=0.009) (Fig. 2.3).  
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Figure 2.3: Average reductions of SUVmean and SUVmax within the tumor after one  

week of treatment for the patients treated with respectively chemo-radiotherapy (CRT) 

 and short course hypofractionated radiotherapy (RT). 

 
 
2.4 Discussion 
In the present report we provide first evidence that the significant reduction of the 
metabolic activity of the tumor, as seen early during pre-operative CRT might be 
induced by the chemotherapeutic agent Capecitabine, since no such changes in the 
metabolic activity of the tumor could be determined after one week of treatment with 
RT alone, despite the much higher applied BED. When looking at only the dose levels 
of RT, a higher metabolic treatment response was expected for the patients treated 
with hypofractionated RT at the time of the follow-up PET-CT scan as these patients 
received a higher BED when compared to the patients treated with CRT. However, this 
study presents with opposite findings. These findings imply that the addition of the 
chemotherapeutic agent Capecitabine to RT-treatment can induce the early metabolic 
decrease in the FDG-uptake, which is more and more used as a predictor of the patho-
logical treatment response.  A comparative study, investigating the metabolic activity 
of the tumor early during chemotherapy alone was unfortunately not feasible, because 
initial chemotherapy alone is not standard care in our region. However, earlier clinical 
studies have already indicated important and even prognostic significant differences in 
FDG uptake as early as one to three weeks after the first cycle of chemotherapy in 
various cancer types 

22-26
. For chemotherapy with 5-FU, a comparable chemotherapeu-

tic drug to Capecitabine, a consistent decrease in FDG uptake by 50% was already 
present as early as 3 days after the start of the chemotherapy 

27
. In contrast, chemo-

therapeutic agents like doxorubicin or paclitaxel increased FDG uptake 
27

. The early 
reduction in FDG uptake under 5-FU treatment might be related to a decreased activity 
of either the glucose transporter Glut-1 or the phosphorylation enzyme hexokinase 

27
. 

Also for rectal cancer patients, a significant reduction of FDG uptake was observed 
when applying chemotherapy alone without additional RT 

28-30
. Sharma et al. pre-

sented data demonstrating a significant reduction of the hexokinase activity in colorec-
tal tumor cells after treatment with chemotherapy 

31
. Hexokinase is an enzyme known 
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to phosphorylate six-carbon sugars, including FDG, making it unable to move or be 
transported out of the cell 

31
. A reduction of the hexokinase concentration leads to a 

decreased amount of FDG trapped within the cells resulting in decreased SUVs 
31

. The 
degree of chemotherapy-induced changes in metabolic activity of colorectal tumors 
was shown to be highly predictive for patient outcome 

30
. Such FDG uptake measure-

ments provide a valuable surrogate for the intratumoral biodistribution of the drug 
within solid tumors and thereby also for the intratumoral effectiveness. A homogene-
ous intratumoral biodistribution of the drug Capecitabine is an important prerequisite 
for its effectiveness as a radiosensitizing cancer cell agent during RT 

32
. 

In contrast to chemotherapeutic agents, RT alone on cancer cells does not lead to 
early changes in its glucose transport or cellular hexokinase activity 

32
. Instead, RT 

induces changes on the cellular cell cycle, the DNA repair and apoptosis, all of which do 
probably not lead to early changes in the FDG uptake of cancer cells, as seen in our 
study 

32
. Thus, the metabolic changes in PET images after the first week of CRT in rectal 

cancer might be more seen as activity changes in the cells ability to incorporate glu-
cose under the influence of the chemotherapeutic drug rather than as RT-induced 
cytotoxicity.   
 This is the first study presenting significant different reaction patterns of rectal 
tumors to pre-operative treatment with either combined CRT or RT alone already early 
during treatment. Knowledge about early reaction patterns within malignancies during 
pre-operative treatment is important for further evaluation of PET-based response 
predictions which are the first elements of individualized treatment schemes in the 
near future. 

One published study presented with contradicting results as they found a signifi-
cant reduction in the FDG uptake after a short course hypofractionated RT 

9
. One of 

the differences between the study of Siegel et al. and our study was the later time-
point of 2 days of the follow-up PET-CT scan 

9
. However, the average difference of only 

two days is very unlikely to explain such a dramatic reduction of more than 35% for the 
SUVmax. Instead, another explanation for the discrepancy of the results might be the 
reproducibility of SUV determination 

12, 18, 20, 33-36
. The patients BGL at the time of PET-

imaging and the time interval between FDG injection and the start of PET-imaging are 
known to influence the SUVs resulting from PET-analysis 

12, 18, 33-36
. The study of Siegel 

et al. did not perform a normalization of the sequential PET-data for the patient’s BGL 
at the time of the PET-imaging 

9
. A lack of BGL-normalization however could in cases of 

large intra-patient BGL fluctuations lead to misinterpretations of the SUV time-trends 
12, 33-36

. Also, Siegel et al. performed only static PET-acquisition approximately 60 
minutes after intravenous injection of FDG. The major drawback of static PET-imaging 
however is the time-dependency of SUV determination because of continuous FDG 
uptake within the tumor for several hours after FDG injection 

12, 33
. The use of an 

identical time-interval between FDG injection and the start of PET-imaging is essential 
when performing sequential FDG-PET-CT-scans for metabolic response evaluations 

12
. 

To overcome this time dependency, we additionally performed dynamic PET-imaging 
in the majority of the study patients. By looking at the average FDG uptake rate within 
the tumor, before reaching a plateau, instead of only at a SUV at a single time point, 
the time dependency of SUV determination no longer influences the time-trends of 
FDG uptake during therapy. Another important confounder in the use of PET-imaging is 
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a peritumoral inflammatory reaction, as inflammatory cells are known to avidly con-
sume FDG 

11, 37
. An increased FDG uptake by inflammatory cells in the direct neighbor-

hood of the tumor can lead to an underestimation of the SUV decrease within the 
tumor 

8, 11
. To ensure a reliable comparison of the metabolic treatment response of the 

two treatment schemes without bias due to inflammatory reactions, only patients 
without a visually observable peritumoral inflammatory reaction were included in this 
study. As described, the patients included in this study were treated according to the 
national guidelines with either short course hypofractionated RT or CRT, based on their 
clinical TNM stage and predicted CRM determined from MR-imaging. So, the included 
patients were not enrolled in a randomized two-arm trial. However, this was not 
expected to result in a bias of the results of this study. The patients diagnosed with 
locally advanced rectal cancer presented with higher tumor volumes compared to the 
patients diagnosed with non-locally advanced rectal cancer. Larger tumors are more 
likely to have hypoxic regions, being less sensitive to radiotherapy treatment. So, a 
possible bias would have more likely resulted in a higher metabolic treatment re-
sponse in the smaller non-locally advanced rectal tumors treated with a high BED 
when compared to the larger locally advanced rectal tumors treated with a relatively 
low BED, which is the opposite of our findings. 

 
In conclusion, already after the first week of chemo-radiotherapy, the metabolic 
activity of the tumor was found to decrease significantly, which was not detectable 
early after treatment with radiotherapy alone, suggesting the chemotherapeutic agent 
Capecitabine as the primary initiator of the observed reduction of the tumors metabol-
ic activity. 
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Abstract 
Purpose 

To study the optimal time point for repeated FDG-PET-CT imaging during pre-operative 
chemo-radiotherapy (CRT) as well as the best predictive factor for the prediction of 
pathological treatment response in locally advanced rectal cancer. 
 
Materials & Methods 

In total, thirty patients, referred for pre-operative CRT treatment, were included in this 
prospective study. All patients underwent sequential FDG-PET-CT imaging at four time 
points: prior to therapy, at day 8 and 15 during CRT and shortly before surgery. The 
tumors metabolic treatment response was correlated with the pathological response 
by evaluation of the tumor regression grade (TRG) and the ypT-stage of the resected 
specimen. 
 

Results 

Based on the TRG, thirteen patients were classified as pathological responders (TRG 1-
2), whereas seventeen patients were classified as pathological non-responders (TRG 3-
5). The response-index (RI) for the maximum standardized uptake value (SUVmax) on 
day 15 of CRT was found to be the best predictive factor for the pathological response 
(AUC = 0.87) compared to the RI on day 8 (AUC = 0.78) or the RI of pre-surgical PET-
imaging (AUC=0.66). A cut-off value of 43% for the reduction of SUVmax resulted in a 
sensitivity of 77% and a specificity of 93%.  
 
Conclusions 

The SUVmax based RI calculated after the first two weeks of CRT provided the best 
predictor of pathological treatment response reaching AUC’s of 0.87 and 0.84 for the 
TRG and the ypT-stage, respectively. However, a few patients presented with peritu-
moral inflammatory reactions, which led to mispredictions. Excluding these patients 
further enhanced the predictive accuracy of PET-imaging to AUCs of 0.97 and 0.89 for 
TRG and ypT, respectively.  
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3.1 Introduction 
In patients diagnosed with locally-advanced-rectal-cancer (LARC), pre-operative che-
mo-radiotherapy (CRT) has become an established standard procedure 

1-3
. Importantly, 

however, during the last years, pre-operative CRT has been shown to not only reduce 
the risk for local recurrence, but to also induce a significant tumor downsizing and 
downstaging 

4-6
. In 15-30% of the patients, even a pathological complete tumor regres-

sion has been observed 
4-7

.  
Interestingly, first correlations between the reduction of the fluorodeoxyglucose 

(FDG) uptake within the tumor and the pathological tumor response after CRT have 
been reported by some groups 

5-14
. Most of these studies performed positron-

emission-tomography computed tomography (PET-CT) scans before the start and after 
the finish of the pre-operative CRT, correlating semi-quantitative measurements of 
FDG uptake with the tumor-regression-grade (TRG) 

5-12
.   

For the clinical practice, however, an earlier prediction of the pathological tumor 
response would be even more attractive, because it could enable response-guided 
modifications of the treatment protocol, based on FDG uptake changes, possibly 
strengthened by clinical or biological factors 

13-15
. Until now, only two studies have 

reported on an early prediction of the pathological tumor response based on PET-CT 
imaging during pre-operative CRT 

13-14
. Cascini et al. showed that early changes in the 

metabolic activity of the tumor, measured 12 days after the start of pre-operative 
treatment with CRT, were predictive for the pathological treatment response in rectal 
cancer 

13
. Rosenberg et al. presented a correlation of both the early metabolic re-

sponse evaluation as well as the late metabolic response evaluation with the histopa-
thological tumor response, with the accuracy of the late metabolic response being 
marginally superior 

14
. Both studies used a protocol, in which the second PET-CT scan 

was performed at the end of the second week during CRT 
13-14

.  
However, no studies have yet examined other time points of PET-imaging during 

pre-operative CRT in order to define the best prediction of pathological tumor re-
sponse as advised by Hindie et al. 

15
. Thus, we initiated this study, in which we per-

formed PET-CT scans at two different time points during pre-operative CRT as well as a 
pre-surgical PET-CT scan, in order to investigate the optimal time point of PET-imaging 
during pre-operative CRT as well as to define the best PET-criteria resulting in the best 
prediction of pathological tumor response. 

 

 

3.2 Materials & Methods 
Patient Characteristics 

Thirty patients diagnosed with non-metastasized LARC were included in this study, 
from which the clinical TN staging was evaluated on a pre-treatment magnetic reson-
ance (MR) scan (Table 3.1). All patients were pre-operatively treated with radiotherapy 
(28 fractions of 1.8 Gy, 5 fractions/week) and concomitant chemotherapy (Capecita-
bine 825mg/m

2
 BID), followed by a total mesorectal excision. As a part of the study, all 

patients also underwent sequential FDG-PET-CT imaging at four different time points: 
prior to therapy, on day 8 and day 15 of CRT and once shortly before surgery.  
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Due to technical problems or patient incompliance, not all PET-CTs could be performed 
as planned. Three patients refused PET-CT imaging on day 15 and for one patient no 
FDG could be injected on the second PET-CT scan. For seven patients, no PET-CT scan 
could be performed prior to surgery. According to the Dutch law, the Medical Ethics 
Committee approved the trial. All patients gave written informed consent before 
entering the study. 
 
PET-CT Imaging and Processing 

All PET-CT scans were performed by use of a dedicated Siemens Biograph 40 TruePoint 
PET-CT simulator (Siemens Medical, Erlangen, Germany) with an axial field of view of 
16.2cm, slice thickness of 3mm and a pixel spacing of 5.3456mm in both directions. 
The scanner is equipped with ultra-fast detector electronics (Pico3D) and has a spatial 
resolution of approximately 6mm full-width-at-half-maximum (FWHM). PET-imaging 
was done in 3D, requiring a proper scatter correction. CT-based attenuation and decay 
correction was performed. PET images were reconstructed from the acquired list-
mode (LM) data using Fourier-rebinning (FORE) and ordered-subset-expectation-
maximization-reconstruction (OSEM 2D) with 4 iterations and 8 subsets. After a fasting 
period of at least 6 hours prior to FDG injection, FDG was injected intravenously, with 
the activity normalized for the weight of the patient (weight[kg]*4+20 [MBq]), fol-
lowed by injection of physiologic-saline (10ml). After an uptake period of 60 minutes, 
the patient was positioned on a flat tabletop using a movable laser alignment system 
in a “head-first supine” position with the arms crossed above the chest. A PET-CT-scan 
of the abdominal region was performed using an acquisition time of 5 minutes per bed 
position. Additionally, all PET-data were normalized for the blood glucose level meas-
ured shortly before FDG administration 

16
.  

 

PET Analysis 

For each of the PET-scans, a tumor contour was generated using automated standar-
dized-uptake-value (SUV) thresholding with the threshold (percentage of SUVmax within 
the tumor) depending on the tumor-to-background signal ratio with the gluteus 
muscle selected as relevant background 

17,18
. Dedicated software (TrueD, Siemens 

Medical, Erlangen, Germany) was used to calculate the SUVmean and SUVmax within the 
tumor. Subsequently, the response indices (RIs), indicating the percentage reduction 
relative to the pre-treatment measured value, were calculated and correlated to the 
pathological tumor response. If no residual metabolic activity was present on the pre-
surgical PET-CT scan, the patient was classified as a metabolic complete responder 
(mCR) (Fig. 3.1A) and the SUV was defined as being zero and the RI was set as 100% for 
the pre-surgical PET-scan. 
 
Pathological Tumor Response 

For each tumor, the pathological tumor response was evaluated by determining the 
tumor-regression-grade (TRG) as proposed by Mandard 

19
. All tumors were retrospec-

tively classified by an experienced pathologist (RR), who was blinded for the PET-data, 
as follows: TRG1, complete tumor response; TRG2, residual cancer cells scattered 
through fibrosis; TRG3, an increased number of residual cancer cells, with predominant 
fibrosis; TRG4, residual cancer outgrowing fibrosis; TRG5, no regressive changes within 
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the tumor. Based on the TRGs, the tumors were grouped into responders (TRG1, 2) 
and non-responders (TRG 3-5). Furthermore, the pathological TN -classification (ypTN) 
was collected from the pathological reports. Subsequently, the patients were also 
subdivided into a group with ypT0, ypT1 and ypT2 stages and a group with a ypT3 or a 
ypT4 stage. 
 
Statistical Analysis 

Statistical analyses were performed using SPSS (version 15.0; SPSS Inc., Chicago, IL, 
USA). All quantitative values were expressed as mean ± standard deviation (SD) and 
range (min. to max.). Comparisons of related measurements were performed using a 
Wilcoxon-signed rank test, whereas a Mann-Whitney U test was used in case of inde-
pendent samples. Receiver operating characteristics (ROC) analysis was performed to 
evaluate the optimal cut-off value used for the prediction of the pathologic treatment 
response.   
 

 
Figure 3.1: Representative FDG-PET-CT images at all four time points for a metabolic complete responder (A) 

a metabolic partial responder (B) and a patient with a pathological reported peritumoral inflammatory 

reaction (C). 

 



Chapter 3 
 

40 

3.3 Results 
Metabolic Response Evaluation 

In general, the highest FDG uptake value was detected on the pre-treatment PET-CT 
scan, followed by a statistically significant reduction of the FDG uptake during pre-
operative CRT (P<0.001) (Fig. 3.2A). Six of the included patients (20%) were classified 
as mCR (Fig. 3.1A), whereas four patients (13%) presented with an increased FDG 
uptake during CRT in the peritumoral tissues, indicating an inflammatory reaction (Fig. 
3.1C). For these four patients, the histopathological reports also described a inflamma-

tory reaction in the resected tumor specimen. Overall, an average SUVmean of 8.3±2.8 

(range: 4.3 to 15.5) was calculated on the pre-treatment PET-scan. During pre-

operative CRT, the SUVmean within the tumor decreased to average values of 7.1±2.3 

(range: 4.2 to 12.7) on day 8 (P=0.002), to 5.7±1.7 (range: 3.5 to 9.9) on day 15 

(P<0.001) to 2.6±1.8 (range: 0.0 to 5.1) on the pre-surgical scan (P=0.001) (Fig. 3.2A). 
SUVmax showed a time trend comparable to SUVmean, with average values starting at 

16.3±5.9 (range: 7.4 to 28.1) on day 0, decreasing to 13.4±4.7 (range: 8.1 to 27.4) on 

day 8 (P<0.001), 10.4±3.5 (range: 6.0 to 18.9) on day 15 (P<0.001) to 5.4±3.8 (range:  
0.0 to 12.1) on the pre-surgical PET-scan (P<0.001) (Fig. 3.2A).  
 
Pathologic response evaluation 

Thirteen of the included patients (43%) were classified as pathological responders (4 
TRG 1, 9 TRG 2), and seventeen patients (57%) were classified as pathological non-
responders (11 TRG 3, 6 TRG 4) (Table 3.1). Based on the pathological reports, three 
specimens were classified as ypT0, one as ypT1, six as ypT2, twelve as ypT3 and two as 
ypT4 (Table 3.1). 
 
Correlation between the metabolic and pathological treatment response  

The following calculated RIs were found to be significantly different with respect to the 
pathological treatment response: RI SUVmean 0-8, RI SUVmax 0-8, RI SUVmean 0-15, and RI 
SUVmax 0-15 (Table 3.2). ROC-curve analysis for the response indices of both SUVmean and 
SUVmax at day 8 of CRT, revealed no cut-off value for the differentiation between 
pathological responders and non-responders due to a substantial overlap of the 
response indices relative to the TRG. However, the RI’s of SUVmax based on the PET-
scan performed on day 15 of CRT were found to accurately differentiate between 
histo-pathological responders and non-responders, because less overlap was observed 
between the response indices relative to the TRG (Fig. 3.3). Using ROC-curve analysis, a 
cut-off value of 43% SUVmax reduction on day 15 resulted in a sensitivity of 77%, a 
specificity of 93%, a negative predictive value (NPV) of 82% and a positive predictive 
value (PPV) of 91%. 
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Figure 3.2: Overview of the SUVmax (dark boxes) and SUVmean (light boxes) time trends during pre-operative 

chemo-radiotherapy. (A) average time trends for all patients included in this study (B) average time trend for 

the pathological responding patients (TRG 1-2), indicating a strong reduction of the FDG uptake during the 

first two weeks of pre-operative treatment (C) average time trends of the pathological non-responding 

patients (TRG 3-5), showing less reduction of the FDG uptake during pre-operative treatment with chemo-

radiotherapy when compared to the pathological responding patients. 
 
  
Correlating the PET-criteria and response indices with the ypT- stage revealed signifi-
cant different values for three of the response indices: RI SUVmax 0-8, RI SUVmean 0-15 and 
RI SUVmax 0-15 (Table 3.2). Based on ROC-curve analysis for the RIs of SUVmax on day 15, 
an optimal cut-off value of 43% was defined, resulting in a sensitivity of 57%, a specific-
ity of 85%, a NPV of 65% and a PPV of 80% (Fig. 3.4). By excluding the patients with a 
perceived peritumoral inflammatory response from further analysis, the used models 
for the prediction of both the TRG and the ypT-classification improved from an area 
under the curve (AUC) of respectively 0.87±0.07 and 0.84±0.08 to AUCs of 0.97±0.04 
and 0.89±0.08 (Fig. 3.3A & 3.4A).  
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Table 3.1: Overview of the clinical (c) and pathological (yp) tumor staging (TN(M)), the tumor regression 

grade (TRG) and the response index (RI) of SUVmax during the first 15 days of pre-operative treatment with 

chemo-radiotherapy. 

 

 

 
 

Patient cTNM ypTNM TRG RI SUVmax 0-15 

1 T3N1M0 T3N0 3  

2 T2N1M0 T0N0 1 51.9 

3 T3N2M0 T3N1 3 41.7 

4 T3N2M0 T2N0 2 69.4 

5 T3N1M0 T3N0 3  

6 T4N2M0 T3N0 2 38.9 

7 T3N1M0 T2N0 2 64.8 

8 T3N2M0 T2N0 2 -2.4 

9 T3N2M0 T2N0 3 31.5 

10 T3N2M0 T4N0 3 -11.8 

11 T3N2M0 T3N0 3 47.6 

12 T3N2M0 T3N1 4 14.4 

13 T3N1M0 T0N0 1 70.4 

14 T3N2M0 T3N0 4 28.8 

15 T3N1M0 T2N0 3 39.7 

16 T3N0M0 T2N0 3 5.1 

17 T3N2M0 T3N1 3 35.9 

18 T3N1M0 T1N0 2 9.7 

19 T3N2M0 T3N2 3 33.4 

20 T3N2M0 T3N2 4 28.6 

21 T3N2M0 T0N0 1 54.6 

22 T3N2M0 T3N1 2 45.5 

23 T3N0M0 T3N1 4 5.2 

24 T3N1M0 T3N2 3 -8.2 

25 T4N1M0 T4N0 4 -15.7 

26 T3N1M0 T2N0 2 48.6 

27 T3N0M0 T0N0 1 68.4 

28 T3N2M0 T2N2 2 45.6 

29 T3N2M0 T2N0 2 46.7 

30 T3N1M0 T3N1 4 -7.1 
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 The prediction of TRG improved to a sensitivity of 90%, a specificity of 93%, a NPV of 
93% and a PPV of 90%, whereas the prediction of the ypT-classification improved to a 
sensitivity of 80%, a specificity of 85%, a NPV of 80% and PPV of 85%. The tumors with 
a mCR after CRT did not all correlate with a pathological complete response (pCR). 
Only one out of six patients demonstrating a mCR on the pre-surgical performed PET-
CT scan completely responded on pathology (TRG 1). The other five tumors turned out 
to be pathological partial responding malignancies (1 TRG 2 and 4 TRG 3). 
 

