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a role for FMISO or FLT, next to FDG?
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Abstract
Purpose. The purpose of this study is to investigate the use of PET/CT with fluorodeoxyglucose (FDG), fluorothymidine
(FLT) and fluoromisonidazole (FMISO) for radiotherapy (RT) target definition and evolution in rectal cancer. Materials
and methods. PET/CT was performed before and during preoperative chemoradiotherapy (CRT) in 15 patients with
resectable rectal cancer. PET signals were delineated and CT images on the different time points were non-rigidly
registered. Mismatch analyses were carried out to quantify the overlap between FDG and FLT or FMISO tumour volumes
(TV) and between PET TVs over time. Results. Ninety sequential PET/CT images were analyzed. The mean FDG, FLT
and FMISO-PET TVs showed a tendency to shrink during preoperative CRT. On each time point, the mean FDG-PET TV
was significantly larger than the FMISO-PET TV but not significantly larger than the mean FLT-PET TV. There was a
mean 65% mismatch between the FMISO and FDG TVs obtained before and during CRT. FLT TVs corresponded better
with the FDG TVs (25% mismatch before and 56% during CRT). During CRT, on average 61% of the mean FDG TV (7
cc) overlapped with the baseline mean TV (15.5 cc) (n�15). For FLT, the TV overlap was 49% (n�5) and for FMISO
only 20% of the TV during CRT remained inside the contour at baseline (n�10). Conclusion. FDG, FLTand FMISO-PET
reflect different functional characteristics that change during CRT in rectal cancer. FLT and FDG show good spatial
correspondence, while FMISO seems less reliable due to the non-specific FMISO uptake in normoxic tissue and tracer
diffusion through the bowel wall. FDG and FLT-PET/CT imaging seem most appropriate to integrate in preoperative RT
for rectal cancer.

Rectal cancer patients at higher risk for local

recurrence, in particular patients with a positive

circumferential resection margin (CRM), could

benefit from higher radiotherapy (RT) doses, pro-

vided this is associated with an acceptable toxicity

[1�3]. This can be achieved with 3D conformal and

intensity modulated RT techniques.

Functional imaging is a promising tool for the

detection of specific areas in the tumour that appear

more radiation resistant [4]. Moreover, it can

provide us with the heterogeneity in the spatial

distribution of biological characteristics, which can

be targeted with non-uniform customized dose

distributions [5].

The use of PET/CT with fluorodeoxyglucose or
18F-FDG (FDG) and MRI for tumour volume (TV)

definition has recently been reported by our group

[6]. Although FDG-PET has a high sensitivity in

rectal Cancer, there are some limitations in specifi-

city, mainly due to the uptake of FDG in macro-

phages. This Limitation becomes important when

assessing tumour response to chemoradiation

(CRT), as radiation Induces mucositis of the rectal

wall surrounding the tumour.

Efforts have been made to develop new 18F-

labeled tracers that are more tumour specific.

Fluorothymidine or 18F-FLT (FLT) images cellular

proliferation by entering the salvage pathway of
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DNA synthesis. It has been investigated for detec-

tion of various cancer types, including lymfoma,

sarcoma, melanoma, lung, breast, brain and color-

ectal cancer (CRC) [7].

Francis et al. found a 100% sensitivity in detecting

primary CRC and concluded that FLT was a

valuable tracer for the detection of CRC [8]. No

correlation could be found between the uptake of

FLT and FDG, confirming that FLT and FDG

reflect distinct processes [8].

Hypoxia has been well documented as a significant

obstacle to successful treatment with radiation [9].

Therefore, it would be highly interesting to locate

the hypoxic regions in the tumour and target them

with higher RT doses. However, assessing tumour

hypoxia is challenging. Most invasive methods lack

consistency and reproducibility or have technical

limitations that prohibit wide acceptance. Non-

invasive ways of measuring hypoxia have been tested,

including PET imaging with fluoromisonidazole or
18F-FMISO (FMISO). This tracer selectively binds

to hypoxic cells. It has been tested for quantitative

assessment of tumour hypoxia in lung, brain, head

and neck cancer (HNC) and soft tissue sarcoma

patients [10�12]. One study showed that FMISO-

PET imaging can detect hypoxia in rectal cancer

patients [13]. Voxel-based comparison of FMISO

with FDG uptake in HNC and soft tissue sarcoma

patients showed a poor correlation between FDG

and FMISO uptake in corresponding FDG-defined

TVs, as well as a mixture of characteristic patterns of

distributions with a large inter-patient correlation

variability [14,15].

Recently, repeated imaging during RT has been

investigated to track geometrical and biological

changes of the tumour and adapt the treatment

plan accordingly [16]. Biological changes in re-

sponse to neoadjuvant chemoradiation have been

evaluated with FDG-PET in patients with locally

advanced rectal cancer [6,17]. Likewise, several

studies have been published on the reproducibility

of FMISO distribution in the tumour in HNC

[18,19] and non-small cell lung cancer (NSCLC)

[20], showing variance in intra-tumour distribution.

Repeating FLT-PET imaging during RT is of inter-

est because it does not accumulate in inflammatory

cells and thereby provides a more specific tumour

label compared to FDG. Preclinical data suggest

that FLT can detect dose-dependent changes soon

after irradiation in murine breast cancer cells [21].

No clinical data are available on the assessment of

FLT during or after RT for rectal cancer.

The main purpose of this study was to investigate

the role of three PET tracers (FDG, FMISO and

FLT), which provide different biological tumour

characteristics, for RT target definition in rectal

cancer. We also assessed the spatial distribution of

the different PET signals and the quantitative and

spatial evolution of the PET TVs during radiation.

Patients and methods

Patient selection

Between May 2005 and August 2007, 15 patients

were analysed. Patient and treatment characteristics

have been described in detail in a previous article

[6]. In brief, all patients had biopsy-proven resect-

able adenocarcinoma of the rectum, clinical stage

T2/3-N1/2M0 on MRI and/or rectal endosonogra-

phy. All patients were treated with a long course of

preoperative chemoradiation (CRT) consisting of 25

fractions of 1.8 Gy, 5 days a week, during 5 weeks, in

combination with a continuous infusion of 5-fluor-

ouracil (5-FU) (225 mg/m2). During simulation and

treatment, patients were positioned in prone position

on a belly board device. Six to 8 weeks after

completion of CRT, patients were operated. All

patients underwent radical rectum resection with a

total or partial mesorectal excision.

Image acquisition

Imaging was performed before and after 10 fractions

of CRT in each patient. All patients underwent PET/

CT imaging with 2 different tracers. Both PET/CT

scans were planned with an interval of at least 24

hours between both injections. In 10 patients, FDG

and FMISO were used. Five other patients were

injected with FDG and FLT. In most of the patients,

FMISO-PET/CT was performed one or two days

before FDG-PET/CT. FLT-PET/CT imaging was

acquired the day before or after FDG-PET/CT,

except for 2 scans with a 5 or 6 days interval (during

CRT).

PET/CT studies were acquired with a Siemens

Biograph 2 scanner (Siemens†, Erlangen, Ger-

many), consisting of a full ring PET and a dual-slice

helical CT (4 patients), or with a Siemens HiRez

Biograph scanner (Siemens†, Erlangen, Germany),

consisting of a full ring PETand a 16 slice helical CT

(11 patients). The PET transaxial field of view

(FOV) was 585 mm/162 mm for both PET/CT

scanners. The transaxial and axial PET resolution

for the HiRez Biograph PET camera, represented

by the full width at half maximum (FWHM), was

4.6 mm at 1 cm and 5.8 mm at 10 cm from the

center. The Biograph 2 PET camera has a transaxial

resolution of 6.3 mm and 7.4 mm and an axial

resolution of 5.8 mm and 7.1 mm at 1 cm and 10 cm

source distance respectively. For the HiRez Biograph

PET images, the reconstruction was done with

the system software, using Fourier rebinning and
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2D-OSEM; 5 iterations with 8 subsets were used.