 

 
 

Figure 3.3: A) ROC-curves of the SUVmax response-index on day 15 of the chemo-radiotherapy relative to the 

TRG before (solid, AUC = 0.87) and after (dashed, AUC = 0.97) exclusion of the patients with a reported 

peritumoral inflammatory response. B) Response indices of SUVmax on day 15 relative to the TRG-stage. The 

grey horizontal line indicates the ROC-curve analysis based the cut-off value of 43% differentiating patholog-

ical responders from non-responders. The grey dots highlight the four patients with a reported peritumoral 

inflammatory response.  

 
 

 
 
Figure 3.4: A) ROC-curves of the SUVmax response-index on day 15 of the chemo-radiotherapy relative to the 

ypT-stage before (solid, AUC = 0.84) and after (dashed, AUC = 0.89) exlusion of the patients with a peritu-

moral inflammatory response. B) Response indices of the SUVmax on day 15 relative to the ypT-stage. The 

grey horizontal line indicates the ROC-curve analysis based cut-off value of 43% differentiating pathological 

responders from non-responders. The grey dots highlight the four patients with a peritumoral inflammatory 

response. 
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Table 3.2: Average response index (RI) of the mean and maximum standardized uptake value (SUV) for 

pathological responders and non-responders, statistical significance and ROC-curve analysis for all PET-

criteria revealing statistically significant different response indices for the two groups. 

 

 Path. Resp. 

(TRG 1, 2) 

Path. Non-Resp. 

(TRG 3-5) 

P-value ROC-curve 

Area ±±±± Std. Error 

RI SUVmean 0-8 23.3 ± 16.1% 9.0 ± 16.4% 0.026 0.75 ± 0.10 

RI SUVmax 0-8 29.5 ± 17.7% 9.4 ± 18.0% 0.013 0.78 ± 0.09 

RI SUVmean 0-15 40.3 ± 19.2% 17.4 ± 19.4% 0.005 0.82 ± 0.08 

RI SUVmax 0-15 47.2 ± 22.0% 17.9 ± 21.6% 0.001 0.87 ± 0.07 

 

 
Path. Resp. 

(ypT0, 1, 2) 

Path. Non-Resp. 

(ypT3 ,4) 
P-value 

ROC-curve 

Area ±±±± Std. Error 

RI SUVmax 0-8 26.8 ± 21.9% 11.7 ± 17.7% 0.037 0.73 ± 0.10 

RI SUVmean 0-15 39.7 ± 19.2% 21.4 ± 18.9% 0.007 0.81 ± 0.09 

RI SUVmax 0-15 46.8 ± 21.1 % 21.9 ± 22.6% 0.003 0.84 ± 0.08 

     

 

3.4 Discussion 
This prospective study revealed a significant correlation between the metabolic tumor 
response, assessed with repeated FDG-PET-CT-imaging during CRT and the pathologi-
cal tumor response. The best predictor of pathological tumor response turned out to 
be the RI of the SUVmax calculated on day 15 of pre-operative CRT. Pre-surgical PET-
imaging, however did not reveal significantly different values for the evaluated PET-
criteria when comparing pathological responding and non-responding malignancies.  

Interestingly, four of the included patients presented with a (histopathologically 
reported) peritumoral inflammatory response which could be visually observed on the 
repeated PET-images. The increased FDG uptake associated with these inflammatory 
reactions resulted in mispredictions. Exclusion of the patients with a visually perceived 
peritumoral inflammatory response being apparent already early during CRT, from 
further analysis, improved the accuracy of used models for the prediction of both the 
TRG and the ypT-classification. 

Previous reports on sequential PET-CT-imaging during pre-operative CRT for rectal 
cancer suggested further investigations on the best time point for the sequentially 
performed PET-CT image in order to find the the best predictive model for the patho-
logical tumor response 

13,15
. This study presents the first prospective study for LARC, in 

which multiple PET-CT scans during pre-operative CRT were undertaken in order to 
define the best optimal time-point for PET-imaging during therapy. In line with our 
findings, Cascini et al. also reported that early pathological response predictions, 
assessed from PET-imaging 12 days after the start of therapy, were superior to pre-
surgical PET-based response predictions 

13
. Interestingly, Wieder et al. showed compa-

rable results for esophageal squamous cell carcinomas in two studies, also demonstrat-
ing that pre-surgical PET-measurements were less predictive for the pathological 
response compared to mid-treatment measurements 

20,21
. In contrast to our findings, 

however Rosenberg et al. presented a study showing that pre-surgical PET-data were 
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slightly superior compared to PET-imaging on day 14 of CRT for the prediction of the 
pathological treatment response in rectal cancer 

14
.  

Pre-surgical PET-images after a long course of CRT treatment however, mostly im-
age smaller malignancies due to the significant downsizing, which can result in an 
underestimation of the FDG uptake within the malignancy due to the partial volume 
effect (PVE) 

22
. Most of the patients included in our study demonstrated with only a 

small residual PET-positive tumor volume on the pre-surgical PET-CT scan due to a 
significant downsizing of the tumor, which was not the case early during CRT. Thus, for 
LARC, PET-images performed early during CRT are less influenced by the effects of PVE 
when compared to pre-surgical PET-imaging. The underestimation of the residual pre-
surgical FDG uptake within the tumor due to the PVE might also explain the lack of 
correlation between mCR and pCR as found in our study. 

Another important finding of this study and the study of Rosenberg et al. was the 
increased number of patients false negatively classified as pathological non-responders 
due to the accumulation of inflammatory cells in areas where tumor cells underwent 
necrosis 

14
. Thus, an important confounder in the use of PET-imaging as a response 

predictor is a peritumoral inflammatory reaction. Inflammatory cells are known to 
avidly consume FDG 

23
. An increased FDG uptake by inflammatory cells in the direct 

neighborhood of the tumor can lead to an underestimation of the decrease of FDG 
uptake within pathological responding malignancies, which could result in false nega-
tive classifications 

14
. When applying sequential PET-imaging for the prediction of the 

pathological treatment response, tumors presenting with an increased peritumoral 
FDG uptake should be handled with care or even excluded from further response 
predictions. It would thus be helpful to be able to distinguish malignant lesions from 
inflammatory responses, which might help to further increase the accuracy of re-
sponse predictions based on sequential PET-imaging. However, with the static PET-
images performed in this study, no further differentiation was feasible. Dynamic and 
dual time point PET-imaging however might well be able to distinguish malignant from 
inflammatory tissue 

24, 25
.    

Reliable FDG uptake quantifications should be ensured when using sequential PET-
CT imaging for the prediction of the treatment response 

15
. Hindie et al. discussed the 

absolute necessity of imaging a malignancy at exactly the same time interval after FDG 
injection when using sequential PET-imaging because of the continuous FDG uptake 
during the first hours after FDG injection 

15
. In contrast, however, most studies pub-

lished involving the prediction of pathological treatment response with sequential PET-
imaging in rectal cancer based their analysis on FDG uptake times varying between 40 
and 60 minutes 

5,6,8,13,14
. Furthermore, strong fluctuations of the blood glucose level of 

the patient at the time of PET-imaging exist and might further influence the time-trend 
of the FDG uptake on sequential PET-images of the same patient 

15,16,26-28
. None of the 

studies using sequential PET-imaging in rectal cancer presented to date performed a 
normalization of the PET-data for the measured blood glucose level. In our study, 
however all PET-data were normalized for the blood glucose level measured shortly 
before the FDG injection in order to minimize the possible influence of the fluctuating 
blood glucose level on the time trend of FDG uptake. Also, a strict time management 
with an exact time-interval of 60 minutes between FDG-administration and PET-
imaging was followed. 
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An accurate prediction of the pathological tumor response already early during 
pre-operative treatment would enable for more individualized treatment regimens 
with as goal further improvement of the tumor response or a modified surgical ap-
proach. A reliable prediction of the final T-stage at the time of surgery with the help of 
the day 15 PET-CT would allow the surgeon to adapt the surgical approach to a less 
invasive technique, sparing the sphincter or even allow a TEM surgery with a lapara-
tomy, which would significantly reduce morbidity, providing that other imaging mo-
dalities like MRI can assure an accurate prediction of a ypN0 stage. In general, in 
attempts to define the right cut-off value for the FDG uptake decrease as a predictor 
for the pathological response, a high positive predictive value and a high specificity of 
the resulting prediction model should be preferred over a high negative predictive 
value and a high sensitivity in order to at least avoid a possible under-treatment rather 
than an over-treatment. However, the presented findings need to be validated in an 
independent dataset, before final conclusions can be drawn for the clinic. 
 
In conclusion, the reduction of the SUVmax after 2 weeks of pre-operative CRT was 
found to be the best predictor for both the pathological tumor response (TRG) and the 
pathological T-stage (ypT). Thus, our data suggest that an accurate prediction of the 
TRG and the ypT is feasible already early during CRT with an AUC of 0.87 and 0.84, 
respectively.
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Abstract 
Purpose 

To quantify the influence of fluctuating blood glucose level (BGLs) and the timing of 
FDG-PET acquisition on PET-based predictions of the pathological treatment response 
in rectal cancer. 
 
Materials & Methods 

Thirty patients, diagnosed with locally-advanced-rectal-cancer (LARC), were included in 
this prospective study. Sequential FDG-PET-CT investigations were performed at four 
time points during and after pre-operative chemo-radiotherapy (CRT). All PET-data 
were normalized for the BGL measured shortly before FDG injection. The metabolic 
treatment response of the tumor was correlated with the pathological treatment 
response. 
 

Results 

During CRT, strong intra-patient BGL-fluctuations were observed, ranging from -38.7 to 
95.6%. BGL-normalization of the SUVs revealed differences ranging from -54.7 to 
34.7% (p < 0.001). Also, a SUVmax time-dependency of 1.30±0.66 every 10 min. (range: 
0.39 to 2.58) was found during the first 60 min. of acquisition. When correlating the 
percent reduction of SUVmax after 2 weeks of CRT with the pathological treatment 
response, a significant increase (p=0.027) in the area under the curve of ROC-curve 
analysis was found when normalizing the PET-data for the measured BGLs, indicating 
an increase of the predictive strength. 
 

Conclusions 

This study strongly underlines the necessity of BGL-normalization of PET-data and a 
precise time-management between FDG-injection and the start of PET-acquisition 
when using sequential FDG-PET-CT imaging for the prediction of pathological treat-
ment response.  
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4.1 Introduction 
Sequential fluorodeoxyglucose positron-emission-tomography computed-tomography 
(FDG-PET-CT) imaging has emerged as a promising method for the prediction of treat-
ment response during or after neo-adjuvant chemo-radiotherapy (CRT) in an increasing 
number of malignancies 

1-17
. For rectal cancer, the (percent) reduction of the maximum 

standardized-uptake-value (SUVmax) within the tumor has been shown to predict the 
histo-pathological tumor response to pre-operative CRT 

1-6, 9, 12, 14, 15
. An early predic-

tion of the pathological treatment response of the tumor might in the future enable 
response-guided treatment algorithms on the basis of early changes of FDG uptake 
within the tumor 

2, 5, 11, 12, 15
. 

However, a diversity of factors is known to influence the results of PET-imaging 
5, 

18-23
. For PET-based predictions of the pathologic tumor response to pre-operative 

treatment, it is important to make sure that no or as little as possible fluctuations 
occur for the factors known to influence the results of sequential PET-imaging 

5
. 

Especially the time interval between FDG injection and the start of PET acquisition as 
well as the patient’s blood glucose level (BGL) at the time of PET-imaging strongly 
influence the SUVs 

5, 18-23
. Despite the known advantage of delayed FDG-PET-imaging 

for the detection of malignant lesions, the majority of studies published involving 
sequential PET-imaging in rectal cancer started the PET acquisition within the first 60 
min after FDG injection 

1-4, 12
. Hamberg et al. stated that if SUV measurements are 

performed at the plateau, more robust predictions of treatment response could be 
achieved 

20
.  

Moreover, it was found that the BGL of the patient at the time of PET-imaging in-
verse proportionally affects FDG uptake 

18, 22, 23
. However, until now, most of the 

studies published on sequentially performed FDG-PET-images in rectal cancer did not 
pay attention to intra-patient BGL fluctuations or the absence of a plateau for FDG 
uptake when analyzing the acquired PET-data 

1-4, 7-9, 12
. Although the concept correcting 

PET-data for BGL fluctuations is not entirely new, the application and importance of it 
for the evaluation of treatment response using sequential FDG-PET-imaging is often 
overlooked, especially by the radiation oncology community.  

 
Thus, we felt that it is of particular importance to investigate and quantify the influ-
ence of intra-patient BGL-fluctuations on sequentially acquired PET-scans and the 
resulting prediction of pathological treatment response as well as the influence of 
fluctuations in the time interval between FDG injection and the start of PET-acquisition 
of rectal cancer patients. 
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4.2 Materials & Methods 
Patient Characteristics 

Thirty patients diagnosed with non-metastasized locally-advanced-rectal-cancer (LARC) 
were included in this study from which the clinical TN staging was evaluated on a pre-
treatment magnetic resonance (MR) scan (Table 4.1). All patients were referred to pre-
operative treatment with radiotherapy (28 fractions of 1.8 Gy daily) and concomitant 
chemotherapy (Capecitabine 825 mg/m

2
 BID), followed by a total mesorectal excision 

(TME). According to the Dutch law, the medical ethics committee approved the trial. 
All patients gave written informed consent before entering the study. 
 

 
 

Figure 4.1: Study scheme for the assessment of the metabolic treatment response for rectal cancer patients 

referred to pre-operative treatment with neo-adjuvant chemo-radiotherapy (CRT), followed by a total 

mesorectal excision (TME). 
 
PET-CT Acquisition and Processing 

As a part of the study, all patients underwent sequential FDG-PET-CT imaging at four 
different time points: prior to therapy, at the end of the first and second week of CRT 
and once shortly before surgery (Fig. 4.1). All PET-CT scans were performed by use of a 
dedicated Siemens Biograph 40 TruePoint PET-CT scanner (Siemens Medical, Erlangen, 
Germany) with an axial field of 16.2 cm, slice thickness of 3 mm and a pixel spacing of 
5.3466 mm in both directions. The scanner is equipped with ulta-fast detector elec-
tronics (Pico 3D) and has a spatial resolution of approximately 6 mm full-width-at-half-
maximum (FWHM). PET data acquisition was done 3 dimensional (3D), requiring a 
proper scatter correction. CT-based attenuation and decay correction was performed. 
PET-images were reconstructed from the acquired list-mode (LM) data using Fourier-
rebinning (FORE) and ordered-subset-expectation-maximization-reconstruction (OSEM 
2D) with 4 iterations and 8 subsets. The patients were positioned equal to the radio-
therapy treatment position using a laser alignment system to have minimal variations 
between imaging and treatment conditions and between the different imaging time-
points. For each scan, first a topogram was made from which the radiation oncologist 
manually selected the region of interest (ROI) for the dynamic PET-scan.  

Next, a CT-scan of the ROI was acquired, after which the FDG, with the activity de-
pending on the weight of the patient (weight [kg]*4+20 [MBq]), was injected intrave-
nously followed by injection of physiologic-saline (10 ml). Acquisition of the dynamic 
PET-scan over 60 minutes was started directly after FDG administration. The list-mode 
PET-data were rebinned and reconstructed using 28 time-frames (10x30 sec., 5x60 
sec., 5x120 sec. and 8x300 sec.)

 24
. Additionally, the dynamic PET-data were corrected 

for tumor motion during dynamic acquisition, using the Image-Fusion-toolbox of the 
PMOD software package (PMOD Technologies Ltd., Zurich, Switzerland). Due to tech-
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nical problems or patient incompliance, not all PET-CT scans could be performed as 
planned. For one patient no FDG could be injected for the PET-CT scan after one week 
of CRT, whereas two more patients refused PET-CT imaging after the second week of 
CRT. For six of the included patients, no PET-CT scan could be performed prior to 
surgery. 
 
Blood Glucose Levels 

All patients were instructed to fast for at least 6 hours prior to FDG injection. Prior to 
each FDG injection, the patient’s BGL was measured using an automatic device (LifeS-
can One Touch Ultra, LifeScan Inc., Milpitas, USA) 

25
. All acquired PET-data were nor-

malized for the BGL using the following equation: 

100

][Glu
SUVSUVnormalized ⋅= , with [Glu] the measured BGL [mg/dl] 

21, 26
. 

 
PET Analysis 

For all PET-scans, the tumor was delineated using automated SUV-thresholding with 
the threshold (percentage of SUVmax within the tumor) depending on the tumor-to-
background signal ratio (SBR-method), with the gluteus muscle selected as relevant 
background 

27, 28
. Dedicated software (TrueD VC50, Siemens Medical, Erlangen, Ger-

many) was used for the quantification of FDG uptake within the tumor. Subsequently, 
response indices (RIs), indicating the percentage reduction of the FDG uptake relative 
to the pre-treatment measured value, were calculated for all 3 follow-up FDG-PET-CT 
scans. If no residual metabolic activity was present on the pre-surgical PET-scan, the 
patient was classified as a metabolic complete responder (mCR) and SUVmax and the RI 
were set to respectively 0 and 100% for the pre-surgical PET-data. 
 
PET Acquisition Timing 

To study the time dependency of SUVmax determinations within the tumor, a tumor 
contour was generated on the last time frame of the dynamic PET-data using dedicat-
ed software (PMOD Technologies Ltd., Zurich, Switzerland). The maximum time activity 
curve (TAC) of the tumor was visually inspected for the presence of a decrease in the 
FDG uptake rate during the first 60 min. after FDG injection indicating saturation for 
FDG uptake. For each of the included patients, the time dependencies of the SUVmax 
determination were calculated over the last 8 time-frames (40 min.) of the maximum 
TAC and expressed as the difference in SUVmax resulting from a 10 min. time discrepan-
cy between FDG injection and PET acquisition. Ten of the included patients underwent 
two additional static PET-CT scans prior to the start of therapy after FDG uptake 
periods of respectively 90 and 120 min.. The maximum TAC resulting from dynamic 
PET-acquisition as well as the SUVsmax calculated from the two additional static PET-
scans were fitted into combined TACs over 120 min. 
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Pathological Tumor Response 

After the TME, the pathological treatment response within the tumor was evaluated 
by determination of the tumor-regression-grade (TRG) according to the Mandard-
criteria: TRG1, complete tumor response; TRG2, residual cancer cells scattered through 
fibrosis; TRG3, an increased number of residual cancer cells, with predominant fibrosis; 
TRG4, residual cancer outgrowing fibrosis; TRG5, no regressive changes within the 
tumor 

29
. All tumors were retrospectively classified by an experienced pathologist (RR), 

who was blinded for the PET-data. Based on the TRGs, the tumors were grouped into 
two groups, respectively pathological responders (TRG1, 2) and non-responders (TRG 
3-5). 
 
Statistical Analysis 

Statistical analyses were performed using SPSS (version 15.0; SPSS Inc., Chicago, IL, 
USA). Comparisons of related measurements were performed using a Wilcoxon-signed 
rank test, whereas a Mann-Whitney U test was used in case of independent samples. 
Differences were considered to be significant when the p-value was less than 0.05. To 
study the influence of BGL-fluctuations on PET-based predictions of pathological 
treatment response, the RI of SUVmax, both before and after BGL-normalization were 
correlated to the pathological treatment response using receiver-operating-
characteristics (ROC) analysis. A z-test was used to study the statistical significance of 
the difference between the ROC-curves before and after BGL-normalization 

30
. 

 
 
4.3 Results 
Intra-Patient BGL-fluctuations 

For the included patients, large intra-patient BGL-fluctuations were observed, ranging 
from -38.7 to 95.6% (average: 5.2±20.9%) when compared to the pre-treatment 
measured BGL (Table 4.1). BGL-normalization of the sequential PET-data resulted in an 
average increase of SUVmax of 9.7±14.1% (range: -54.7 to 34.7%) when comparing the 
maximum SUVs before and after BGL-normalization (p<0.001) (Table 4.2). Large indi-
vidual differences were noticed in the magnitude of the intra-patient BGL fluctuations, 
leading to remarkable changes in the time trends of FDG uptake when applying BGL-
normalization for some patients, whereas for other patients almost no fluctuations of 
the BGL were observed (Table 4.1 & 4.2). 
 
SUV Time Sensitivity 

Visual analysis of the maximum TACs of the tumor revealed that in none of the investi-
gated tumors a plateau for FDG uptake occurred within the first 60 min. after FDG 
injection. Importantly, the determination of the SUVmax within the first 60 min. after 
FDG injection emerged as very time sensitive leading to large variations in the values 
with an average difference of 1.30±0.66 in only 10 min. (range: 0.39 to 2.58 
ΔSUVmax/10 min.). Only one of the investigated tumors reached a plateau for FDG 
uptake within the first 120 min. after FDG injection (Fig. 4.2).  
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However, overall the FDG uptake rate started to decrease after an uptake period of 90 
min., resulting in a statistically significant reduction of the SUVmax time sensitivity by 
56.3±30.6% (range: 2.5 to 95.0%) (p=0.005) when compared to the first 60 min. after 
FDG injection (Fig. 4.2). 
 