For data of the Biograph 2 (Ecat Accel), 3D-OSEM

was applied using off-line reconstruction software

(developed at UCL by C. Michel and M. Sibo-

mana). Only 10 iterations with 2 subsets were

applied to prevent excessive noise propagation. The

reconstructed images were filtered and processed as

described in [22].

FDG-PET/CT

Specific details on the FDG acquisition protocol

have been fully reported in a previous article [6]. A

dose between 282 MBq (min) and 404 MBq (max)
18F-FDG was administered intravenously (injected

dose�(body weight�4)�20), sixty minutes before

scanning. Each PET/CT scan prior to treatment was

performed using a high dose CT with IV contrast,

since these images were used for RT treatment

planning. CT scans during CRT were obtained

with low doses and without IV contrast. The

emission scan was obtained in 3D mode, covering

the region of interest (ROI) (from L4 to the buttock

folds) in 2 or 3 bed positions with a scan time of 4

minutes (min.) per bed position. All PET/CT

acquisitions were performed with the patient in

treatment position on a belly board device.

FMISO-PET/CT

Four patients were examined on the Biograph 2 and

6 patients on the HiRez Biograph PET/CT. No

fasting protocol was recommended. FMISO was

injected intravenously at a dose of 370 MBq (range:

330�398 MBq). To allow optimal accumulation of

the tracer in the hypoxic cells, a time interval of 3

hours was respected between injection and scan. At

each time point, a low dose CT scan was obtained

without IV contrast. Other CT characteristics were

identical to the FDG-PET/CT. The Biograph 2

FMISO scan was performed in a 3D mode with

4 min. per bed position. The HiRez Biograph

FMISO scan was acquired in a 3D mode with 4

min. per bed position in 1 patient and a 10 min. per

bed position in the 5 other patients. Total acquisition

time was about 45 min.

FLT-PET/CT

All 5 patients were examined on the HiRez Biograph

PET/CT. Patients were asked to fasten for 6 hours

before the examination. FLT was injected intrave-

nously at a dose of 370 MBq (range: 328�470 MBq)

one hour before the scan started. At each time point,

a low dose CT scan was obtained without IV

contrast. Other CT characteristics were identical to

the FDG-PET/CT. The HiRez Biograph FLT scan

was acquired in a 3D mode with 4 min. per bed

position in the 5 patients. Total acquisition time was

about 45 min.

Delineation of tumour volumes

FDG, FMISO and FLT-PET images were automa-

tically processed and outlined by use of a gradient-

based segmentation method. This method was

developed at UCL (Université Catholique de Lou-

vain, Belgium) and has been described and validated

for segmentation of PET images in head and neck

cancer (HNC) patients [22]. Details on the proces-

sing and reconstruction of PET images and on the

segmentation procedure have been described else-

where [6]. For the FMISO images, a ROI was used,

related to the corresponding FDG TV, since a large

background activity of FMISO in the rectum prohi-

bits an accurate and correct differentiation between

tumour uptake and physiological uptake in the

bowel. Non-rigid registration of the FDG with the

FMISO-PET allowed us to limit the segmentation to

this transferred FDG-based ROI. However, most

patients presented with a FMISO signal extending

outside this ROI. In those cases, the corresponding

CT data were used to evaluate whether the deli-

neated FMISO signal still projected within the

suspected tumour area.

Nonparametric statistics were used to compare

TV (Wilcoxon Matched Pairs Test) and to correlate

TV (Spearman Rank Order Correlations).

Image coregistration

We have applied a non-rigid image registration

algorithm using a B-spline transformation model

and mutual information (MI) constraints. Details of

this registration process have been described pre-

viously [23]. Registration of the different PET/CT

images was performed on the CT intensities, but all

PET images and delineations could be deformed

according to the resulting deformation field. A small

smoothness penalty was used to promote a regular

deformation [24]. By limiting the calculation of the

mutual information to the region inside the mesor-

ectum the influence from the bladder was mini-

mized. In the last multiresolution stage a volume

penalty was used to limit the volume change of the

tumour when registering images over time [25].