 
 

Figure 4.2: (A) Maximum time activity curves of the tumor for the first 2 hours after FDG injection for both a 

representative patient (I) and a patient showing a plateau for FDG uptake (II). (B) Overall, the FDG uptake 

rate within the tumor decreased after an uptake period of 90 minutes, resulting in a statistically significant 

reduction of the SUV time sensitivity (p=0.005).  
 
 
Metabolic and pathological response evaluation 

When quantifying the FDG uptake within the tumor, for each patient the highest FDG 
uptake was detected on the pre-treatment PET-CT scan, followed by a statistically 
significant reduction of SUVmax during pre-operative CRT. From the pathological re-
sponse evaluation, thirteen of the included patients (43%) were classified as pathologi-
cal responders (4 TRG 1, 9 TRG 2), whereas seventeen patients (57%) were classified as 
pathological non-responders (11 TRG 3, 6 TRG 4) (Table 4.1). 
 
Correlation between the metabolic and pathological treatment response 

When correlating the RIs of SUVmax both before and after BGL-normalization to the 
pathological treatment response, statistically significant higher RIs of SUVmax were 
found for the pathological responders after two weeks of CRT before BGL-
normalization and after both one and two weeks of CRT after BGL-normalization (Fig. 
4.3). When looking at the resulting p-values, it can be concluded that normalizing the 
sequential PET-data for the BGL of the patient at the time of PET-imaging improves the 
statistical significance of the difference between the RIs of SUVmax of pathological 
responders and non-responders (Fig. 4.3). ROC-curve analysis of the RI of SUVmax after 
2 weeks of pre-operative CRT presented an increase of the area under the curve (AUC) 
of the ROC-curve, from 0.749±0.097 to 0.867±0.074 (p=0.027), by performing a BGL-
normalization of the PET-data, which proves an statistically significant increase of the 
accuracy of the prediction of pathological treatment response based on the reduction 
of SUVmax after 2 weeks of CRT (Fig. 4.4A).  
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Figure 4.3: Boxplots of the response indices of SUVmax measured during and after pre-operative treatment 

for pathological non-responders (TRG 3-5)(light boxes) and pathological responders (TRG 1-2) (dark boxes). 

The p-values indicate the statistical significance of the differences in response index between pathological 

responders and non-responders both before and after normalization of the sequential PET-data for the 

patients’ blood glucose level. 

 

 

 
 

Figure 4.4: A) Receiver Operating Characteristics (ROC) curves for the percent reduction of SUVmax at the end 

of the second week of pre-operative treatment with chemo-radiotherapy both before (solid) and after 

(dashed) blood glucose level normalization of the PET-data. B) Response indices of SUVmax after two weeks of 

CRT-treatment relative to the tumor regression grade (TRG) with the ROC-curve based cut-off value of 48% 

for the differentiation of pathological responders (TRG 1-2) from non-responders (TRG 3-5). C) Response 

indices of BGL-normalized values of SUVmax relative to the TRG with the same ROC-curve based cut-off value 

of 48% to differentiate between responders and non-responders. 
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Also, when plotting the RIs of SUVmax relative to the TRG’s, less overlap between the 
RIs of the pathological responders and non-responders were found after BGL-
normalization of the PET-data when compared to the situation before normalization of 
the PET-data (Fig. 4.4B, C). 

 
 

 

 

Table 4.1: Overview of the patient characteristics, clinical staging (cTNM), the measured blood glucose levels 

(BGLs) and the tumor regression grade (TRG). 

 

Pat. 

Nr. 

Weight  

[kg] 

Age 

[years] 

cTNM BGL 

[mmol/l] 

BGL 

[mmol/l] 

BGL 

[mmol/l] 

BGL 

[mmol/l] 

TRG 

    pre-

treatment 

1  

week 

2  

weeks 

pre-

surgical 

 

1 75 48 T3N1M0 5.7 6.4  6.4 3 

2 86 64 T2N1M0 6.2  6.5  1 

3 60 70 T3N2M0 5.9 6.2 5.8 6.3 3 

4 103 57 T3N2M0 5.2 5.2 5.4  2 

5 64 78 T3N2M0 6.1 5.9  5.2 3 

6 70 71 T4N2M0 6.4 5.6 5.7 6.2 2 

7 79 83 T3N1M0 6.7 4.5 6.4 6.3 2 

8 83 60 T3N2M0 5.5 5.3 5.8 4.9 2 

9 75 71 T3N2M0 6.3 6.9 6.7 6.6 3 

10 84 66 T3N1M0 10.6 7.9 8.1 6.5 3 

11 70 71 T3N2M0 5.9 6.6 7.1 6.7 3 

12 69 60 T3N2M0 6.4 5.4 6.0 6.7 4 

13 70 73 T3N1M0 5.4 5.6 6.4  1 

14 84 64 T3N2M0 6.3 6.1 6.4 5.5 4 

15 102 54 T3N1M0 5.4 5.3 5.3 5.3 3 

16 55 45 T3N0M0 5.3 5.9 5.8 5.8 3 

17 62 61 T3N2M0 5.3 5.1 5.0  3 

18 79 69 T3N1M0 6.4 6.6 6.7  2 

19 90 71 T3N2M0 5.4 5.9 5.9 6.3 3 

20 88 70 T3N2M0 6.1 6.4 6.1 7.8 4 

21 69 55 T3N2M0 7.2 8.7 8.3 7.1 1 

22 75 74 T3N2M0 6.2 6.8 6.2 5.5 2 

23 68 71 T3N0M0 5.7 5.9 6.5 6.6 4 

24 83 69 T3N2M1 6.8 11.8 12.2 13.3 3 

25 52 77 T4N1M0 5.3 7.6 7.7 6.8 4 

26 79 73 T3N0M0 5.2 5.4 5.7 4.9 2 

27 70 76 T3N0M0 5.7 6.2 6.7 5.9 1 

28 84 66 T3N2M0 6.2 6.7 6.4 6.1 2 

29 98 52 T3N2M0 8.6 6.5 5.8  2 

30 110 43 T3N1M0 6.3 6.1 6.1 6.7 4 
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Table 4.2: Overview of the maximum FDG uptake (SUVmax) within the tumor at all four PET-CT imaging time-

points before (pre) and after (post) normalization for the patients blood glucose level measured shortly 

before FDG injection. 

 

Pat. Nr. 
SUVmax 

pre-treatm. [-] 

SUVmax 

1 week [-] 

SUVmax 

2 weeks [-] 

SUVmax 

pre-surgical [-] 

 pre post pre post pre post pre post 

1 15.6 16.0 9.2 10.6   10.1 11.6 

2 11.9 13.3   5.5 6.4   

3 12.4 13.2 12.6 14.1 7.4 7.7 0.0 0.0 

4 20.9 19.6 10.9 10.2 6.2 6.0   

5 15.3 15.6 11.2 10.3   6.2 5.9 

6 12.5 14.4 10.5 10.6 8.6 8.8 6.5 6.5 

7 23.3 28.1 20.9 16.9 8.6 9.9 0.0 0.0 

8 8.4 8.3 8.5 8.1 8.1 8.5 6.9 6.1 

9 12.6 14.3 9.9 12.3 8.1 9.8 8.1 8.3 

10 8.8 16.9 10.9 15.5 12.9 18.9 6.6 7.8 

11 19.6 20.8 10.1 12.0 8.5 10.9 4.2 5.1 

12 9.6 11.1 10.2 10.0 8.8 9.5 7.3 8.8 

13 20.9 20.3 10.8 10.9 5.2 6.0   

14 11.0 12.5 8.9 9.8 7.7 8.9 6.6 6.5 

15 26.7 26.7 23.8 23.8 16.1 16.1 0.0 0.0 

16 7.8 7.4 8.5 9.0 6.8 7.1 3.4 4.0 

17 28.9 27.6 29.8 27.4 17.7 17.7   

18 13.4 15.5 13 15.5 11.6 14.0   

19 15.8 15.2 13.3 14.1 9.5 10.1 0.0 0.0 

20 16.6 18.2 12.6 14.5 11.8 13.0 8.6 12.1 

21 20.2 26.2 12.7 19.9 8.0 11.9 5.2 5.7 

22 13.8 15.4 11.8 14.4 7.5 8.4 4.3 4.3 

23 11.2 11.5 11.9 12.7 9.3 10.9 4.4 5.2 

24 8.0 9.8 5.5 11.7 4.8 10.6 0.0 0.0 

25 10.6 10.2 7.4 10.1 8.5 11.8 7.5 9.1 

26 15.5 14.2 9.9 8.1 9.8 7.3 4.1 3.6 

27 17.2 17.7 8.6 9.6 4.6 5.6 0.0 0.0 

28 21.4 23.9 12.2 14.7 11.3 13.0 7.6 8.4 

29 15.9 24.6 14.6 17.1 12.5 13.1   

30 9.9 11.2 8.8 9.7 11.0 12.0 6.2 7.4 
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4.4 Discussion 
Over the last years, sequential FDG-PET-CT imaging has been shown to be of promise 
for the prediction of pathological treatment response in an increasing number of 
malignancies 

1-3, 5-13, 15, 16
. However, a diversity of factors are known to influence the 

results of PET-imaging, for instance the used equipment and protocol, uptake time of 
the FDG and the patients BGL at the time of PET-imaging 

5, 19, 20
. When performing 

sequential FDG-PET-CT imaging within a single patient, especially when using the SBR-
method for tumor delineation, it is of high importance to use the same PET-CT scanner 
and imaging protocol for each of the examinations 

27, 28
.  

Analysis of the sequentially acquired PET-data without taking into account a BGL-
normalization could, in the case of large intra-patient BGL-fluctuations, result in incor-
rect SUV time-trends, which again could lead to an incorrect prediction of the treat-
ment response. However, in earlier published literature, a clear trend was presented 
between the FDG uptake within the tumor and the BGL of the patients prior to FDG 
injection, enabling normalization of PET-data for the BGL of the patient measured 
shortly before FDG injection 

22, 23
.To the best of our knowledge, none of the published 

studies, except two, regarding treatment response predictions for rectal cancer based 
on sequential PET-imaging accounted for the BGL when evaluating the acquired PET-
data 

10, 15
. For the patients included in our study, the SUVs normalized for the BGL were 

found to be statistically significant different from the SUVs before BGL-normalization, 
this in contrast to the findings of Stahl et al. 

10
. Also, performing a normalization of the 

PET-data for the measured BGLs resulted in an increased AUC of ROC-curve analysis 
and a decreased p-value when predicting the pathological treatment response based 
on the percent reduction of SUVmax after two weeks of CRT. The significantly increased 
AUC of the ROC-curve after BGL-normalization as well as the decrease in overlap 
between responders and non-responders prove that performing a BGL-normalization 
for sequential PET-data improves the accuracy of the prediction of pathological treat-
ment response. Within this study, BGL measurements were performed using an auto-
matic device as we did not include venous blood-sampling, which would enable clinical 
and analytical BGL measurements. However, the used automatic device (LifeScan One 
Touch, LifeScan Inc., Milpitas, USA) was proven to be the most accurate device, result-
ing in 100% of the measurements in the clinically accurate range for blood-glucose 
levels above 3.89 mmol/l 

25
.As can be concluded from this study, BGL normalization 

improves the accuracy of PET-based response predictions. However, when using PET-
based response prediction models in clinical practice in the near future, patients 
presenting with large BGL fluctuations or patients known to suffer from diabetes 
mellitus should be handled with care or even be excluded from further analysis to 
avoid erroneous response-guided modifications of the treatment protocol.  

Another important finding of this study is the fact that the time interval between 
FDG injection and the start of PET acquisition in sequential FDG-PET-CT scans needs to 
be very consistent with the initially performed FDG-PET-CT scan, as FDG continues to 
show uptake by the tumor at high rates even 60 min. after FDG injection. The determi-
nation of a SUV before saturation of FDG uptake within the tumor results in substantial 
SUV-variations if time differences between FDG injection and start of PET acquisition 
occur 

5, 19, 20
. Although this SUV time sensitivity is the highest in the first 90 min. after 
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FDG injection, most protocols published involving the prediction of treatment re-
sponse based on sequential PET imaging in rectal cancer used uptake periods ranging 
from 40 to 60 minutes 

1-4, 12
. This might result in substantial variations in SUV mea-

surements leading to misinterpretations in pathological response predictions. Delayed 
PET acquisition after 90 min. however significantly reduces this SUV time dependency. 
Therefore, an accurate time-management between FDG injection and the start of PET 
acquisition with a consistent time interval for all sequentially performed FDG-PET-CT 
scans or a delayed start of the PET acquisition after 90 min. is needed in order to 
minimize the time-dependency of the acquired SUV changes.  

 
In conclusion, this study underlines the necessity for a strict protocol for sequential 
FDG-PET-CT imaging of rectal cancer patients, in which the blood glucose level should 
be determined and normalized for and consistent time intervals between FDG injec-
tion and the start of PET-imaging should be followed. Otherwise, strategies to differen-
tiate between pathological responding and non-responding malignancies on the basis 
of absolute cut-off values for the (percent) reduction of FDG uptake should be handled 
with care. 
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Abstract 
Purpose 

To develop a PET-based response prediction model to differentiate pathological 
responders from non-responders. The predictive strength of the model was validated 
in a second patient group, treated and imaged identical to the patients on which the 
predictive model was based. 
 

Materials & Methods 

Fifty-one rectal cancer patients were prospectively included in this study. All patients 
underwent FDG-PET-CT-imaging both prior to the start of chemo-radiotherapy (CRT) 
and after two weeks of treatment. Pre-operative treatment with CRT was followed by 
a total mesorectal excision. From the resected specimen, the tumor regression grade 
(TRG) was scored according to the Mandard criteria. From one patient group (N=30), 
the metabolic treatment response was correlated with the pathological treatment 
response, resulting in a ROC-curve based cut-off value for the reduction of SUVmax 
within the tumor to differentiate pathological responders (TRG 1-2) from non-
responders (TRG 3-5). The applicability of the selected cut-off value for new patients 
was validated in a second patient group (N=21). 
 

Results 

When correlating the metabolic and pathological treatment response for the first 
patient group using ROC-curve analysis (AUC = 0.98), a cut-off value of 48% SUVmax 
reduction was selected to differentiate pathological responders from non-responders 
(specificity of 100%, sensitivity of 64%). Applying this cut-off value to the second 
patient group resulted in a specificity and sensitivity of respectively 93% and 83%, with 
only one of the pathological non-responders being false positively predicted as patho-
logical responding. 
 
Conclusions 

For rectal cancer, an accurate PET-based prediction of the pathological treatment 
response is feasible already after two weeks of chemo-radiotherapy. The presented 
predictive model could be used to select patients to be considered for less invasive 
surgical interventions or even a “wait and see policy”. Also, based on the predicted 
response, early modifications of the treatment protocol are possible, which might 
result in an improved clinical outcome. 
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5.1 Introduction 
Over the last years, the reduction of the metabolic activity of rectal tumors, assessed 
with repeated fluorodeoxyglucose posistron-emission-tomography computed-
tomography (FDG-PET-CT) imaging, during pre-operative treatment has been shown to 
accurately predict the pathological treatment response 

1-14
. Most of the published 

studies about PET-based treatment response predictions determined a (ROC-curve 
based) cut-off value, percent reduction of the mean or maximum standardized-uptake-
value (SUV) within the tumor, after finishing pre-operative treatment, to differentiate 
pathological responders from non-responders. However, also early metabolic treat-
ment responses within the tumor, as early as two weeks after the start of pre-
operative treatment, were presented as a strong predictor of the pathological treat-
ment response 

9, 10, 12
. Two studies even presented early PET-based response predic-

tions as being more accurate when compared to response predictions based on pre- 
and post-treatment PET-imaging 

9, 12
. A prediction of the pathological treatment 

response early during pre-operative treatment is more attractive for clinical practice, 
as this enables individualized treatment schemes in the near future, possibly resulting 
in an improved tumor control or modified surgical approaches like less invasive or 
delayed surgery in combination with an intensive imaging follow-up.  

The main objective of a PET-based predictive model is the actual prediction of the 
pathological treatment response for patients not included in the patient group on 
which the model is based. However, so far, none of the presented PET-based response 
predictive models was yet validated with a secondary patient group. As for further 
development and clinical usefulness of PET-based response predictive models a proper 
validation with a secondary patient group is required, this study was undertaken to 
develop a PET-based prediction model to differentiate pathological responders from 
non-responders. The predictive strength of the presented predictive model was vali-
dated in a second patient group, treated and imaged identical to the patients on which 
the predictive model was based. 

 

 

5.2 Materials & Methods 
Patient Characteristics 

Fifty-one patients diagnosed with locally-advanced-rectal-cancer (LARC) were included 
in this study, from which the clinical TN staging was evaluated on a pre-treatment 
magnetic resonance (MR) scan (Table 5.1). All patients were pre-operatively treated 
with radiotherapy (28 fractions of 1.8 Gy, 5 fractions/week) and concomitant chemo-
therapy (Capecitabine 825mg/m

2
 BID, 7 days a week), followed by a total mesorectal 

excision (TME) approximately 3 months after the start of pre-operative treatment (Fig. 
5.1). Radiotherapy treatment was delivered by 4 beams, AP, PA and left and right 
lateral, each with an energy of 10MV. For each patient, a 3D conformal plan was made 
according to the ICRU specifications.  
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As a part of the study, all patients underwent FDG-PET-CT imaging both prior to the 
start of CRT and at the end of the second week of treatment (Fig. 5.1). According to the 
Dutch law, the Medical Ethics Committee approved the trial. All patients gave written 
informed consent before entering the study. 
 
 

 
 

Figure 5.1: Study scheme for the assessment of early metabolic response during pre-operative treatment 

with chemo-radiotherapy (CRT). All included patients underwent FDG-PET-CT imaging at two time points: 

prior to the start of treatment and two weeks after the onset of treatment. 
 
 

PET-CT Imaging and Processing 

All PET-CT scans were performed using a dedicated Siemens Biograph 40 TruePoint 
PET-CT simulator (Siemens Medical, Erlangen, Germany) with an axial field of view of 
16.2cm, slice thickness of 3mm and a pixel spacing of 5.3456mm in both directions. 
The scanner is equipped with ultra-fast detector electronics (Pico3D) and has a spatial 
resolution of approximately 6mm full-width-at-half-maximum (FWHM). PET-imaging 
was performed in 3D, requiring a proper scatter correction. CT-based attenuation and 
decay correction was performed. PET images were reconstructed from the acquired 
list-mode (LM) data using Fourier-rebinning (FORE) and ordered-subset-expectation-
maximization-reconstruction (OSEM 2D) with 4 iterations and 8 subsets. After a fasting 
period of at least 6 hours, FDG was injected intravenously, with the activity normalized 
for the weight of the patient (weight [kg] * 4 + 20 [MBq]). After an uptake period of 60 
minutes, PET acquisition was started with the patient positioned equal to the radiothe-
rapy treatment position using a movable laser alignment system. Additionally, all PET-
data were normalized for the blood glucose level measured shortly before FDG admin-
istration 

15
.  

 
PET Analysis 

For each PET-scan, the tumor was automatically delineated using SUV-thresholding 
with the threshold (percentage of SUVmax within the tumor) depending on the tumor-
to-background signal ratio with the gluteus muscle selected as relevant background 

16, 

17
. Dedicated software (TrueD, Siemens Medical, Erlangen, Germany) was used to 

calculate the maximum FDG uptake (SUVmax) within the tumor. Subsequently, a re-
sponse index (RI), indicating the percentage reduction relative to the pre-treatment 
measured value, was calculated. 
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Pathological Tumor Response 

For each tumor, the pathological treatment response was evaluated by determination 
of the tumor-regression-grade (TRG) as proposed by Mandard 

18
. All tumors were 

retrospectively classified by an experienced pathologist (RR), who was blinded for the 
PET-data, as follows: TRG1, complete tumor response; TRG2, residual cancer cells 
scattered through fibrosis; TRG3, an increased number of residual cancer cells, with 
predominant fibrosis; TRG4, residual cancer outgrowing fibrosis; TRG5, no regressive 
changes within the tumor. Based on the TRGs, the patients were grouped into patho-
logical responders (TRG1, 2) and non-responders (TRG 3-5).  
 
Response Prediction and Validation 

For thirty of the included patients, the metabolic and pathological treatment res-
ponses were correlated using ROC-curve analysis. From the ROC-curve, a cut-off value 
for the percent reduction of SUVmax within the tumor after two weeks of chemo-
radiotherapy (CRT) treatment was selected to differentiate pathological responders 
from non-responders. When selecting this cut-off value, a high specificity was pre-
ferred over a high sensitivity to avoid pathological non-responders from being false 
positively predicted as pathological responders, resulting in possible under-treatment 
of pathological non-responding patients. Next, the applicability of the selected cut-off 
value was validated for new patients (N=21), imaged and treated under identical 
conditions as the patients on which the predictive model was based.  
 
Statistical Analysis 

Statistical analyses were performed using SPSS (version 15.0; SPSS Inc., Chicago, IL, 
USA). Comparisons of related measurements were performed using a Wilcoxon-signed 
rank test and receiver operating characteristics (ROC) analysis was performed to 
evaluate the optimal cut-off value of SUVmax reduction to differentiate pathological 
responders from non-responders. 