A mismatch analysis of TVs was performed

between FDG and FLT or FMISO-PET/CT and

between the different time points. The mismatch

between a certain volume A and a certain volume B

is defined as the percentage of A that does not

belong to B. It is 0% if A falls entirely inside B and is

100% if A and B do not overlap. In order to quantify

PET/CT-guided radiotherapy in rectal cancer with three different PET tracers: FDG, FMISO and FLT 1239



the spatial extent of the mismatch between volumes

A and B, we calculated the mean (Dmean) and

maximal (Dmax) distance to the intersection of A

and B over all points in the mismatch of A to B

(Figure 1). In case no FMISO signal could be

detected, no mismatch analysis was performed.

Results

Tumour volume analysis

We have analyzed 90 sequential PET/CT images

from 15 patients (Table I). FDG and FLT TVs

could be delineated on each time point. In one

patient, no baseline FMISO signal was seen within

the tumour region, whereas during CRT, a signal

appeared. In 3 patients, the FMISO signal disap-

peared on the scan during CRT.

The mean FDG-PET TV before and during CRT

was significantly larger than the FMISO-PET TV

(pB0.001). There was no significant difference

between the mean FDG TV and the mean FLT

TV. Although most FDG TVs were larger, in 2 of 5

patients, the baseline FLT was similar or larger than

the FDG TV (patient 6 and 7). This was also the

case in 2 patients during CRT (patient 6 and 10).

TVs during CRT were significantly smaller than

the baseline TV for all three PET tracers (pB0.05)

(Figure 2). The relative TV reduction after 10

fractions of CRT was 54% for FDG-PET (n�15),

58% for FLT-PET and 66% for FMISO-PET.

No correlation was found between the FDG TV

and the FMISO or FLT TVs.

Mismatch analysis

Mismatch between different PET TVs per time point.

Since different PET tracers were used in order to

better define the potential target volumes, it is

important to know their spatial relationship. FDG

and FMISO or FLT-PET TV are illustrated for 3

patients with a good, average and poor overlap,

respectively (Figure 3).

If the FDG TV is taken as reference volume, a

mean 25% (median: 23%) FLT mismatch was found

at baseline and a 56% (median: 69%) mismatch

during CRT (Table II). Compared to FLT, the

mismatch between FMISO and FDG (reference

volume) was much larger before CRT (mean: 65%,

median: 68%). During CRT, the mean mismatch

between FMISO and FDG (reference volume) was

65% (median, 65%). The difference in overlap

between FLT- and FMISO-based TVs with the

corresponding FDG TV at baseline was translated

in a clearly different Dmax (6mm for FLT and 14mm

for FMISO) and Dmean (2mm and 6mm, respec-

tively) (Table III). During CRT, similar distances

were measured between FDG and FLT TVs or FDG

and FMISO TVs (Dmax: 10mm; Dmean: 4mm).

Mismatch between PET TVs before and during CRT per

PET tracer. The mean mismatch results after regis-

tration of the first and the second time point are

shown in Table II for each PET/CT set. Considering

all 15 FDG-PET/CT scans, a mismatch of almost

40% (median 33%) was calculated for the TV

during CRT compared to baseline (reference vo-

lume) (Table II). For FLT, this mismatch was

approximately 50% (median: 55%) and for FMISO

80% (median: 90%). Corresponding Dmax and

Dmean between the contours during and before

CRT were comparable for FDG and FLT (Table

IIIc). The higher mismatch result for FMISO TVs is

in agreement with the larger Dmax and Dmean. The

evolution of the FMISO or FLT signal within time in

relation to the evolution of the FDG signal is

illustrated for 2 patients in Figure 4.

Discussion

This study investigated the use of PET/CT with

FDG, FLT and/or FMISO for radiotherapy (RT)

target definition and evolution in rectal cancer.