 
 
5.3 Results 
Peritumoral Inflammatory Responses 

From the first patient group (N=30), four patients presented with a peritumoral in-
flammatory response, visually observed from the PET-scan performed at the end of the 
second week of treatment. Also for the second patient group (N=21), used for valida-
tion of the predictive model, one patient presented with a peritumoral inflammatory 
response. As inflammatory cells are known to avidly consume glucose, all patients with 
a peritumoral inflammatory response were excluded from further analysis to prevent 
an underestimation of the metabolic treatment response of the tumor. When delineat-
ing the tumor using automatic SUV-thresholding, an increase of the PET-positive tissue 
volume was found after two weeks of CRT treatment for the above mentioned patients 
(Fig. 5.2). As an increase of the volume of the malignancy is not to be expected during 
pre-operative CRT treatment, the increase of the PET-positive tissue volume is a clear 
indication of a peritumoral inflammatory response.  
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Also, for these patients, a more diffuse FDG uptake was observed after two weeks of 
treatment with a decreased tumor to background signal ratio resulting in a less clear 
PET-based distinction between malignant and non-malignant tissue (Fig. 5.2). All 
visually observed peritumoral inflammatory responses after two weeks of treatment 
were confirmed after pathological examination of the resected specimen. 
 
 

 
 
Figure 5.2: FDG-PET-CT images at both PET-CT imaging time points for respectively a representative patient 

(upper row) and a patient presenting with a (pathological reported) peritumoral inflammatory response 

(lower row). 

 

 

Response Prediction 

For the first patient group, an average reduction of SUVmax within the tumor of 
33.6±25.8% (p<0.001) was observed after two weeks of CRT (Fig. 5.3 & Table 5.1). The 
SUVmax reduction within the tumor was correlated with the pathological response by 
ROC-curve analysis, resulting in an area under the curve (AUC) of 0.98 (Table 5.2). 
From the resulting ROC-curve, a cut-off value of 48% SUVmax reduction was selected to 
differentiate pathological responders from non-responders, resulting in a specificity of 
100% to prevent pathological non-responders from being false positively predicted as 
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pathological responder (Fig. 5.4). However, for this cut-off value, a sensitivity of 64% 
was found, with 4 pathological responding patients to be false negatively predicted as 
pathological non-responding (Fig. 5.4).  
 
Validation 

Also for the second patient group, a significant reduction of SUVmax within the tumor 
(32.3±27.0%, p=0.001) was found after two weeks of CRT (Fig. 5.3 & Table 5.1). When 
applying the ROC-curve based cut-off value of 48% to differentiate pathological res-
ponders from non-responders, a specificity and sensitivity of respectively 93% and 83% 
was found, with only one of the pathological non-responding patients (TRG 3) being 
false-positively predicted as pathological responding, whereas one pathological res-
ponder (TRG 1) was false negatively predicted as being a pathological non-responder 
(Fig. 5.4). 
 
 
 
 

 
 

Figure 5.3: Boxplots of SUVmax within the tumor at both PET-CT imaging time points for both patient groups, 

with the dark and light grey boxes presenting respectively the pre-treatment SUVmax within the tumor and 

the SUVmax after two weeks of chemo-radiotherapy treatment.  
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Table 5.1: Overview of the clinical staging (cTNM), the tumor regression grade (TRG) and the response index 

(RI) of the maximum standardized uptake value (SUVmax) within the tumor after two weeks of pre-operative 

chemo-radiotherapy treatment for the prediction patient group (N=26) and the validation patient group 

(N=20). 

 

 
 

Pat. 

Nr. 

cTNM TRG RI SUVmax 

[%] 

Pat. 

Nr. 

cTNM TRG RI SUVmax 

[%] 

1 T2N1M0 1 51,9 1 T4N1M0 3 47,6 

2 T3N2M0 3 41,7 2 T3N1M0 3 -9,2 

3 T3N2M0 2 69,4 3 T3N0M0 1 62,5 

4 T4N2M0 2 38,9 4 T4N1M0 4 16,9 

5 T3N1M0 2 64,8 5 T3N2M0 1 69,1 

6 T3N2M0 3 31,5 6 T3N0M0 4 -19,9 

7 T3N1M0 3 -11,8 7 T3N2M0 4 2,9 

8 T3N2M0 3 47,6 8 T2N1M0 2 55,9 

9 T3N2M0 4 14,4 9 T3N2M0 4 10,6 

10 T3N1M0 1 70,4 10 T3N1M0 3 54,4 

11 T3N2M0 4 28,8 11 T3N1M0 1 45,3 

12 T3N1M0 3 40,8 12 T3N2M0 3 40,0 

13 T3N0M0 3 4,1 13 T3N1M0 4 15,0 

14 T3N2M0 3 35,9 14 T3N2M0 4 45,1 

15 T3N2M0 3 33,6 15 T2N0M0 3 1,2 

16 T3N2M0 4 28,6 16 T3N2M0 2 63,2 

17 T3N2M0 1 54,6 17 T3N0M0 3 37,7 

18 T3N2M0 2 45,5 18 T3N0M0 3 44,0 

19 T3N0M0 4 5,2 19 T3N1M0 1 53.1 

20 T3N2M1 3 -8,2 20 T4N0M0 3 40,3 

21 T4N1M0 4 -15,7     

22 T3N0M0 2 48,6     

23 T3N0M0 1 68,4     

24 T3N2M0 2 45,6     

25 T3N2M0 2 46,7     

26 T3N1M0 4 -7,1     
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Figure 5.4: Response indices (RI) of SUVmax after two weeks of pre-operative chemo-radiotherapy treatment 

relative to the tumor-regression-grade (TRG) for both the prediction (left) and validation (right) database. 

The grey horizontal line indicates the ROC-curve based cut-off value of 48% SUVmax reduction for the 

differentiation of pathological responders (TRG 1-2) from non-responders (TRG 3-5).  

 
 
Table 5.2: Overview of average metabolic responses (RI SUVmax) as assessed with FDG-PET-imaging, relative 

to the tumor regression grades (TRGs). 

 

 RI SUVmax 

TRG 1 59.4 ±   9.4 %,  range:  45.3 to 70.4 % 

TRG 2 53.2 ± 10.5 %, range:  38.9 to 69.4 % 

TRG 3 26.7 ± 22.9 %, range: -11.8 to 54.4 % 

TRG 4 13.0 ± 20.4 %,  range: -19.9 to 45.1 % 

  

 RI SUVmax 

TRG 1-2 56.1 ± 10.2 %, range:  38.9 to 70.4 % 

TRG 3-5 20.5 ± 22.5 %,  range: -19.9 to 54.4 % 

 

 

5.4 Discussion 
Response predictive models based on changes of the metabolic activity of the tumor, 
assessed with repeated FDG-PET-CT imaging, were presented to result in accurate 
predictions of the pathological treatment response 

1-14
. However, proper validation of 

published PET-based response predictive models has not yet been performed. This is 
the first study performing a validation of a PET-based response prediction model using 
a SUV cut-off value to differentiate pathological responders from non-responders. 
Validation of such response predictive models is required to ensure whether the 
presented model is applicable on patients who are not included in the patient group 
on which the model is based.  

When using a PET-based response prediction model for the differentiation of pa-
thological responders and non-responders, the cut-off value (percent reduction of the 
FDG uptake within the tumor) used to differentiate responders from non-responders 
should be chosen in such a way that as less non-responding patients as possible are 
false positively predicted as pathological responding 

12
.  
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This, to avoid under-treatment of false positively predicted pathological non-
responders when performing modifications of the treatment protocol based on the 
predicted treatment response. The selected ROC-curve based cut-off value of 48% 
SUVmax reduction at the end of the second week of pre-operative CRT (sensitivity 64%, 
specificity 100%) was applied on a second patient group, resulting in a sensitivity and 
specificity of respectively 83% and 93%, with one pathological non-responder being 
false positively predicted as pathological responding. From these results, it was con-
cluded that a PET-based predictive model using a cut-off value (percent reduction of 
SUVmax within the tumor) can be used to accurately predict the pathological treatment 
response for patients not included in the patient group on which the predictive model 
is based.  

For this study, we defined patients with a tumor regression grade (TRG) of 1 or 2 
according to the Mandard-criteria as being pathological responders and patients with a 
TRG 3-5 as pathological non-responders. Earlier published literature proved patients 
with a TRG of 1-2 to have a better prognosis compared to patients with a TRG of 3-5 

19, 

20
. Patients presenting with a TRG 1 or 2 were proven to have less chance on local 

failure, whereas they have an improved chance on metastasis- and disease free surviv-
al as well as overall survival 

20
. Also, an extended time interval between pre-operative 

(C)RT treatment and surgery has been presented to result in more pronounced tumor 
regression and downstaging, whereas a shorter time interval may interrupt ongoing of 
tumor necrosis 

21-23
. We believe that a PET-based response predictive model as pre-

sented in this manuscript could in the near future be helpful to identify those TRG 1-2 
patients in order to improve the tumor response by including these patients in a boost 
trial and/or apply an extended time interval between RT and surgery. 

For some of the patients included in this study, a peritumoral inflammatory re-
sponse was visually observed from the PET-images acquired after the second week of 
CRT. As inflammatory cells are known to avidly consume glucose(analogs), peritumoral 
inflammatory responses can lead to an underestimation of the metabolic response of 
the tumor, ultimately resulting in false negative predictions of pathological responders 
10, 12, 24

. Patients presenting with a (visually observed) peritumoral inflammatory re-
sponse should not be included in the patient group on which a PET-based response 
predictive model is based and such PET-based response predictive model should not 
be applied for patient with a peritumoral inflammatory response.  

Importantly, when predicting the pathological treatment response based on se-
quential PET-data, standardization of the used PET-imaging protocol concerning the 
PET image reconstruction algorithm, injected FDG activities and uptake periods, SUV 
calculation method, blood glucose level measurements and correction of the PET-data 
for the blood glucose level is required 

11, 16, 25-28
.  

 
In conclusion, this is the first validation of a PET-based model for the prediction of the 
pathological treatment response. The presented results prove that an accurate predic-
tion of the pathological treatment response based on the reduction of SUVmax is possi-
ble already after two weeks of CRT treatment for patients treated and imaged identical 
to the patients on which the response predictive model is based.  
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Abstract 
Purpose  

The purpose of this study was to investigate perfusion of rectal tumors and to deter-
mine early responses to short course hypofractionated radiotherapy (RT). 
 

Materials & Methods 

Twenty-three rectal cancer patients were included, which underwent perfusion-CT 
(pCT) imaging before (pre-scan) and after treatment (post-scan). Contrast-
enhancement was measured in tumor- and muscle tissue and in the external iliac-
artery. Perfusion was quantified with three pharmacokinetic parameters: K

trans
, ve and 

vp. Perfusion differences between tumor and normal tissue and changes of the phar-
macokinetic-parameters between both scans were evaluated. 
 

Results 

The median tumors K
trans

 values increased significantly from the pre-scan (0.36±0.11 
[min

-1
]) to the post-scan (0.44±0.13 [min

-1
])(p<0.001). Also, histogram analysis showed 

a shift of tumor voxels from lower K
trans

 values towards higher K
trans

 values. Further-
more, the median K

trans
 values were significantly higher for tumor than for muscle 

tissue on both the pre-scan (0.10±0.05 [min
-1

], p<0.001) and the post-scan (0.10±0.04 
[min

-1
], p<0.001). In contrast, no differences between tumor and muscle tissue were 

found for ve and vp. Also, no significant differences were observed for ve and vp be-
tween the two pCT-imaging time-points. 
 
Conclusions 

Hypofractionated radiotherapy of rectal cancer leads to an increased tumor perfusion 
as reflected by an elevated K

trans
, possibly improving the bioavailability of cytotoxic 

agents in rectal tumors, often administered early after radiotherapy treatment. 
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6.1 Introduction   
Radiotherapy (RT), alone or with chemotherapy, is an established treatment for pa-
tients diagnosed with rectal cancer 

1-3
. In tumors judged to be resectable, pre-

operative RT is primarily used to lower the risk of local failure 
4-6

. For this purpose, 
short course hypofractionated RT (5x5 Gy) followed by immediate surgery has been 
extensively used. However, several trial initiatives are currently ongoing to modulate 
the schedule of short course hypofractionated RT from immediate surgery to a 
planned delay before surgery with the possible advantage of tumor down-sizing. 
Further knowledge of the biological changes of the tumor during short course RT 
would be useful to optimize the treatment management and to improve the develop-
ment of response predictors, allowing individualized treatment.  

Perfusion Computed-Tomography (pCT) imaging is increasingly used in clinical stu-
dies as a non-invasive technique to assess the microvascular status of tumor tissue 

7-13
. 

pCT-imaging is a dynamic imaging technique, which can give insight in the uptake 
kinetics of the administered tracer by pharmacokinetic modeling 

14
. A for pCT-imaging 

commonly applied pharmacokinetic two-compartment model for perfusion imaging is 
the extended Kety-model, with the following pharmacokinetic parameters: the tran-
sendothelial volume transfer constant K

trans
, the fractional volume of the extravascular-

extracellular space (EES) (ve) and the fractional blood plasma volume vp 
14, 15

. For cancer 
research, K

trans
, describing the transfer rate of the contrast agent from the blood 

plasma into the EES, is the most valuable pharmacokinetic parameter, related to the 
microvascular blood flow, vessel wall permeability and vessel density 

14
.  

pCT-measurements have been shown to serve as early markers of treatment re-
sponse 

9-12, 16
. Tumors with a high K

trans
 tend to better respond to chemotherapy and/or 

radiotherapy treatment than tumors with lower values of K
trans

, blood volume and/or 
blood flow 

9-12, 16-18
. However, little is known about therapy-related changes of the 

perfusion parameters of tumor tissue. Wang et al. presented the predictive strength of 
repeated pCT-imaging, with a decrease of the permeability being predictive for a 
higher progression-free survival period in non-small cell lung cancer patients treated 
with chemotherapy 

12
. To the best of our knowledge, no study has yet examined early 

changes in tumor perfusion in response to radiotherapy treatment of rectal cancer.  
 

The purpose of this study was to investigate perfusion of rectal tumors and responses 
to hypofractionated short course RT. This could give important insight into early 
changes in the tumor microcirculation during radiotherapy and might help to better 
predict tumor response.   
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6.2 Materials & Methods 
Patient Characteristics 

Twenty-three patients, diagnosed with non-locally advanced rectal cancer (NLARC), 
were included in this study. Based on pre-treatment magnetic resonance imaging 
(MRI), the clinical TNM staging was staged as T I-III, N 0-II, M 0-I. All patients were 
referred to pre-operative treatment with short course RT, 5 fractions of 5 Gy on 5 
consecutive working days, followed by a total mesorectal excision (TME) within 3 days 
after the last RT fraction. According to the Dutch law, the medical ethics committee 
approved the trial and all patients gave written informed consent before entering the 
study. 
 
PET-CT and pCT acquisition 

All patients underwent FDG-PET-CT and pCT imaging at two time points: prior to the 
start of therapy and at the day of the last RT fraction. All PET-CT and pCT examinations 
were performed on the same dedicated Siemens TruePoint Biograph 40 PET-CT simula-
tor (Siemens Medical, Erlangen, Germany). The patients were positioned equal to the 
radiotherapy treatment position using a laser alignment system to have minimal 
variations between imaging and treatment conditions and between the two imaging 
time-points. For the PET-CT scan, an intravenous injection of FDG (weight [kg] * 4 + 20 
MBq) was performed. For PET reconstruction (OSEM2D: 4 iterations, 8 subsets), CT 
based attenuation correction; 3D scatter- and decay-correction were performed. After 
the PET-CT scan, a pCT-scan was performed over 100 seconds. The volume of interest 
(VOI) for the pCT-scan was defined by an expert radiation oncologist (J.B. or G.L.) with 
knowledge of the PET-data. To ensure that the most representative tumor area was 
chosen, the tumor area with the highest FDG-uptake on the PET-scan was selected. 
Knowledge of the FOV selected for the first pCT-scan was used to select the identical 
region for the second pCT-scan. For the pCT-scan, a volume of 120 of an iodinated 
contrast-agent (300 mg iodine/ml, Xenetix 300, Guerbet, Aulnay-sous-Bois, France) 
was injected at a rate of 3 ml/s via an automatic injector (Stellant Sx, CT Injection 
System, MedRad, Warrendale, USA) into the antecubital fossa. The pCT-scan was 
performed in a static cine-mode over 12 contiguous slices with a slice thickness of 2.4 
mm, a field-of-view of 500 mm and an image size of 512x512 pixels. Other acquisition 
settings were: tube voltage 80 kVp, tube current 140 mAs and a rotation time of 1 
second. 
 
Pharmacokinetic Analysis 

Automatic image-registration between the static PET-CT scan and the pCT-scan was 
performed based on mutual-information (Focal software, version 4.34, CMS Inc., St. 
Louis, Missouri). For each PET-CT scan, the tumor was delineated with dedicated 
software (TrueD VC50, Siemens MI, Erlangen, Germany) using automated SUV-
thresholding of the PET-images with the threshold (percentage of SUVmax within the 
tumor) depending on the tumor-to-background signal ratio, with the gluteus muscle 
selected as relevant background tissue 

19, 20
. As a reference sample for the pharmaco-

kinetic analysis, an additional VOI was manually selected within the gluteus muscle to 
check for possible changes of the pharmacokinetic parameters of muscle tissue outside 
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the irradiated volume. When quantifying the pharmacokinetic parameters of muscle 
tissue, a VOI was manually drawn within both the left and right gluteus muscle. The 
median values of the pharmacokinetic parameters within both VOIs were averaged to 
account for intra-tissue heterogeneity of the muscle tissue. The resulting contours of 
both tumor- and muscle tissue were projected on the registered pCT. The pCT data 
were down-sampled from a voxel size of 0.98x0.98x2.4 mm to 3.92x3.92x4.8 mm to 
improve the signal-to-noise ratio (SNR). For the quantification of the dynamic pCT-
data, the extended Kety-model was used, describing the uptake of a contrast agent 
from the blood plasma into the tissue by 

14
: 

∫
−

−

+=
t ut

v

K

p

trans

ppt dueuCKtCvtC e

trans

0

)(

)()()(  

The blood plasma concentration curve (Cp), extracted from the right external iliac 
artery, was derived from the acquired whole blood tracer concentration (Cb) divided by 
(1-Hct), with the hematocrit value (Hct) set to 0.45 (Fig. 6.2) 

14
. To improve the SNR, Cp 

was calculated by averaging the concentration time curves over all voxels selected 
inside the iliac artery. The tumor and muscle tissue concentration curves (Ct) were 
extracted from the dynamic pCT data on a voxel-by-voxel basis and on a tumor uptake 
curve based on the average of all tumor voxels (Fig. 6.2). Pharmacokinetic analysis was 
performed using in-house developed software in MATLAB (R2008b, The Mathworks 
Inc., Natick, USA). The concentration time curves from pCT-data were fitted to the 
pharmacokinetic model, with the pharmacokinetic parameters being calculated using 
the Levenberg-Marquardt algorithm, with boundaries set to 0≤K

trans
≤5 min

-1
, 0≤ve≤1 

and 0≤vp≤1 
21-23

. 
 
Statistical Analysis                                                                                                                                                 

All data are expressed as means ± standard deviation (SD) and range (min. to max.). 
Statistical differences between the parameters were evaluated in SPSS (version 15.0, 
SPSS Inc., Chicago, IL, USA), performing a Wilcoxon-signed-rank test for the compari-
son of related measurements. Differences were considered to be significant when the 
p-value was less than 0.05. 

 
 
6.3 Results 
Perfusion of tumor and muscle tissue 

To study differences in the perfusion of tumor and normal tissue, 23 patients diag-
nosed with rectal cancer underwent sequential pCT-imaging before and after treat-
ment. From these scans, the pharmacokinetic parameters of tumor and normal tissue 
were calculated at both imaging time points. In figure 6.1, CT-images of a representa-
tive patient are shown with the perfusion K

trans
 maps of both tumor and muscle tissue 

at both time-points. Visual interpretation of the K
trans

 maps showed a higher and more 
heterogeneous uptake in tumor tissue compared to muscle tissue on both scans. Note 
the increased K

trans
 in tumor tissue on the post-treatment scan compared to the pre-

treatment scan, whereas K
trans

 in muscle tissue presented similar patterns at both 
imaging time-points.  
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Figure 6.1: Comparison of a pre-treatment (left) and post-treatment (right) perfusion-CT scan for a repre-

sentative patient. The upper row displays the anatomic pre-contrast CT-images, the lower row the K
trans

 

maps of the regions of interest selected in muscle and tumor tissue. Note the increased values of K
trans

 in the 

tumor tissue on the post-treatment scan compared to the pre-treatment scan, whereas muscle tissue 

presents with similar patterns of K
trans

 at both imaging time-points. 
 
Perfusion parameters before and after short course radiotherapy 

For the quantification of the pharmacokinetic parameters, the median K
trans

, ve and vp 
values of tumor and muscle tissue were calculated at both time-points. Figure 6.2 
shows scatterplots of the median parameter values for tumor and muscle tissue. After 
RT, an increase of the median K

trans
 within the tumor was found for all patient except 

one, resulting in an average increase of K
trans

 of 25.4±28.7% (range: -3.8 to 
113.1%)(p<0.001). However, the median K

trans
 values within the muscle tissue was not 

significantly different between the two imaging time points (p=0.554). The other two 
pharmacokinetic parameters, ve and vp, showed no significantly different values be-
tween the two time-points and between tumor and muscle tissue. In Table 6.1, an 
overview of all median parameter values are shown with the corresponding statistics. 
In figure 6.3, the average histogram of the K

trans
 values within the tumor are shown for 

all patients. As can be seen from the histogram, pre-operative treatment with short 
course hypofractionated RT resulted in an increased tumor perfusion for the included 
patients. For the bins of the histogram presenting the number of voxels with a relative-
ly high K

trans
 value, an increase of the number of voxels was observed between the pre- 

and post-treatment pCT-scan. In contradiction, a decrease was found for the number 
of voxels in the bins with a lower K

trans
 value. The shift of the histogram towards in-

creased bins with relatively higher K
trans

 indicates an increase of tumor perfusion due 
to pre-operative treatment with short course hypofractionated RT.
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Figure 6.2: Scatterplots showing the median K
trans

 , ve and vp values within tumor- and muscle tissue at the 

perfusion-CT-scans acquired before (pre) and after (post) pre-operative treatment with hypofractionated 

radiotherapy. Each dot represents the median value of the pharmacokinetic parameter of one patient. Note 

the increase of K
trans

 within the tumor after treatment with hypofractionated radiotherapy, whereas the 

median K
trans

 values of muscle tissue outside of the irradiated volume remained stable.
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Figure 6.3: Average histograms of the K

trans
 values within the tumor for the pre-treatment (dark boxes) and 

post-treatment scan (light boxes). The bars represent the mean and the error-bars the standard deviation of 

the K
trans

 estimates within the bin. Note the increase of the number of voxels within the bins with a higher 

K
trans

 value (>0.4) after pre-operative treatment with short course hypofractionated radiotherapy, indicating 

an increase of tumor perfusion after treatment with hypofractionated radiotherapy.  
 

 

 

Table 6.1: Overview of the median pharmacokinetic parameters, K
trans

, ve and vp, in tumor- and muscle tissue 

both pre- and post-treatment. 

 

  pre-RT post-RT p-value 

K
trans

 [min
-1

] tumor tissue 0.36 ± 0.11 0.44 ± 0.13 < 0.001 

 muscle tissue 0.10 ± 0.05 0.10 ± 0.05 0.554 

 p-value < 0.001 < 0.001  

     

ve
 
[-] tumor tissue 0.31 ± 0.10 0.32 ± 0.09 0.795 

 muscle tissue 0.28 ± 0.05 0.29 ± 0.03 0.381 

 p-value 0.356 0.344  

     

vp [-] tumor tissue 0.04 ± 0.02 0.04 ± 0.02 0.124 

 muscle tissue 0.03 ± 0.01 0.03 ± 0.01 0.098 

 p-value 0.266 0.266  
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6.4 Discussion 
The purpose of this study was to characterize changes of tumor perfusion after short 
course hypofractionated radiotherapy treatment. The pharmacokinetic parameters of 
rectal tumors revealed significant higher K

trans
 values compared to muscle tissue at 

both the pre- and post-treatment pCT-scan. Short course RT resulted in a significant 
increase of the median K

trans
 in tumor tissue, indicating an early increase in tumor 

perfusion already on the last day of pre-operative RT. The significant increase of tumor 
perfusion during the rather short time interval between the pre- and post-treatment 
pCT-scan could be explained by first endothelial cell death within the irradiated vo-
lumes, resulting in endothelial cell leakage which in turn results in increased values of 
K

trans
 within the tumor. The VOI manually selected within muscle tissue was chosen 

outside of the irradiated volume, so no endothelial cell death was expected to occur 
within the VOIs of muscle tissue. An increase in tumor perfusion early during pre-
operative treatment might improve the availability of cytotoxic agents of chemothera-
py to the tumor, often administered after finishing the radiotherapy treatment. The 
data as presented within this study could serve as reference-data of perfusion changes 
within the tumor during RT-treatment for future studies combining a short course 
hypofractionated radiotherapy course with anti-angiogenic agents (e.g. rapamycin). 

In general, perfusion measurements are intrinsically variable due to internal and 
external factors, including day-to-day physiological variations, technical variability, 
observer variability and intra-tissue heterogeneity 

24
. The used acquisition time of 100 

seconds was long enough to perform measurements of K
trans

, whereas measurements 
of ve require imaging times which incorporate the maximal signal enhancement in the 
tumor tissue, about 120 to 180 seconds after injection of the contrast agent 

25, 26
.  

For this reason, the relatively short imaging time used within this study might bias the 
ve values measured within this study. The used sampling time of 1 second was ex-
pected to be sufficient for reliable estimations of K

trans
 and vp 

15, 26
.  

One of the major limitations of this study was the relatively small dimension of the 
FOV of the pCT-scan in craniocaudal direction. The craniocaudal coverage of the pCT 
FOV of only 2.88 cm resulted for some patients in an incomplete coverage of the rectal 
tumor. For these patients, pCT measurements were obtained from the tumor region 
showing the highest FDG-uptake, as assessed from the static PET-CT scan. Due to 
incomplete tumor coverage, the calculated median values of the three investigated 
pharmacokinetic parameters only represent the perfusion of the tumor region covered 
by the FOV. However, Goh et al. presented a study showing that an increased FOV in 
craniocaudal direction does not improve the reproducibility of perfusion measure-
ments 

27
. Another limitation was that day-to-day differences in bladder and rectum 

filling, hampering a voxel-wise comparison of the pharmacokinetic parameter maps of 
the pre- and post-treatment pCT-scans within this study. Due to large differences in 
bladder or rectum filling for some of the included patients, a rigid-registration was not 
sufficient to enable a correct registration of the pre- and post-treatment pCT-scans. 
However, available non-rigid registration algorithms are not yet properly validated for 
rectal cancer.   
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In conclusion, perfusion-CT measurements of rectal tumors enable the assessment of 
changes of tumor perfusion resulting from radiotherapy treatment. Short course 
hypofractionated radiotherapy of rectal cancer significantly increased tumor perfusion 
(K

trans
), which might improve the bioavailability of cytotoxic agents in rectal tumor, 

often administered to the patient after radiotherapy treatment.  
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Abstract 
Purpose 

The purpose of this study was to analyze the intratumoral FDG uptake and perfusion 
within rectal tumors prior to and after hypofractionated radiotherapy. 
 
Materials & Methods 

Rectal cancer patients, referred for preoperative hypofractionated radiotherapy (RT), 
underwent FDG-PET-CT and perfusion-CT (pCT) imaging prior to the start of hypofrac-
tionated RT and at the day of the last RT-fraction. The pCT-images were analyzed using 
the extended Kety-model, quantifying tumor perfusion with the pharmacokinetic 
parameters K

trans
, ve and vp. The mean and maximum FDG-uptake (SUV) and transfer 

constant (K
trans

) within the tumor were correlated. Also, the tumor was subdivided into 
eight sub-regions and for each region, the mean and maximum SUVs and K

trans
 values 

were assessed and correlated. Furthermore, the mean FDG-uptake in voxels present-
ing with the lowest 25% of perfusion was compared to the FDG uptake in the voxels 
with the 25% highest perfusion. 
 

Results 

The mean and maximum K
trans

 values were positively correlated with the correspond-
ing SUVs (ρ=0.596, p=0.001 and ρ=0.779, p<0.001). Also, positive correlations were 
found for K

trans
 values and SUVs within the sub-regions (mean: ρ=0.413, p<0.001 and 

max: ρ=0.540, p<0.001). The mean FDG uptake in the 25% highest perfused tumor 
regions was significantly higher compared to the 25% lowest perfused regions 
(10.6±5.1%, p=0.017). During hypofractionated radiotherapy, stable mean (p=0.379) 
and maximum (p=0.280) FDG uptake levels were found, whereas the mean (p=0.040) 
and maximum (p=0.003) K

trans
 values were found to significantly increase.  

 
Conclusions 

Highly perfused rectal tumors presented with higher FDG-uptake levels compared to 
relatively low perfused tumors. Also, intra-tumor regions with a high FDG uptake 
demonstrated with higher levels of perfusion than regions with a relatively low FDG-
uptake. Early after hypofractionated RT, stable FDG uptake levels were found, whereas 
tumor perfusion was found to significantly increase.  
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7.1 Introduction 
Radiotherapy (RT), alone or with chemotherapy, is an established treatment for pa-
tients diagnosed with rectal cancer 

1-3
. The use of sequential fluorodeoxyglucose 

positron-emission-tomography (FDG-PET) and perfusion-CT (pCT) imaging allows a 
closer look at therapy related changes of the tumor’s metabolic activity and tumor 
perfusion, which might enable tumor response predictions and tailored therapies in 
the future 

4-7
. Evaluation of the metabolic activity of malignancies, assessed with 

sequential FDG-PET-imaging, has been proven to be an accurate and promising me-
thod for the prediction of treatment response during and after neo-adjuvant chemo-
radiotherapy (CRT) in an increasing number of malignancies 

5, 8-19
. The response index, 

describing the percentage of reduction of SUVmax after two weeks of pre-operative CRT 
treatment has been presented as an accurate predictor of the pathological treatment 
response 

5, 16-19
. Also, tumors with higher FDG uptake level prior to the start of treat-

ment presented with a higher decrease of the standardized uptake values (SUVs) early 
during treatment compared to tumors with a lower pre-treatment FDG uptake 

18, 19
. 

Therefore, an accurate prediction of the pathological tumor response already early 
during pre-operative treatment would enable more individualized treatment regimens, 
aiming at further improvement of the tumor response or a modified surgical approach. 

Except changes in the metabolic activity of the tumor, also assessments of the mi-
crovascular status of the tumor tissue using pCT measurements have been presented 
as an early marker of treatment response 

20-24
. pCT imaging is increasingly applied to 

non-invasively assess the microvascular status of tumor tissue by studying the uptake 
kinetics of the administered tracer over time 

7, 20-23, 25-34
. A two-compartment model 

(extended Kety model) is commonly used for pharmacokinetic modeling of the tracer’s 
uptake kinetics, quantifying tumor perfusion with the pharmacokinetic parameters 
K

trans
, ve and vp 

35, 36
. For perfusion measurements, K

trans
, describing the transfer rate of 

the used tracer from the blood plasma into the extravascular-extracellular space (EES), 
is the most valuable pharmacokinetic parameter related to the microvascular blood 
flow, vessel wall permeability and vessel density 

36
. Malignancies presenting with a 

high K
trans

 value prior to treatment tend to better respond to chemo-(radio)-therapy 
treatment compared to tumors with relatively low values of K

trans 20-24, 32-34
.  

 
The purpose of this study was to analyze the intratumoral FDG uptake and perfusion 
within rectal tumors before and after hypofractionated radiotherapy as well as to test 
a possible correlation between the tumor’s metabolic activity and tumor perfusion. 
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7.2 Materials & Methods 
Patient Characteristics 

Patients diagnosed with non-locally advanced rectal cancer (NLARC) and scheduled for 
pre-operative radiotherapy treatment followed by surgery were considered for study 
enrollment. For each included patient, the TNM stage was determined from pre-
treatment magnetic resonance (MR) images. All patients were pre-operatively referred 
to short course hypofractionated RT, five fractions of 5 Gy on five consecutive working 
days, followed by a total mesorectal excision (TME) within three days after the last RT 
fraction. According to the Dutch law, the medical ethics committee approved the trial 
and all patients gave written informed consent before entering the study. 
 
PET-CT and pCT acquisition 

All patients underwent a FDG-PET-CT scan combined with a pCT scan prior to the start 
of treatment and at the day of the last RT fraction. All PET-CT and pCT examinations 
were performed on the same dedicated Siemens TruePoint Biograph 40 PET-CT simula-
tor (Siemens Medical, Erlangen, Germany). The patients were positioned equal to the 
radiotherapy treatment position using a laser alignment system to have minimal 
variations between imaging and treatment conditions and between the two imaging 
time-points. After a fasting period of at least 6 hours patients received an intravenous 
injection of FDG, with the activity normalized for the patients bodyweight (weight 
[kg]*4 + 20 [MBq]). Static PET acquisition was started after an uptake period of 60 
minutes, with an acquisition time of 5 minutes per bed-position. For PET reconstruc-
tion (OSEM2D: 4 iterations, 8 subsets), CT based attenuation correction and 3D scat-
ter- and decay-correction were performed. After the PET-CT scan, a pCT-scan was 
performed over 100 seconds. The field-of-view (FOV) for the pCT-scan was defined by 
an expert radiation oncologist (J.B. or G.L.) with knowledge of the PET-data. To ensure 
that the most representative tumor area was chosen, the tumor area with the highest 
FDG-uptake on the PET-scan was selected. Knowledge of the FOV selected for the first 
pCT-scan was used to select the identical region for the second pCT-scan. For the pCT-
scan, a volume of 120 ml of an iodinated contrast-agent (300 mg iodine/ml, Xenetix 
300, Guerbet, Aulnay-sous-Bois, France) was injected at a rate of 3 ml/s via an auto-
matic injector (Stellant Sx, CT Injection System, MedRad, Warrendale, USA) into the 
antecubital fossa. The pCT-scan was performed in a static cine-mode over 12 conti-
guous slices with a slice thickness of 2.4 mm, a FOV of 500 mm and an image size of 
512x512 pixels. Other acquisition settings were: tube voltage 80 kVp, tube current 140 
mAs and a rotation time of 1 second. 
 

PET Analysis & Tumor contouring 

For each of the PET-scans, a tumor contour was generated using automated 
standardized-uptake-value (SUV) thresholding with the threshold (percentage of 
SUVmax within the tumor) depending on the tumor-to-background signal ratio with the 
gluteus muscle selected as relevant background 

37, 38
. Dedicated software (TrueD, 

Siemens Medical, Erlangen, Germany) was used to calculate the mean and maximum 
FDG uptake (SUV) within the tumor. Additionally, all PET-data were normalized for the 
blood glucose level (BGL) measured shortly before FDG administration 

19, 39, 40
. 
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pCT Analysis 
Image-registration between the PET-CT scan and the pCT-scan was performed using a 
registration algorithm based on Mutual Information (Focal software, version 4.34, CMS 
Inc., St. Louis, Missouri). The automatic tumor delineation based on PET thresholding 
was exported and projected onto the pCT-dataset for further analysis. The pCT images 
were down-sampled from a voxel size of 0.98x0.98x2.4 mm to 3.92x3.92x4.8 mm to 
improve the signal-to-noise ratio (SNR). For the quantification of the dynamic pCT-
data, the extended Kety-model was used, describing the uptake of a contrast agent 
from the blood plasma into the tissue by 

36
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The blood plasma concentration curve (Cp), extracted from the right external iliac 
artery, was derived from the acquired whole blood tracer concentration (Cb) divided by 
(1-Hct), with the hematocrit value (Hct) set to 0.45 

36
. To improve the SNR, Cp was 

calculated by averaging the concentration time curves over all voxels selected inside 
the iliac artery. The tumor concentration curves (Ct) were extracted from the dynamic 
pCT data on a voxel-by-voxel basis and on a tumor uptake curve based on the average 
of all tumor voxels. Pharmacokinetic analysis was performed using in-house developed 
software (MATLAB, R2008b, The Mathworks Inc., Natick, USA). The concentration time 
curves from pCT-data were fitted to the pharmacokinetic model, with the pharmacoki-
netic parameters being calculated using the Levenberg-Marquardt algorithm, with 
boundaries set to 0≤K

trans
≤5 min

-1
, 0≤ve≤1 and 0≤vp≤1 

41-43
. 

 
Correlation of FDG uptake and tumor perfusion 

For each of the included patients, the mean and maximum FDG uptake (SUV) and 
transfer constant (K

trans
) within the tumor were correlated. Next, based on the tumor 

contour resulting from SUV-thresholding, the tumor was subdivided into eight sub-
regions (Fig. 7.1). For each of the tumor sub-regions, the mean and maximum SUVs 
and K

trans
 values were assessed and correlated. Furthermore, the mean FDG uptake in 

the voxels presenting with the lowest 25% of perfusion (K
trans

 values) was compared to 
the FDG uptake in the voxels with the 25% highest perfusion. To study early treatment 
effects, the metabolic activity of the tumors as well as the level of tumor perfusion 
were studied over time by comparing the pre- and post-treatment scans. 
 
Statistical Analysis                                                                                                                                                 

Statistical differences between parameters were evaluated in SPSS (version 15.0, SPSS 
Inc., Chicago, IL, USA), performing a Wilcoxon-signed-rank test for the comparison of 
related measurements. Differences were considered to be significant when the p-value 
was less than 0.05. For assessing the correlation between FDG uptake perfusion within 
the tumor, the Spearman’s rank coefficient (ρ) was calculated. 
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Figure 7.1: Spherical representation of a tumor with the dashed lines indicating the cutting-planes used for 

subdivision of the tumor into 8 sub-regions. 

 
 
7.3 Results 
Patient Characteristics 

Twenty patients (mean age: 67.0±10.9 years), diagnosed with NLARC were included in 
this study. Based on pre-treatment MR imaging (MRI), the clinical TNM staging was 
staged as T 1-3, N 0-1, M 0-1. For three of the included patients, large deformations of 
the rectum were observed when registering the CT- and pCT-scan. As these large 
deformations hamper an accurate registration of the PET-CT and pCT-scans, a reliable 
correlation of the FDG uptake within and perfusion of the tumor could not be ensured. 
For this reason, seventeen patients remained for further analysis. 
 

 

Figure 7.2: Pre-treatment comparison of a PET-CT image (left)  and a perfusion-CT-image and the corres-

ponding K
trans

 map (right).  
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Correlation of the metabolic activity and perfusion of rectal tumors 

In figure 7.2, a FDG-PET-CT and pCT scan of a representative patient is shown. Visual 
inspection shows that there is a large correspondence of FDG uptake and perfusion 
within the tumor. Note the heterogeneous pattern of both the FDG uptake and perfu-
sion of the tumor. When comparing the mean and maximum SUVs and K

trans
 values 

within the tumors of the included patients, clear relationships were found with corre-
lation coefficients (ρ) of respectively 0.596 (p=0.001) and 0.779 (p<0.001) (Fig. 7.3). A 
location based analysis was performed by subdividing the tumors into eight sub-
regions and comparing the FDG uptake and perfusion within these regions. The mean 
and maximum K

trans
 values and SUVs showed a large correspondence, with positive 

correlation coefficients (ρ) of respectively 0.413 (p<0.001) and 0.540 (p<0.001) (Fig. 
7.4). Furthermore, the pre-treatment measured mean FDG uptake of the voxels within 
the tumor presenting with the 25% highest K

trans
 values was found to be significantly 

higher compared to the FDG uptake of the voxels within the tumor presenting with the 
25% lowest K

trans
 values. For the 25% highest perfused tumor voxels, a 10.6±5.1 % (p = 

0.017) higher mean SUVs were found when compared to the 25% lowest perfused 
tumor voxels (Fig. 7.5). 
 
 
 

 

Figure 7.3: Scatter plots of the mean and maximum FDG uptake (SUV) within the tumor and the mean and 

maximum tumor perfusion (K
trans

 values). Note the positive correlation between the FDG uptake within and 

perfusion of tumor tissue for both the pre- and post-treatment situation. 
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Figure 7.4: Scatter plots of the FDG uptake (SUV) and perfusion (K
trans

 values) within the 8 created tumor sub-

regions for a location based analysis. Each dot or triangle represents the FDG uptake within and perfusion of 

one of the eight sub-regions created within a patient’s rectal tumor respectively before and after treatment.  

 
Hypofractionated Radiotherapy Treatment Effect 

To study the early effects of hypofractionated radiotherapy on the FDG uptake within 
and perfusion of rectal tumors, PET-CT and pCT scans were performed prior to the 
start of treatment and at the day of the last radiotherapy fraction. When comparing 
the mean (pre: 7.9±3.0, post: 7.5±2.8, p=0.362) and maximum (pre: 15.8±6.4, post: 
14.6±5.8, p=0.280) SUVs, stable FDG uptake levels were found during short course 
hypofractionated RT 

44
. However, for the mean (pre: 0.463±0.102 min

-1
, post: 

0.500±0.105 min
-1

, p=0.040) and maximum (pre: 1.253±0.124 min
-1

, post: 1.340±0.092 
min

-1
, p=0.003) K

trans
 values, significant increases were found between both pCT scans 

7
. In figure 7.6, the average histograms of the K

trans
 values and SUVs within the tumor 

are shown for all patients. As can be seen from the histograms, pre-operative treat-
ment with hypofractionated RT resulted in an increased tumor perfusion for the 
included patients, whereas stable FDG uptake levels were found. For the bins of the 
histogram presenting the number of voxels with a relatively high K

trans
 value, an in-

crease of the number of voxels was observed between the pre- and post-treatment 
pCT-scan. In contradiction, a decrease was found for the number of voxels in the bins 
with a lower K

trans
 value. The shift of the histogram towards increased bins with rela-

tively higher K
trans

 indicates an increase of tumor perfusion due to pre-operative 
treatment with short course hypofractionated RT.   
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Figure 7.5: For the pre-treatment situation, a significant higher FDG uptake was observed within the tumor 

voxels presenting with the 25% highest K
trans

 values when compared to the voxels presenting with the 25% 

lowest K
trans

 values. 

 

 

 

Figure 7.6: Treatment effect of hypofractionated radiotherapy on both the FDG uptake within and perfusion 

of rectal tumors. For the FDG uptake within rectal tumors, no significant treatment effect was observed, 

whereas a shift towards an overall better tumor perfusion was observed when evaluating the pre- and post-

treatment Ktrans values.  

 
 
7.4 Discussion 
The purpose of this study was to analyze the intratumoral FDG uptake within and 
perfusion of rectal tumors before and after hypofractionated radiotherapy treatment 
as well as to test a possible correlation between FDG uptake and tumor perfusion. The 
FDG uptake within rectal tumors was found to positively correlate with tumor perfu-
sion assessed from dynamic pCT-images. Highly perfused rectal tumors presented with 
higher FDG uptake levels compared to relatively low perfused tumors. To our know-
ledge, this manuscript is the first to describe a positive correlation of FDG-PET and 
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pCT-imaging for rectal cancer. The presented findings for rectal cancer patients are in 
line with the findings of Miles et al. and Groves et al. for respectively lung and breast 
cancer patients 

25, 27, 28
. Patients diagnosed with a relatively high perfused tumor tend 

to better respond to chemo-(radio)-therapy when compared to relatively low perfused 
tumors 

20-24, 32, 33
. Based on the presented results it could be suggested that for highly 

perfused tumors a better distribution of the administered FDG and possibly also of a 
chemotherapeutic drug is possible. However, for different types of malignancies, FDG 
uptake has been studied as a surrogate marker for the detection and imaging of 
hypoxia, although with conflicting findings 

45-47
. The results presented in this study, a 

strong positive correlation between FDG uptake and tumor perfusion, are in conflict 
with an increased FDG uptake as a surrogate marker of tumor hypoxia, since tumors 
are thought to develop hypoxia due to a low perfusion. 

Another finding of this study was the difference in early treatment response as 
measured with respectively PET- and pCT-imaging. Early during hypofractionated RT, 
the mean and maximum FDG uptake levels within the tumors were found to be stable, 
whereas the mean and maximum K

trans
 values were found to increase significantly. The 

significant increase of the mean and maximum K
trans 

values early during pre-operative 
RT could be caused by endothelial cell death within the tumor, stress reactions of 
injured tumor cells or even death of tumor cells due to the hypofractionated RT treat-
ment 

48
. Endothelial cell death would result in endothelial cell leakage which in turn 

results in increased K
trans

 values within the tumor.  
Due to the relative small dimension of the FOV for pCT-imaging of the used PET-CT 

simulator in craniocaudal dimension, only 2.88 cm, the craniocaudal coverage of the 
FOV resulted in some patients in incomplete tumor coverage. Due to possible incom-
plete tumor coverage, the calculated mean K

trans
 values represent the perfusion of the 

tissue covered by the FOV. However, Goh et al. presented a study showing that an 
increase of the FOV in craniocaudal direction did not improve the reproducibility of 
perfusion measurements 

29
. Nevertheless, nowadays state-of-the-art (PET-)CT scanners 

are becoming available which are able to perform volumetric perfusion measurement 
that encompass the entire tumor volume. 

The major limitation of sequential functional imaging (PET- and pCT-imaging) fol-
lowed by a voxel-wise comparison of the resulting images are deformations of the 
organs within the scanned region of the human body. Not only day-to-day differences 
in bladder and rectum filling, but also differences in bladder and rectum filling and 
bowel peristalsis within the short time-span (max. 20 min) between the PET-CT and 
pCT-scan hampered an accurate voxel-wise comparison of the PET- and pCT-images. 
Because of this, for this study only a region-based comparison of FDG uptake within 
and perfusion of tumor tissue was performed. Even for the region-based correlation of 
the FDG uptake level and tumor perfusion, an accurate registration of the PET-CT and 
pCT-images should be ensured. Three of the included patients were excluded from 
further analysis because of large deformations of the rectum between the PET-CT and 
pCT scan. 

Within a recent study, we presented pCT-imaging as an alternative modality to 
DCE-MRI imaging for the in-vivo evaluation of tumor perfusion in terms of the transfer 
constant K

trans 31
. Because of the relatively high availability of CT-scanners over MRI-

scanners within radiotherapy departments, as well as the shorter total examination 
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duration of a perfusion-CT scan, perfusion-CT imaging is an attractive alternative for 
DCE-MRI imaging. Also, perfusion-CT imaging has a better time-resolution compared to 
DCE-MRI imaging, which enables a high temporal acquisition of the first pass of the 
administered tracer. However, each perfusion-CT scan results in an additional effective 
dose of 15 mSv, whereas DCE-MR-imaging can be performed without ionizing radia-
tion. However, all of the included patients were scheduled for pre-operative treatment 
with short course hypofractionated radiotherapy. The additional effective dose caused 
by perfusion-CT scanning should be compared to the much higher dose planned to pre-
operatively treat the patient, as well as to the relatively old age and the life expecta-
tions of the patients. For relatively young patients and/or when a MRI system is availa-
ble, DCE-MRI is recommended over perfusion-CT imaging because of the better signal-
to-noise characteristics, stronger contrast uptake, larger tumor coverage and the 
absence of ionizing-radiation. 
 
In conclusion, FDG uptake within the tumor, assessed with PET-imaging, was found to 
positively correlate with tumor perfusion assessed with dynamic perfusion-CT imaging. 
Highly perfused rectal tumors presented with higher FDG uptake levels compared to 
relatively low perfused tumors. Already early during hypofractionated radiotherapy, 
tumor perfusion was found to significantly increase, whereas FDG uptake levels were 
stable over time. Thus, for highly perfused rectal tumors, or regions within the tumor, 
a better distribution of the administered FDG is more likely compared to tumors with a 
relatively low perfusion. 
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Abstract 
Purpose 

The FDG uptake within a tumor, assessed with PET-imaging, can be used to automati-
cally create a tumor contour using standardized uptake value (SUV) thresholding. The 
goal of this study was to validate the volume of an automatic generated PET-based 
tumor contour with pathology for rectal cancer. 
 
Materials & Methods 

Patients diagnosed with non-locally advanced rectal cancer (NLARC), referred to pre-
operative treatment with short course hypofractionated radiotherapy (RT) were 
included in this study. Pre-operative treatment with RT was followed by a total meso-
rectal excision (TME) within 3 days after the last RT fraction. For each patient, a FDG-
PET-CT scan was performed prior to the start of treatment. The tumor was automati-
cally delineated from the PET-images using SUV-thresholding, with the threshold 
depending on the tumor-to-background signal ratio. The volume of the PET-based 
tumor contour was validated by pathological examination of the resected specimen. 
For this validation, the resected specimen was sliced into 5 mm slices and each slice 
was photographed. On the photographs, the tumor was manually delineated by the 
pathologist. The tumor volume was calculated by multiplying the tumors surface area 
with the slice thickness of 5 mm. 
 
Results 

Automatic SUV-threshold based tumor delineation resulted in an average tumor 
volume of 16.2±11.3 cm

3
 (range: 7.7 to 38.7 cm

3
), whereas pathological examination of 

the resected specimens resulted in an average tumor volume of 16.0±11.5 cm
3
 (range: 

7.8 to 36.5 cm
3
). A correlation coefficient of 0.964 (p<0.001) was found when correlat-

ing the tumor volumes resulting from PET-analysis and pathological examination. 
 
Conclusions 

The strong correlation between the tumor volumes resulting from SUV-thresholding of 
PET-images and pathological examination of the surgical specimen demonstrates the 
accuracy of automatic PET-based tumor delineation based on SUV-thresholding for 
patients diagnosed with rectal cancer. 
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8.1 Introduction 
For rectal cancer, pre-operative treatment with radiotherapy (RT), alone or in combi-
nation with chemotherapy has become the standard of care, most often followed by a 
total mesorectal excision (TME). Medical imaging modalities have become more and 
more important for the imaging, delineation and characterization of malignancies for 
treatment planning prior to the start of treatment as well as for treatment response 
evaluation during and after pre-operative treatment. In most cases, combined fluoro-
deoxyglucose positron-emission-tomography computed-tomography (FDG-PET-CT) 
imaging is used for visualization of the malignancy. The PET-CT images acquired prior 
to the start of pre-operative treatment are used to plan the highly energetic photon 
beams used for treatment of the tumor with RT. This, to ensure a sufficient radiation 
dose to the tumor while limiting the dose to surrounding healthy tissues. Where CT-
imaging provides only anatomical information about the location, orientation and size 
of the malignancy, FDG-PET-imaging has the added value of providing quantitative 
information about the metabolic activity of the malignancy, since viable tumor cells are 
known to avidly consume the glucose analog FDG.  

The FDG uptake within the tumor, assessed with PET-imaging, can be used to au-
tomatically create a contour around the tumor 

1-9
. Automatic tumor contouring on 

PET-images based on standardized uptake value (SUV) thresholding is most often used, 
with the threshold used for tumor delineation calculated from the tumor-to-
background signal ratio, known as the signal-to-background-ratio (SBR) method 

2, 3, 8, 10
. 

Manual tumor volume definition on CT-images is not only time consuming, but also 
subject to clinical interpretation, resulting in high levels of inter- and intra-observer 
variability 

11, 12
. PET-imaging was found to decrease the levels of inter- and intra-

observer variability for the delineation of lung and rectal tumors 
11, 13

. Also, for lung, 
head and neck and rectal cancer, good correlations were found when comparing the 
tumor dimensions resulting from PET-analysis to the tumor dimensions from patholog-
ical analysis 

1, 2, 6, 8, 11
. For rectal cancer, automatic tumor contouring by SUV-

thresholding was found to be superior to manual tumor delineation on respectively 
fused PET-CT images, CT images and MR images 

8
. To our knowledge, only three 

studies yet presented a volumetric validation of PET-based automatic tumor contour-
ing for head and neck, lung and rectal cancer 

1, 2, 6
. However, the studies on lung and 

rectal cancer used a tumor contouring method based on gradients within the image 
using a watershed transform in combination with hierarchical clustering 

1, 4, 6
. Also, the 

study on rectal cancer was performed on patients pre-operatively treated with long 
course chemo-radiotherapy (CRT), resulting in significant tumor downsizing 

6
. Only 

very few studies were yet presented on volumetric validation of automated SUV-
thresholding based tumor contouring with pathology 

1, 2
. The results showed a (non-

significant) overestimation of the tumor volume when using SUV-thresholding based 
on the tumor-to-background signal ratio for automated delineation of the pharyngola-
ryngeal squamous cell carcinoma and non-small cell lung cancer.  

 



Chapter 8 
 

108 

For modern RT-techniques like sub-volume boosting, non-uniform dose distributions, 
(high dose rate) brachytherapy or intra-operative radiotherapy (IORT), as well as for a 
reliable study on treatment related responses of the tumor, an accurate delineation of 
the tumor volume is indispensable 

14-21
. Therefore, the aim of this study was to validate 

the volume of an automatic generated PET-based tumor contour with pathology for 
patients diagnosed with rectal cancer.  

 
 
8.2 Materials & Methods 
Patient Characteristics 

Patients diagnosed with non-locally advanced rectal cancer (NLARC) and scheduled for 
pre-operative treatment with hypofractionated RT were considered for study enroll-
ment. The clinical TN staging was obtained from a pre-treatment magnetic resonance 
(MR) scan according to the TNM classification of malignant tumors (Edition 6). Accord-
ing to the national and regional treatment guidelines, patients with a T2N0-1 or a mid 
or high rectal T3N0-1 tumor with a predicted CRM of more than 2mm were pre-
operatively treated with short course hypofractionated RT (5 fractions of 5 Gy on 
consecutive working days). A TME was planned within 3 days after the last RT-fraction. 
The Internal Review Board approved the study. 
 
FDG-PET-CT Image Acquisition and Processing 

For each of the included patients, a FDG-PET-CT scan was performed prior to the start 
of RT treatment. All PET-CT scans were performed on a dedicated Siemens Biograph 40 
TruePoint PET-CT simulator (Siemens Medical, Erlangen, Germany) with an axial field 
of view of 16.2 cm, slice thickness of 3 mm and a pixel spacing of 5.3456 mm in both 
directions. The scanner is equipped with ultra-fast detector electronics (Pico3D) and 
has a spatial resolution of approximately 6 mm full-width-at-half-maximum (FWHM). 
PET-imaging was done in 3D, requiring a proper scatter correction. CT-based attenua-
tion and decay correction was performed. PET images were reconstructed from the 
acquired list-mode (LM) data using Fourier-rebinning (FORE) and ordered-subset-
expectation-maximization-reconstruction (OSEM 2D) with 4 iterations and 8 subsets. 
After a fasting period of at least 6 hours prior to FDG injection, FDG was injected 
intravenously, with the activity normalized for the weight of the patient (weight [kg] * 
4 + 20 [MBq]), followed by injection of physiologic-saline (10ml). After an uptake 
period of 60 minutes, the patient was positioned on a flat tabletop using a movable 
laser alignment system in a “head-first supine” position with the arms crossed above 
the chest, equal to the treatment position. A PET-CT-scan of the abdominal region was 
performed using an acquisition time of 5 minutes per bed position. 
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FDG-PET Image Analysis 

From the pre-treatment performed FDG-PET-scan, a tumor contour was automatically 
generated using SUV iso-thresholding on dedicated software (TrueD VC60, Siemens 
Medical, Erlangen, Germany) (Fig. 8.1). The threshold used for contouring (percentage 
of SUVmax within the tumor) was calculated from the tumor-to-background signal ratio 
with the gluteus muscle selected as a relevant background, using Equation 1 

3, 10
.  
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The volume of the tumor contour was validated by comparison with the tumor volume 
resulting from pathological examination of the surgical specimen. 
 
Pathological Processing of Surgical Specimens 

Immediately after resection, the specimen was send to the pathology department 
where it was opened, cleaned and put in a 4% formaldehyde solution for fixation 
purposes. After a 24 hour fixation process, the specimen was sliced using a meat slicer 
(slice thickness of 5 mm) (Fig. 8.2). From each slice containing tumor, an image (Canon 
EOS 450D, Canon Inc., Tokyo, Japan) was made with a ruler within the image for 
dimension-reference. From the images, the tumor was delineated by a pathologist. In 
house developed software (MATLAB, R2010a, The Mathworks Inc., Natick, USA) was 
used to calculate the tumor volume based on the tumor contour drawn by the pathol-
ogist. First, for each of the images, the surface area (cm

2
) of the tumor was calculated. 

The total surface area of the tumor was multiplied by the slice thickness of 5 mm to 
calculate the tumor volume (cm

3
). 

 
Statistical Analysis 

The tumor volumes resulting from PET-analysis and pathological examination of the 
resected specimen were compared in SPSS (version 15.0, SPSS Inc., Chicago, IL, USA) by 
performing a Wilcoxon-signed-rank test. Differences were considered to be significant 
when the p-value was less than 0.05. For correlation of the tumor volumes calculated 
from the PET-images and the surgical specimen, the Spearman’s rank coefficient (ρ) 
was calculated. 

 
 
8.3 Results 
Patient Characteristics 

Eight patients, with a mean age of 66.6±6.3 years (range: 56 to 76 years), diagnosed 
with NLARC were included in this study. Based on pre-treatment MR imaging (MRI), 
the clinical TNM staging was staged as T 2-3, N 0-1, M 0.
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Figure 8.1: Sagittal plane of a fused FDG-PET-CT scan for a representative patient, with in white the manually 

selected region of interest around the tumor and in black the automatically created tumor contour resulting 

from SUV-iso-thresholding. 

 
Tumor Volume Analysis 
Automatic PET-based tumor delineation, based on SUV-iso-thresholding, resulted in an 
average tumor volume of 16.2±11.3 cm

3
 (range: 7.7 to 38.7 cm

3
). Pathological exami-

nation of the specimens resected from the patients by a TME after pre-operative 
treatment with short course hypofractionated RT resulted in an average tumor volume 
of 16.0±11.5 cm

3
 (range: 7.8 to 36.5 cm

3
). Comparison of the tumor volumes of PET-

based tumor delineation and pathological examination of the resected specimen 
resulted in an average difference of -3.6±13.7% (range: -20.0 to 16.2%) (p=0.829), 
which corresponds to a volume difference of -0.2±2.0 cm

3
 (range: -2.2 to 3.0 cm

3
) (Fig. 

8.3). A correlation coefficient of 0.964 (p<0.001) was found when correlating the 
tumor volumes resulting from PET-analysis and pathological examination (Fig. 8.3). 
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Figure 8.2: On the left side an image of a resected specimen after opening and cleaning and on the right side 

an image of one of the (tumor containing) slices of the specimen after slicing. 

 

 

 

   

 
Figure 8.3: Bar-plot of the tumor volumes calculated from PET-analysis (dark grey) and pathological exami-

nation of the resected specimen (light grey). 

 
 



Chapter 8 
 

112 

8.4 Discussion 
This is the first study performing a pathological volumetric validation of automatic SUV 
thresholding tumor contouring for patients diagnosed with rectal cancer. The pre-
sented results prove that tumor delineation based on SUV-iso-thresholding yields an 
accurate delineation of the tumor volume. An accurate delineation of malignancies is 
indispensable for modern RT techniques as well as for investigation of treatment 
related responses of the tumor, especially since there is a growing interest in the use 
of sub-volume boosting techniques and non-uniform dose distributions 

14-21
. Nowa-

days, combined FDG-PET-CT imaging is often used for visualization and characteriza-
tion of malignancies prior to treatment. Automatic methods for tumor delineation on 
FDG-PET-images have been introduced over the last years 

1-9
. Tumor contouring based 

on SUV-iso-thresholding is most often used, with the threshold depending on the 
tumor-to-background signal ratio 

2, 3, 8, 10
. However, SUV-thresholding based tumor 

contouring is dependent on the used PET-scanner as well as on the reconstruction 
algorithm and protocol 

3, 10
. The formula used for calculation of the SUV-threshold for 

automatic PET-based tumor contouring should be validated by a phantom study 
3, 10

. 
Also, for multi-centric studies, all used PET-scanners should be calibrated 

3, 10
. 

No study yet demonstrated that the tumor volume automatically contoured from 
the FDG-PET-images by SUV-iso-thresholding matches the pathological tumor volume 
for rectal tumors. Over the last years, only a few studies have been published present-
ing correlations between the tumor dimensions measured from medical images and 
the tumor dimensions measured after resection of the tumor 

1, 2, 4-6, 8, 9, 11
. For lung and 

rectal cancer, good correlations were found when comparing the tumor diameter and 
tumor length resulting from PET-analysis to the tumor diameter and length resulting 
from pathological analysis 

8, 11
. For rectal cancer, the automatic PET-based contour was 

found to be superior to manual tumor delineation on respectively fused PET-CT im-
ages, CT images and MR images 

8
. However, these studies only evaluated the length 

and maximal diameter of the tumor, without performing an analysis on the volume of 
the tumor. 

For automated tumor contouring using SUV-thresholding, only very few studies 
were yet presented on volumetric validation for pharyngolaryngeal squamous cell 
carcinoma and non-small cell lung cancer, presenting a non-significant overestimation 
of the tumor volume when using SUV-thresholding for automated tumor delineation 

1, 

2
. To our knowledge only one study has yet been published performing a volumetric 

comparison between FDG-PET-imaging and pathology for rectal cancer 
6
. However, the 

patients included in this study were pre-operatively treated with a long course of 
chemo-radiotherapy (CRT, 25-28 fractions of 1.8 Gy, 5 days per week for 5 weeks, 
continuous infusion of 5-fluorouracil (225 mg/m

2
)). Imaging was performed at three 

time-points: before the start of CRT, after 10 fractions of RT and before surgery. Long 
course treatment with CRT is known to result in significant tumor downsizing and 
downstaging, with even a complete response in 15-30% of the patients 

22-27
. From the 

15 included patients, 6 presented with a pathological complete response and another 
6 patients presented with a residual tumor volume of less than 1 cm

3
. Tumor shrinkage 

is also expected between the day of the last PET-CT scan and surgery. Also, the PET-
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based tumor volumes were determined using an algorithm based on gradients within 
the image, in stead of using SUV thresholding 

4
.  

For our study, the included patients were imaged with FDG-PET-CT prior to the 
start of pre-operative treatment with short course hypofractionated RT. A treatment 
related decrease of the PET-positive tumor volume was not expected for the included 
patients, since, in an earlier study, we observed stable PET-positive tumor volumes for 
NLARC patients during pre-operatively treated with short course hypofractionated RT 
by comparing the FDG-PET-CT scans performed prior to treatment and at the day of 
the last RT-fraction 

22
.  

When using FDG-PET-imaging for automatic tumor delineation, the partial-volume-
effect (PVE) should be kept in mind 

28
. The PVE could result in an underestimation of 

the FDG uptake level within malignancies with a small volume, also influencing the 
contoured PET-positive tumor volume 

28
. The PVE occurs for tumors smaller than three 

times the spatial resolution of the used PET-scanner 
28

. The patients included in this 
study were diagnosed with NLARC, with relative small tumor volumes. However, for 
the patients included in this study, the smallest (PET-positive) tumor volume was 6.4 
cm

3
. Therefore, we expected no significant influences of the PVE for the imaged 

malignancies.  
After resection, the surgical specimens were fixated in formalin (4% formaldehyde 

solution). Theoretically, fixation of the specimen with formaldehyde could lead to a 
certain degree of shrinkage of the surgical specimen. However, no significant shrinkage 
effect was expected for the rectal tumors, because of the compact composition of the 
tumor and the fibrosis component in the region of around the tumor 

8, 29
. 

 
In conclusion, this is the first study presenting a volumetric pathological validation of 
automatical SUV-threshold based tumor contouring for rectal cancer. The strong 
correlation between the tumor volumes resulting from SUV-thresholding of the PET-
images and pathological examination of the surgical specimen demonstrates the 
accuracy of automatic PET-based tumor delineations based on SUV-iso-thresholding 
for patients diagnosed with rectal cancer. 
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The objective of this thesis was to study treatment related changes of functional 
processes, the metabolic activity and perfusion, of rectal tumors during and after pre-
operative treatment. Also, the correlation between changes in different functional 
processes and between changes in the functional processes and the pathological 
treatment response were studied. This, to enable medical imaging based modifications 
of the treatment protocol, which can ultimately result in the development of individua-
lized treatment approaches. In this chapter, the main findings are summarized and 
discussed with respect to relevant literature. Finally, future perspectives are presented 
to further improve the objective of patient specific treatment approaches for patients 
diagnosed with cancer. 

 
 
9.1 FDG-PET-CT based treatment response evaluation and prediction 
Response evaluation 

Non-invasive evaluation of the effects of treatment of malignancies, often based on 
fluorodeoxyglucose (FDG) positron emission tomography (PET) imaging, gives insight in 
tumor response to different treatment approaches. In this thesis, first evidence was 
provided that the reduction of the metabolic activity of rectal tumors during pre-
operative treatment might be induced by the chemotherapeutic agent (Capecitabine) 
or the combination of chemo- and radiotherapy (CRT) in stead of radiotherapy (RT) 
alone. Two patient groups were evaluated, treated with either short course hypofrac-
tionated RT or combined long course CRT. For the patients treated with CRT, a signifi-
cant reduction of the metabolic activity of the tumor was observed already after the 
first week of treatment, whereas for patients treated with hypofractionated RT, stable 
FDG uptake levels were found, despite the higher biological equivalent dose (BED).  

Additionally, a comparative study for a patient group treated with only chemothe-
rapy would be useful to compare the metabolic treatment response to chemotherapy 
alone to the results of the patient group treated with CRT and RT alone. Unfortunately 
this was not possible, since pre-operative treatment of rectal cancer with only chemo-
therapy is not standard cure in our region. However, earlier studies proved that treat-
ment with 5-Fluorouracil (5-FU) chemotherapy alone resulted in a consistent decrease 
of the FDG uptake of about 50% 

1
.  

The patients included in the studies presented within this thesis were treated ac-
cording to the national guidelines with either short course RT or long course CRT, 
based on their clinical TNM-stage and predicted circumferential resection margin 
(CRM), determined from magnetic resonance (MR) imaging. Patients with a T2N0-1 or 
a mid or high rectal T3N0-1 tumor with a predicted CRM of > 2mm were pre-
operatively treated with short course hypofractionated RT, whereas patients with N2 
disease, with low seated T3 tumors and patients with a tumor close to or invading the 
mesorectal fascia (CRM < 2mm) were treated with neoadjuvant CRT. The presented 
results on the metabolic treatment response early during pre-operative treatment 
with either long course CRT or short course hypofractionated RT were not expected to 
be biased by the non-random distribution of the patient population. The patients 
treated with CRT were diagnosed with locally advanced rectal cancer (LARC) with 
relatively high tumor volumes, whereas the patients treated with hypofractionated RT 
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were diagnosed with non-locally advanced rectal cancer (NLARC). Larger, more ad-
vanced tumors are more likely to have hypoxic regions, resulting in an increased 
resistance to anti-cancer treatment 

2, 3
. So, a possible bias would have resulted in a 

higher metabolic treatment response for the patients diagnosed with NLARC treated 
with a higher BED compared to the larger tumors of the patients diagnosed with LARC 
and treated with a relatively low BED, which is opposite to our findings. 

  
Response prediction and validation 

For rectal cancer, several studies have been presented on the prediction of pathologi-
cal treatment response based on FDG-PET-images performed prior to and after pre-
operative treatment 

4-12
. However, only very few studies yet investigated the predic-

tive strength of FDG-PET-imaging early during pre-operative treatment 
13-17

.  
An accurate prediction of the pathological tumor response early during pre-

operative treatment enables individualized treatment regimens with as goal further 
improvement of tumor response, a modified or delayed surgical approach or even 
cancellation of surgery in case of a predicted pathological complete response. In line 
with earlier findings for rectal and esophageal tumors, the studies performed in this 
thesis found FDG-PET-imaging after two weeks of pre-operative treatment with CRT to 
result in an accurate prediction of the pathological treatment response 

13-17
. However, 

our study was, to our best knowledge, the first study to use FDG-PET-imaging at 
multiple time-points during pre-operative treatment: one and two weeks after the 
onset of therapy as well as prior to surgery. The presented results prove that the 
percent reduction of the maximal FDG uptake within rectal tumors after two weeks of 
CRT treatment results in the most accurate prediction of pathological response. A 48% 
reduction of the maximum standardized-uptake-value (SUVmax) resulted in a specificity 
of 100% and a sensitivity of 64% when differentiating pathological responders (TRG 1-
2) from pathological non-responders (TRG 3-5). The PET-data acquired after one week 
of treatment and prior to surgery resulted in less accurate predictions of the patholog-
ical treatment response, this in agreement with findings published earlier 

13, 18
.  

Locally advanced rectal tumors pre-operatively treated with CRT show high levels 
of shrinkage during treatment. Most of the included patients presented with only small 
PET-positive residual tumor volumes at the FDG-PET-CT scan performed prior to 
surgery. An explanation for the less accurate prediction of the pathological tumor 
response based on pre-surgical performed PET-data could be due to the partial volume 
effect (PVE) 

19
. The PVE could lead to an underestimation of the FDG uptake level in 

residual tumors with a small volume 
19

. PET-images performed early during CRT are 
less influenced by the PVE due to less tumor shrinkage at the time of the PET-CT-scan.  

Also, when predicting the pathological treatment response based on repeated 
FDG-PET-CT scans, the possible presence of peritumoral inflammatory responses 
should be kept in mind. Inflammatory cells are known to avidly consume FDG, which 
can lead to an underestimation of the metabolic response of the malignancy due to an 
increased FDG uptake in the peritumoral inflammatory tissue 

20, 21
. Based on only static 

PET-data it is very difficult to distinguish malignant tissue from inflammatory tissue. 
Studies on repeated FDG-PET-imaging at the same day or on dynamic FDG-PET-imaging 
reported a better distinctness of malignant and inflammatory tissue 

22, 23
. However, 

dynamic PET-imaging generally results in more discomfort for the patients and the 
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analysis of dynamic PET-data is rather complex and time consuming 
24

. A second 
limitation is that dynamic PET-imaging is possible for only 1 bedposition of the PET-
scanner, resulting in a limited field-of-view (FOV) of approximately 15-20 cm. Also, 
motion of organs, due to for instance differences in bladder or rectal filling during the 
dynamic acquisition results in artifacts of the time activity curves (TACs) resulting from 
the dynamic PET-data.  

Moreover, a high specificity of a predictive model should be preferred over a high 
sensitivity in order to avoid possible under-treatment of false positive classified pa-
tients. A false negative classification of a pathological responder would result in an 
over-treatment of the patient, whereas a false positive classification of a pathological 
non-responder would result in an under-treatment which can have serious conse-
quences for the patient. For this study, patients with a tumor regression grade (TRG) of 
1 or 2 according to the Mandard-criteria were defined as pathological responders and 
patients with a TRG 3-5 as pathological non-responders 

25
. Earlier published literature 

proved patients with a TRG of 1-2 to have a better prognosis compared to patients 
with a TRG of 3-5, having less chance on local failure and an improved chance on 
metastasis- and disease free survival as well as an improved chance on overall survival 
26, 27

. Also, an extended time interval between pre-operative treatment and surgery has 
been presented to result in more pronounced tumor regression and downstaging, 
whereas a shorter time interval may interrupt ongoing tumor necrosis 

28-30
.  

A PET-based response predictive model as presented in this thesis could in the 
near future be helpful to identify pathological responding patients (TRG 1-2), which 
could be referred to a less invasive surgical approach or even delayed or cancelled 
surgery, whereas non-responding patients (TRG 3-5) could for example be included in a 
radiotherapy boost trial using hypofractionation to improve the tumor response. 
However, validation of such PET-based response predictive models is required to 
ensure that the presented model is applicable for patients who are not included in the 
patient group on which the model is based. None of the PET-based models for the 
prediction of pathological response was yet properly validated for new included 
patients. Therefore, the predictive model presented in this thesis was validated for a 
patient group treated and imaged identical to the patients on which the model was 
based, resulting in a specificity of 93% and a sensitivity of 83%. 
 

Quantification of PET-data 

The quantification of PET-images is known to be influenced by a diversity of factors, for 
instance the used equipment and protocol, the uptake time of the FDG and the pa-
tients blood glucose level (BGL) at the time of PET-imaging 

31-39
. When quantifying 

(treatment related) changes in the FDG uptake level within a malignancy based on 
sequential FDG-PET-CT imaging, it is of high importance that all factors influencing the 
quantification should be kept constant 

40, 41
. When performing sequential FDG-PET-CT-

imaging within a single patient, especially when using automated tumor contouring 
methods based on SUV, it is important to use the same PET-CT scanner as well as 
identical imaging and reconstruction protocols for each of the examinations 

40-42
. 

The day before the planned FDG-PET-CT scan, the radiation technologist contacts 
the patient to explain the procedure of the FDG-PET-CT scan and to answer possible 
questions. The patient is asked for his or her body weight prior to each FDG-PET-CT 
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scan. However, for an accurate quantification of (sequential) FDG-PET-data, it would 
be more accurate to measure the patient weight prior to the FDG-PET-CT scan than to 
rely on the information provided by the patient. 

As FDG is a glucose analog which competes with normal glucose, this results in an 
inverse proportional correlation between the BGL of the patient at the time of FDG 
injection and the FDG uptake within tissues. However, none of the published studies 
on PET-based response predictions, except one, normalized the PET-data for the BGL 
of the patient at the time of the PET-scan 

43
. For the patients included in the sequential 

FDG-PET-studies of this thesis, large inter- and intra-patient fluctuations of the BGL 
were found. The SUVs normalized for the BGL were found to be significantly different 
from the non-normalized SUVs, this in contrast to earlier findings 

43
. For the patients 

included in the PET-based model for the prediction of the pathological treatment 
response, a significant increase of the area-under-the-curve (AUC) of ROC-curve 
analysis was found after normalization of the PET-data for the BGL of the patient. 
Within this study, BGL measurements were performed using an automatic device, as 
venous blood-sampling was not included in the study protocol. Therefore, analytical 
BGL measurements were not possible. However, the device used for BGL-
measurement (LifeScan One Touch, LifeScan Inc., Milpitas, USA) was proven to be the 
most accurate device, resulting in 100% of the measurements in the clinically accurate 
range 

44
.  

Also, FDG uptake was found to continue within rectal tumors at high rates even af-
ter an uptake period of 60 minutes, resulting in substantial SUV variations if time 
differences between FDG injection and the start of PET acquisition occur. Most pub-
lished protocols on the prediction of treatment response based on PET-imaging use 
FDG uptake periods ranging from 40 to 60 minutes, whereas a delayed PET-acquisition, 
with a FDG uptake period of 90 minutes would significantly reduce the SUV time 
dependency. However, longer FDG uptake periods for patients are not preferable as 
this will ultimately decrease patient throughput on the PET-CT scanner. 

 

 

9.2 Perfusion-CT imaging during short course hypofractionated radio-

therapy 
Perfusion changes during hypofractionated radiotherapy 

During pre-operative treatment with short course hypofractionated RT, stable FDG 
uptake levels were found for patients diagnosed with NLARC, assessed from FDG-PET-
imaging performed prior to the start of treatment and at the day of the last RT frac-
tion. However, from perfusion-CT (pCT) scans performed directly after the FDG-PET-CT 
scans, a significant increase of tumor perfusion was found early during pre-operative 
treatment with hypofractionated RT. The significant increase of tumor perfusion 
during the rather short time interval might be explained by first endothelial cell death, 
resulting in endothelial cell leakage which in turn results in increased perfusion values 
within the tumor 

45
. An increase in tumor perfusion early during pre-operative treat-

ment might improve the transport of cytotoxic agents of chemotherapy to the tumor, 
often administered during or after radiotherapy treatment.  
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One of the major limitations of this study was the relatively small dimension of the 
field of view (FOV) of the pCT-scan in craniocaudal direction, resulting for some pa-
tients in an incomplete coverage of the tumor. For these patients, pCT measurements 
were obtained for the tumor region showing the highest FDG-uptake, as assessed from 
the static PET-CT scan. Due to incomplete tumor coverage, the calculated values of the 
three investigated pharmacokinetic parameters only represent the perfusion of the 
tumor region covered by the FOV. However, an earlier published study proved that an 
increased FOV in craniocaudal direction did not improve the reproducibility of perfu-
sion measurements 

46
. New generation CT-scanners have a FOV for perfusion-CT 

measurements of up to 48 cm, ensuring complete tumor coverage.  
Another limitation was that day-to-day differences in bladder and rectum filling 

hampered a voxel-wise comparison of the pharmacokinetic parameter maps of the 
pre- and post-treatment pCT-scans. Therefore, analysis was only performed on tumor 
level. 
 
FDG uptake correlates with tumor perfusion 

Highly perfused rectal tumors presented with higher FDG uptake levels compared to 
relatively low perfused tumors. The presented findings for rectal cancer patients are in 
line with the findings for lung and breast cancer patients 

47-49
. For different types of 

malignancies, FDG uptake has been studied as a surrogate marker for the detection 
and imaging of hypoxia, although with conflicting findings 

50-52
. The results of this study 

show that a strong positive correlation between FDG uptake and tumor perfusion is in 
conflict with increased FDG uptake as a surrogate marker of tumor hypoxia, since 
tumors are thought to develop hypoxia due to a low perfusion. Also, patients diag-
nosed with a relatively high perfused tumor tend to better respond to chemo-(radio)-
therapy when compared to relatively low perfused tumors, whereas hypoxia would 
result in an increased resistance to anti-cancer treatment 

53-57
. Based on the presented 

results it could be suggested that for highly perfused tumors a better distribution of 
the administered FDG and possibly also of a chemotherapeutic drug is possible, im-
proving the effects of anti-cancer treatment. However, further research to confirm 
these suggestions is necessary. 

 
 
9.3 Validation of automatic PET-based tumor delineation 
With a growing interest in the use of modern RT techniques like sub-volume boosting 
of the tumor, intra-operative radiotherapy (IORT) or (high dose rate) brachy-therapy, 
an accurate delineation of the tumor becomes indispensable 

58-65
. Manual delineation 

of the tumor by a radiation oncologist based on CT, MR or even fused PET-CT images 
was found to result in high levels of inter- and intra-observer variability 

66-68
.  

However, from PET-images, it is possible to create a tumor contour fully automati-
cally by SUV thresholding, with the threshold depending for example on the tumor-to-
background signal ratio 

69
. Automated PET-based tumor delineation by SUV threshold-

ing was found to show a strong correlation with pathology when comparing the tumor 
dimensions calculated from the PET-images and from pathology for head and neck, 
lung and rectal cancer 

66, 70-74
. For the most commonly used PET-based tumor contour-
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ing method, SUV thresholding based on the tumor-to-background signal ratio, only 
very few studies on volumetric validation have yet been performed with pathology, 
presenting a non-significant overestimation of the pathological tumor volume by SUV-
contouring of pharyngolaryngeal squamous cell carcinoma and non-small cell lung 
cancer 

71, 73
. Two more studies have been presented on volumetric validations of PET-

based tumor contouring 
72, 73

. However, these studies, performed for lung and rectal 
cancer, used a tumor contouring method based on image gradients instead of SUV 
thresholding 

75
. The study on rectal cancer was performed for patients pre-operatively 

treated with long course CRT, known to result in a significant downsizing of the tumor, 
resulting in low volumes of the residual disease and even complete regression of the 
tumor in 6 of the 15 patients 

72, 73
.  

For the patients included in this study, no tumor downsizing was expected be-
tween the pre-treatment FDG-PET-CT scan and surgery, since an earlier study on 
sequential FDG-PET-CT imaging for NLARC presented stable PET-positive tumor vo-
lumes during pre-operative treatment with short course hypofractionated RT 

76
.  

Automatic tumor delineation on PET-images should be handled with care for tu-
mors with a small volume or follow-up FDG-PET-scans during or after pre-operative 
treatment with CRT, since the PVE could result in an underestimation of the FDG 
uptake level, also influencing the contoured PET-positive tumor volume 

19
. The PVE 

occurs for tumors smaller than three times the spatial resolution of the used PET-
scanner 

19
. The patients included in this study were diagnosed with NLARC with rela-

tive small tumor volumes. However, the smallest tumor volume for the included 
patients was 6.4 cm

3
. We therefore did not expect any significant influences of the PVE 

for the imaged rectal tumors.  
Before pathological examination, the resected specimen was fixated in a 4% for-

maldehyde solution. However, no significant shrinkage effect was expected for the 
rectal tumors, because of the compact composition of the tumor and the fibrosis 
component in the region around the tumor 

70, 77
.  

For the patients included in this study, automatic PET-based tumor delineation, 
based on SUV-iso-thresholding, resulted in an average tumor volume of 16.2±11.3 cm

3
 

(range: 7.7 to 38.7 cm
3
), whereas pathological processing of the specimens resulted in 

an average tumor volume of 16.0±11.5 cm
3
 (range: 7.8 to 36.5 cm

3
). Comparison of the 

tumor volumes resulting from PET-analysis and pathological examination of the re-
sected specimen resulted in an average difference -0.2±2.0 cm

3
 (range: -2.2 to 3.0 

cm
3
). The results of this study present a strong correlation between the tumor volumes 

resulting from automatic SUV-thresholding of PET-images and the tumor volumes 
resulting from pathological examination of the surgical specimen, demonstrating the 
accuracy of automatic tumor contouring based on SUV thresholding. 

 
 
9.4 Future Perspectives 
The results presented in this thesis form a solid basis for future research on the predic-
tion of pathological treatment response. However, an overlap was observed in the 
PET-based metabolic response between pathological responders (TRG 1-2) and non-
responders (TRG 3-5) and between pathological complete responders (TRG 1) and 
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good responders (TRG 2). A prediction of the pathological treatment response based 
on multiple factors could possibly improve the accuracy of the predictive model, with 
less overlap between the different patient groups. Multi-variate analysis based on 
clinical and imaging criteria could be useful to distinguish patients with a pathological 
complete response (pCR) from patients with a pathological partial response (pPR) 

78
. 

By the development of nomograms based on clinical and imaging criteria, the radiation 
oncologist and the surgeon are able to determine the patient specific probability of for 
instance pCR, disease free survival, metastasis free survival etc. 

78
. For the patients 

with a predicted pCR, with no visible residual disease on pre-surgical PET-CT and MR-
images, the total mesorectal excision (TME) could be cancelled, whereas for patients 
with a predicted strong, but non-complete, pathological response, a less invasive, 
sphincter preserving, surgical approach (transanal endoscopic microsurgery (TEM)) 
could be used. On the other hand, for the patients with a predicted poor response, the 
treatment could be intensified if possible. The poor or non-responding patients could 
be included in a boost study with an increased radiotherapy dose to improve the local 
control rate. For patients with a (PET-positive) residual tumor, boosting techniques like 
dose painting can be used to intensify RT treatment to those parts of the tumor which 
are more resistant to anti-cancer treatment 

60
.  

In the future, the information assessed from functional imaging could be inte-
grated into RT planning, resulting in non-uniform dose distributions based on intra-
tumor heterogeneity. However, for malignancies in the abdomen, day to day differ-
ences in bladder or rectal filling can cause large differences in tumor location and 
orientation. Therefore, an accurate verification of the position of the tumor, between 
imaging and treatment conditions, should be ensured before non-uniform dose distri-
butions with RT are possible in clinical practice. The use of markers in the direct neigh-
borhood of the tumor increases the accuracy of image registration between the 
medical images used for treatment planning and the conebeam-CT images acquired 
shortly before RT-treatment, ultimately increasing the accuracy of the planned dose 
delivery. However, also (high dose rate) brachytherapy could possibly be used for 
boosting of (residual) rectal tumors with a relatively high radiotherapy dose 

79, 80
. 

Brachytherapy enables an increase of the radiation dose to the tumor without dramat-
ically increasing the radiation dose to surrounding healthy tissues. Also, tumor motion 
due to day to day differences in bladder and rectal filling no longer influences the 
radiotherapy dose distribution when using brachytherapy, making a brachy-boost 
approach favourable over an external beam radiotherapy approach. 

 

 

9.5 Conclusions 
The objective of this thesis was to study treatment related changes in the FDG uptake 
within and perfusion of rectal tumors during pre-operative treatment with hypofrac-
tionated RT alone or combined CRT and to investigate the correlation between 
changes in these functional processes within the tumor and the pathological treatment 
response of the tumor. For the patients treated with CRT, a significant reduction of the 
metabolic activity of the tumor was observed already during treatment, whereas for 
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patients treated with hypofractionated RT, stable FDG uptake levels were found, 
despite the higher biological equivalent dose (BED) of RT.  

The percent reduction of FDG uptake within rectal tumors, measured two weeks 
after the onset of CRT treatment, was found to result in an accurate prediction of the 
pathological treatment response. An accurate prediction of the pathological response 
early during pre-operative treatment would enable for more individualized treatment 
regimens with as goal further improvement of tumor response, a modified or delayed 
surgical approach or even cancellation of the surgery in case of a predicted pathologi-
cal complete response.  

Accurate timing of PET-acquisition with identical FDG uptake times and correction 
of sequential FDG-PET-data for the patients BGL were found to increase the accuracy 
of PET-based models for the prediction of the pathological treatment response.  

Where stable FDG uptake levels were observed early after pre-operative treat-
ment with hypofractionated RT, a significant increase of tumor perfusion was assessed 
with perfusion-CT (pCT) imaging already at the day of the last fraction of hypofractio-
nated RT. Also, a positive correlation between the metabolic activity (FDG uptake) and 
tumor perfusion was found. 

An accurate delineation of the tumor is required to ensure a reliable study of 
treatment related responses of the tumor as well as for modern RT-techniques like 
sub-volume boosting, functional imaging based non-uniform dose distributions, intra-
operative radiotherapy (IORT) or (high dose rate) brachytherapy. The strong correla-
tion between the tumor volumes resulting from automatic tumor delineation on PET-
images and pathological examination of the resected specimen demonstrates the 
accuracy of automatic tumor delineation using SUV thresholding for rectal cancer. 
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In Europe, rectal cancer is one of the most common malignancies. Rectal cancer can be 
divided into non-locally advanced rectal cancer (NLARC) and locally advanced rectal 
cancer (LARC), based on the margin between the tumor and the mesorectal fascia 
(MRF). For NLARC, short course hypofractionated radiotherapy (RT), followed by 
surgery with a total mesorectal excision (TME), is the treatment of choice, whereas 
LARC is most often treated with combined long course chemo-radiotherapy (CRT), also 
followed by a TME. 
 
Prior to treatment, (multi-modality) medical imaging is often used to obtain informa-
tion about the location, size and stage of the tumor. Nowadays, a combination of 
anatomical imaging with computed tomography (CT) and functional imaging with 
positron emission tomography (PET) and/or perfusion-CT (pCT) is often used for 
characterization of malignancies. For PET-imaging, fluorodeoxyglucose (FDG) is most 
often chosen as PET-tracer. The concentration of the FDG represents the metabolic 
activity of the imaged tissue, often quantified in standardized uptake values (SUVs). 
 
In this thesis, the potential of functional imaging for the evaluation of treatment 
related tumor responses was investigated. The correlation between changes in the 
different functional processes was studied, as well as the correlation between changes 
in the functional processes and the pathological treatment response. This, to study the 
possibility of medical imaging based modifications of the treatment protocol, which 
can ultimately result in the development of patient specific treatment approaches. 

 
 
Part I: FDG-PET-CT based treatment response evaluation and predic-

tion 
In Chapter 2 we studied the metabolic treatment response of rectal tumors to pre-
operative treatment with respectively short course hypofractionated RT or combined 
long course CRT. For the patients treated with hypofractionated RT, two FDG-PET-CT 
scans were performed: prior to the start of RT and at the day of the fifth RT fraction, 
whereas for the patients treated with CRT, FDG-PET-CT imaging was performed prior 
to the start of treatment and one week after the onset of CRT. For the patients re-
ferred to pre-operative treatment with CRT, a significant reduction of the FDG uptake 
level was observed already one week after the onset of treatment, whereas pre-
operative treatment with RT alone did not result in significant changes of the metabol-
ic activity of rectal tumors, despite the higher applied RT dose. 
 
In Chapter 3 of this thesis, the metabolic treatment response of tumors pre-
operatively treated with CRT was correlated to the pathological treatment response 
evaluated from the resected specimen. To study the best PET-based predictor of the 
pathological treatment response, FDG-PET-CT imaging was performed at multiple time 
points during and after pre-operative treatment: once prior to the start of treatment, 
one and two weeks after the onset of treatment and prior to surgery.  
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The percent decrease of the maximum FDG uptake (SUVmax) within rectal tumors after 
two weeks of pre-operative treatment with CRT was found to result in the most accu-
rate prediction of the tumor regression grade (TRG). A cut-off threshold of 43% SUVmax 
decrease resulted in a sensitivity of 77% and a specificity of 93%. 
  
Since the quantification of PET-data is known to be dependent on many factors, the 
influence of changes in the FDG uptake period as well as fluctuations in the patient’s 
blood glucose level (BGL) on PET-based predictions of the pathological treatment 
response are studied in Chapter 4. For the patient’s BGL, measured shortly before FDG 
injection, strong (day-to-day) inter- and intra-patient fluctuations were found. When 
correlating the percent reduction of SUVmax 2 weeks after the onset of CRT with the 
pathological treatment response, a significant increase in the area under the curve 
(AUC) of ROC-curve analysis was found when normalizing the PET-data for the meas-
ured BGLs, indicating an increase of the predictive strength of the response predictive 
model. Also, a SUVmax time-dependency of 1.30±0.66 every 10 min. (range: 0.39 to 
2.58) was found during the first 60 minutes of PET-acquisition. These results strongly 
underline the necessity of BGL-normalization of (sequential) FDG-PET-data and a 
precise time-management between FDG-injection and the start of PET-acquisition 
when using sequential FDG-PET-CT imaging for PET-based predictions of the pathologi-
cal treatment response. 
 
For further development and clinical usefulness of PET-based response predictive 
models, a validation of the model, with patients not included in the patient group on 
which the model is based, should be performed. In Chapter 5, the PET-based model for 
the prediction of the pathological treatment response, as presented in Chapter 3 and 
4, was validated with a secondary patient group, treated and imaged identical to the 
patients on which the predictive model was based. A cut-off value of 48% SUVmax 
decrease two weeks after the onset of treatment resulted in a sensitivity and specifici-
ty of respectively 64 and 100% for the initial patient group, and a sensitivity and 
specificity of 83 and 93% for the second (validation) patient group, with one pathologi-
cal non-responding patient being false positively predicted as a pathological respond-
er. 

 
 
Part II: Perfusion-CT imaging during short course hypofractionated 

radiotherapy 
In Chapter 2, no significant metabolic treatment response was observed early after 
pre-operative treatment with short course hypofractionated RT. Therefore, in Chapter 

6 of this thesis, the perfusion of non-locally advanced rectal tumors was studied during 
treatment with hypofractionated RT using pCT imaging. Twenty-three patients diag-
nosed with NLARC were included, which underwent pCT-imaging prior to and after 
pre-operative treatment with hypofractionated RT. Perfusion was quantified with 
three pharmacokinetic parameters using the extended Kety-model: K

trans
, ve and vp. 

Perfusion differences between tumor and muscle tissue and changes of perfusion over 
time were evaluated for each patient. Overall, the median K

trans
 values were signifi-
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cantly higher for tumor than for muscle tissue on the pre-treatment scan as well as on 
the post-treatment scan. For tumor tissue, the median K

trans
 values significantly in-

creased from the pre-treatment to the post-treatment situation, whereas for muscle 
tissue stable perfusion levels were found. 
 
In Chapter 7, the intratumoral FDG uptake and perfusion of rectal tumors were studied 
prior to and after hypofractionated RT to study possible correlations between the two 
imaging modalities. All patients underwent FDG-PET-CT and pCT-imaging prior to the 
start of hypofractionated RT and at the day of the last RT-fraction. The mean and 
maximum FDG-uptake (SUV), assessed from PET-imaging, and the transfer constant 
(K

trans
), assessed from pCT-imaging, were correlated. Also, the tumor was subdivided 

into 8 sub-regions. For each sub-region, the mean and maximum SUVs and K
trans

 values 
were assessed and correlated. Furthermore, the mean FDG-uptake in voxels present-
ing with the lowest 25% of perfusion was compared to the FDG uptake in the voxels 
with the 25% highest perfusion. The mean and maximum K

trans
 values positively corre-

lated with the corresponding SUVs (ρ=0.596, p=0.001 and ρ=0.779, p<0.001). Positive 
correlations were also found for the K

trans
 values and SUVs within the sub-regions of 

the tumor (mean: ρ=0.413, p<0.001 and max: ρ=0.540, p<0.001). Also, the mean FDG 
uptake in the 25% highest perfused tumor regions was significantly higher compared 
to the 25% lowest perfused regions (10.6±5.1%, p=0.017).  

 
 
Part III: Validation of automatic PET-based tumor delineation 
In Chapter 8 of this thesis, the automatically generated tumor contour resulting from 
SUV-thresholding of PET-images was validated with the tumor volume calculated from 
pathological examination of the specimen resected from the patient after pre-
operative treatment with hypofractionated RT. Automatic SUV-thresholding tumor 
delineation resulted in an average tumor volume of 16.2±11.3 cm

3
 (range: 7.7 to 38.7 

cm
3
), whereas pathological analysis of the resected specimens resulted in an average 

tumor volume of 16.0±11.5 cm
3
 (range: 7.8 to 36.5 cm

3
), with a correlation coefficient 

of 0.964 (p<0.001). Comparison of the tumor volumes resulted in an average differ-
ence of -0.2±2.0 cm

3
 (range: -2.2 to 3.0 cm

3
). The strong correlation between the 

tumor volumes resulting from SUV-thresholding and pathological examination of the 
surgical specimen demonstrates the accuracy of automated PET-based tumor delinea-
tions for rectal cancer. 
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In Europa is endeldarmkanker één van de meest voorkomende vormen van kanker. 
Endeldarmkanker wordt onderverdeeld in het lokaal beperkt endeldarmcarcinoom 
(non-locally advanced rectal cancer (NLARC)) en het lokaal gevorderd endeldarmcarci-
noom (locally advanced rectal cancer (LARC)) op basis van de marge tussen de tumor 
en de mesorectale fascia. NLARC wordt meestal behandeld met hypogefractioneerde 
radiotherapie (RT), gevolgd door chirurgie (totale mesorectale excisie (total mesorectal 
excision, TME)), terwijl LARC behandeld wordt met een combinatie van langdurige 
chemo-radiotherapie (CRT), ook gevolgd door een TME. 
 
Voor aanvang van behandeling wordt medische beeldvorming gebruikt om informatie 
te verkrijgen over de locatie, afmeting en stagering van de tumor. Tegenwoordig wordt 
vaak een combinatie van anatomische beeldvorming (computed tomography (CT), 
magnetic resonance imaging (MRI)) en functionele beeldvorming (positron emission 
tomography (PET), perfusie-CT (pCT)) gebruikt om de tumor te karakteriseren. Voor 
PET-beeldvorming wordt binnen de oncologie meestal gebruik gemaakt van een 
glucose-analoog (fluorodeoxyglucose (FDG)) als tracer. De concentratie van het FDG 
weerspiegelt de metabole activiteit van de weefsels, vaak weergegeven als een ge-
standaardiseerde opname waarde (standardized uptake value (SUV)). 
 
In dit proefschrift worden de toepassingen en mogelijkheden van functionele beeld-
vorming voor de evaluatie van behandeling gerelateerde veranderingen binnen de 
tumor onderzocht. Veranderingen van diverse processen binnen de tumor werden 
onderling gecorreleerd, maar ook werd de correlatie gevonden met de pathologische 
respons. Dit is noodzakelijk, om de mogelijkheid en nauwkeurigheid van medische 
beeldvorming gebaseerde responsvoorspellingen te onderzoeken, welke uiteindelijk 
kunnen bijdragen in de ontwikkeling van patiënt specifieke behandelplannen. 

 
 
Deel I: FDG-PET-CT gebaseerde respons evaluatie en predictie 
In Hoofdstuk 2 hebben we de verandering in metabole activiteit van endeldarmtumo-
ren bestudeerd gedurende pre-operatieve behandeling met hypogefractioneerde RT 
en gecombineerde CRT. Voor de patiënten behandeld met hypogefractioneerde RT 
werden twee FDG-PET-CT scans gemaakt: één keer voor de start van behandeling en 
één keer op de dag van de vijfde en laatste radiotherapie fractie, terwijl voor de 
patiënten behandelt met gecombineerde CRT, FDG-PET-CT beeldvorming verkregen 
werd voor aanvang van behandeling en na de eerste week van behandeling. Een 
statistisch significante afname van het FDG opname niveau binnen de tumor werd 
gevonden voor de patiënten die preoperatief behandeld werden met gecombineerde 
CRT, terwijl pre-operatieve behandeling met hypogefractioneerde RT niet resulteerde 
in sigificante veranderingen in de metabole activiteit van de tumoren, ondanks de 
hogere radiotherapie dosis. 
 
In Hoofdstuk 3 van dit proefschrift hebben we de metabole respons van de tumor 
gedurende pre-operatieve behandeling met langdurige CRT gecorreleerd aan de 
pathologische respons bepaald uit het pathologische preparaat verkregen na chirurgie. 
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Ter bestudering van de meest nauwkeurige voorspelling van de pathologische respons 
zijn er voor iedere patiënt FDG-PET-CT beelden gemaakt op meerdere tijdstippen: 
voorafgaande, gedurende en na afloop van de pre-operatieve behandeling met CRT. 
De FDG-PET-CT beelden werden verkregen op de volgende tijdstippen: voor aanvang 
van de behandeling, na afloop van de eerste en tweede behandelweek en kort voor de 
geplande chirurgie. Het percentage afname van de maximale FDG opname binnen de 
tumor (SUVmax) na twee weken van behandeling resulteerde in de meest nauwkeurige 
predictie van de pathologische respons. Een afkapwaarde van 43%, om de pathologi-
sche responders te onderscheiden van de pathologische niet-responders, resulteerde 
in een sensitiviteit van 77% en een specificiteit van 93%.  
  
De quantificatie van FDG-PET-data is afhankelijk van een groot aantal factoren. De 
invloed van fluctuaties in zowel de opname tijd van het FDG als ook de bloedglucose-
spiegel van de patiënt op de nauwkeurigheid van PET-gebaseerde respons voorspellin-
gen zijn bestudeerd in Hoofdstuk 4. Voor de patiënten binnen dit onderzoek werden 
sterke inter- en intra-patiënt fluctuaties waargenomen voor de bloedglucosespiegels 
gemeten kort voor injectie van het FDG. Normalisatie van de herhaalde PET-data voor 
de gemeten bloedglucosespiegel resulteerde in een significante toename in de opper-
vlakte onder de ROC-curve in vergelijking met de niet genormaliseerde PET-data. Een 
voorspelling van de pathologische respons, gebaseerd op PET-data verkregen na twee 
weken van behandeling, werd significant nauwkeuriger wanneer de PET-data genor-
maliseerd werd voor de gemeten bloedglucosespiegel. Ook werd er een gemiddelde 
tijdsafhankelijkheid van 1.30±0.66 per 10 minuten (0.39 tot 2.58) gevonden voor de 
bepaling van de FDG opname in de tumor gedurende de eerste 60 minuten na FDG 
injectie. Deze resultaten benadrukken de noodzakelijkheid van gestandaardiseerde 
PET-protocollen wanneer herhaalde PET-data gebruikt wordt voor voorspellingen van 
de pathologische respons.  
 
Het PET-gebaseerde model voor de voorspelling van de pathologische respons, zoals 
gepresenteerd in Hoofdstuk 3 en 4 van dit proefschrift, werd in Hoofdstuk 5 gevali-
deerd met behulp van een tweede patiëntgroep voor wie zowel beeldvorming als 
behandeling identiek heeft plaatsgevonden als de patiënten waarop het model geba-
seerd is. Voor de verdere ontwikkeling en klinisch toepassing van dergelijke modellen 
is validatie noodzakelijk. Voor de patiënt groep waarop het model gebaseerd werd 
resulteerde een 48% afname van de maximale FDG opname (SUVmax) in de tumor in 
een sensitiviteit en specificiteit van respectievelijk 64 en 100%. Voor de patiënt groep 
waarmee het model gevalideerd werd resulteerde de 48% SUVmax afname in een 
sensitiviteit van 83% en een specificiteit van 93%, met één pathologische niet-
responder die vals positief geclassificeerd werd als pathologische responder. 
 
 



Samenvatting 
 

140 

Deel II: Perfusie-CT beeldvorming gedurende hypogefractioneerde 

radiotherapie 
In Hoofdstuk 2 werd voor patiënten preoperatief behandeld met hypogefractioneerde 
RT geen significante verandering van de metabole activiteit van de tumor gevonden na 
analyse van de herhaalde PET-data. Om voor deze patiëntgroep toch een mogelijke 
vroege behandelrespons waar te nemen werd in Hoofdstuk 6 van dit proefschrift de 
perfusie van de tumor bestudeerd met behulp van herhaalde perfusie-CT beeldvor-
ming. Voor dit onderzoek werden 23 NLARC patiënten ge-includeerd, welke perfusie-
CT onderzoeken ondergingen voorafgaande aan de behandeling en op de dag van de 
laatste radiotherapie fractie. Perfusie werd gequantificeerd op basis van drie farmaco-
kinetische parameters verkregen met behulp van het Kety-model: K

trans
, ve en vp. Voor 

elke patiënt werden perfusie verschillen tussen tumor en spierweefsel en perfusie 
veranderingen gedurende pre-operatieve behandeling bestudeerd. Voor beide scans, 
pre- en post-therapie, werden in tumor weefsel hogere gemiddelde perfusie waardes 
waargenomen in vergelijking met spierweefsel. Gedurende pre-operatieve behande-
ling met hypogefractioneerde RT werd een significante stijging van de perfusie waar-
genomen binnen de tumor, terwijl voor spierweefsel constante perfusie-niveaus 
werden waargenomen. 
  
Om de correlatie tussen tumor perfusie en de FDG opname in rectum tumoren te 
onderzoeken, werd in Hoofdstuk 7 van dit proefschrift de perfusie en FDG opname in 
rectum tumoren bestudeerd op intra-tumor niveau zowel voor aanvang van behande-
ling als op de laatste dag van de behandeling met hypogefractioneerde RT. Op tumor 
niveau werden de gemiddelde en maximale FDG opname in de tumor (SUVmean, SUV-

max) en de perfusie waardes (K
trans

) gequantificeerd en gecorreleerd. Vervolgens werd 
de tumor in 8 sub-regio’s verdeeld. Ook voor elk van de 8 subregio’s werden de ge-
middelde en maximale FDG opname en perfusie waardes bepaald en gecorreleerd. 
Verder werd de gemiddelde FDG opname in de voxels met de 25% laagste perfusie 
waardes vergeleken met de FDG opname in de voxels met de 25% hoogste perfusie 
waardes. Op tumor niveau werd er zowel voor de gemiddelde als maximale FDG 
opname en tumor perfusie een positieve correlatie gevonden (ρ=0.596, p=0.001 en 
ρ=0.779, p<0.001). Ook op intra-tumor niveau werden deze correlaties gevonden 
(ρ=0.413, p<0.001 en ρ=0.540, p<0.001). De gemiddelde FDG opname in de voxels met 
de 25% hoogste perfusie waardes was significant hoger in vergelijking met de gemid-
delde FDG opname in de voxels met de 25% laagste perfusie waardes (10.6±5.1%, 
p=0.017). 

 
 
Deel III: Validatie van geautomatiseerde PET-gebaseerde tumor deli-

neatie 
In Hoofdstuk 8 van dit proefschrift werd de automatisch gegenereerde tumor contour, 
gebaseerd op SUV-iso-contouring, gevalideerd met behulp van het tumor volume 
bepaald aan de hand van pathologisch onderzoek van het preparaat na pre-operatieve 
behandeling met hypogefractioneerde RT.  
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Automatische PET gebaseerde tumor contouring resulteerde in een gemiddeld tumor 
volume van 16.2±11.3 cm

3
 (7.7 tot 38.7 cm

3
), terwijl pathologisch onderzoek van de 

preparaten een gemiddeld tumor volume van 16.0±11.5 cm
3
 (7.8 tot 36.5 cm

3
) ople-

verde, met een onderlinge correlatie coëfficiënt van 0.964 (p<0.001). Een gemiddeld 
verschil van -0.2±2.0 cm

3
 (-2.2 tot 3.0 cm

3
) werd gevonden wanneer de PET gebaseer-

de tumor volumes vergeleken werden met de pathologische tumor volumes. De sterke 
correlatie tussen de twee tumor volumes demonstreert dat automatische tumor 
contouring gebaseerd op PET-beeldvorming resulteert in een nauwkeurige delineatie 
van rectum tumoren.  
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-----General----- 

2D    two dimensional 
3D    three dimensional 
5-FU   5-fluorouracil 
ρ    correlation coefficient 
 

-----A----- 

AP    anterior-posterior 
AUC   area under the curve 
 
-----B----- 

BED    biological equivalent dose 
BGL    blood glucose level 
BID    bi-daily 
 
-----C----- 

Cb    blood tracer concentration 
Cp    blood plasma concentration  
CRM   circumferential resection margin 
CRT    chemo-radiotherapy 
Ct    muscle tissue concentration 
CT    computed tomography 
cTNM   clinical stage of malignant tumors, nodal stage and metastasis 
 
-----D----- 

DCE-MRI  dynamic contrast enhanced magnetic resonance  
imaging 

dl    deciliter    
 
-----E----- 

EES    extravascular-extracellular space 
 
-----F----- 

FDG   fluorodeoxyglucose 
FORE   Fourier rebinning 
FOV    field of view 
FWHM   full with at half maximum 
 
-----G----- 

Glu    blood glucose level, in [mg/dl]    
Gy    Gray 
 
-----H----- 

Hct    hematocrit value 
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-----I----- 

ICRU   International Commission on Radiation Units &  
Measurements 

-----K----- 
kg    kilogram 
K

trans
 transfer rate of the contrast agent from the blood plasma into the EES 

kVp    kilo-voltage peak (energy) 
 
-----L----- 

LARC   locally advanced rectal cancer 
LM    list-mode 
 
-----M----- 

MBq   mega Becquerel 
mCR   metabolic complete responder 
mg    milligram 
mm    millimeter 
min.   minute 
ml    milliliter 
MRF   mesorectal fascia 
MR(I)   magnetic resonance (imaging) 
MV    megavolt 
m

2
    square meter 

 
-----N----- 

NLARC   non-locally advanced rectal cancer 
 
-----O----- 

OSEM   two dimensional ordered subsets expectation  
maximization 

 
-----P----- 

PA    posterior-anterior 
pCR    pathological complete response / responder 
pCT    perfusion-CT 
PET    positron emission tomography 
p.i.    post injection 
pPR    pathological partial response / responder 
PVE    partial volume effect 
 
-----R----- 

RI    response index 
ROC   receiver operating characteristics 
ROI    region of interest 
RT    radiotherapy 
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-----S----- 
s    second 
SBR    signal to background ratio 
SCRT   (hypofractionated) short course radiotherapy 
SD    standard deviation 
SNR    signal to noise ratio 
SUV    standardized uptake value 
 
-----T----- 
TAC    time activity curve 
TEM   transanal endoscopic micro-surgery 
TNM   tumor-nodal-metastasis classification of malignancies 
TME   total mesorectal excision 
TRG    tumor regression grade 
 
-----V----- 

ve    fractional volume of the EES 
VOI    volume of interest 
vp    fractional blood plasma volume 
 
-----Y----- 

ypT    pathological stage of malignant tumors 
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