Rectal cancer patients could benefit from higher

RT doses to (sub)volumes that appear more radia-

tion resistant, provided this is associated with an

acceptable toxicity [1�3]. This type of high precision

irradiation requires a good definition, delineation

and location of the target volumes.

Figure 1. Maximum of shortest distances between mismatch

volume (A-B volume) and intersection (AþB) (Dmax): the

maximum of all shortest distances between A-B volume

(P1,2, . . . ,Pn) and AþB (arrow from P4). Mean of shortest

distances between mismatch volume (A-B volume) and intersec-

tion (AþB) (Dmean): mean of all shortest distances between A-B

volume (P1, P2, . . . ,Pn) and the intersection (AþB).
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Tumour volume analysis

In a previous article, the advantages and limitations

of FDG-PET images and the applied FDG-PET

segmentation methods were discussed [6]. Two

delineation algorithms were tested; an adaptive

threshold-based method [26] and a gradient-based

method [22]. Our results confirmed that the latter

segmentation technique provides improved accuracy

for TV delineation, based on validation with the

pathological TV. Since the method does not depend

on the PET tracer and the PET camera, it was

chosen for the segmentation of FLT and FMISO-

PET images [27].

Most studies that investigate FMISO for RT

target definition use a standardised uptake value

(SUV) threshold-based segmentation technique.

Generally, a tumour-to-blood or tumour-to-muscle

SUV ratio of 1.2 or higher is applied as a cut-off

between normoxic and hypoxic tissues, as suggested

by Rajendran et al. [15]. Using a fixed SUV thresh-

old to identify hypoxic regions has limitations. In 4

of our patients, this delineation method resulted in a

larger FMISO TV compared to FDG, resulting in a

complete hypoxic FDG TV.

There are two major limitations related to

FMISO-PET imaging. One is the limited contrast

between the trapping of FMISO by tumours in

Table I. Absolute (cc) and relative (%) FDG and (a) FMISO- or (b) FLT-PET tumour volumes measured before and during

chemoradiotherapy (a: n�10, b: n�5). PET tumour volumes were obtained with a gradient-based segmentation method. CRT:

chemoradiotherapy, PAT: patient.

FDG PET FMISO PET

Patient Timepoint cc % cc %

(a)

PAT1 Before CRT 12.21 100 2.14 100

During CRT 5.3 43 1.86 86

PAT2 Before CRT 4.09 100 1.1 100

During CRT 2.43 59 0 0

PAT3 Before CRT 45.8 100 4.39 100

During CRT 26.89 58 3.11 70

PAT4 Before CRT 7.83 100 6.66 100

During CRT 5.79 73 3.42 51

PAT5 Before CRT 12.32 100 2.79 100

During CRT 8.4 68 0 0

PAT11 Before CRT 21.8 100 13.53 100

During CRT 5.6 25 3.44 25

PAT12 Before CRT 8.97 100 3.05 100

During CRT 5.66 63 2.05 67

PAT13 Before CRT 7.5 100 8.01 100

During CRT 2.9 38 0 0

PAT14 Before CRT 12.66 100 5.18 100

During CRT 2.79 22 0.52 10

PAT15 Before CRT 26.98 100 0 0

During CRT 16.23 60 3.92 100

Mean Before CRT 14.8 100.0 5.2 100.0

During CRT 7.3 49.9 1.6 34.3

STDEV Before CRT 12.6 3.8

During CRT 7.6 1.5

(b)

PAT6 Before CRT 5.05 100 5.78 100

During CRT 1.7 33 1.96 33

PAT7 Before CRT 14.41 100 14.27 100

During CRT 6.35 44 4.4 30

PAT8 Before CRT 13.58 100 7.01 100

During CRT 3.44 25 2 28

PAT9 Before CRT 20.8 100 9.31 100

During CRT 11.53 55 3.52 37

PAT10 Before CRT 18.27 100 9.84 100

During CRT 3.48 19 7.92 80

Mean Before CRT 14.4 100.0 9.2 100.0

During CRT 5.3 35.2 4.0 41.6

STDEV Before CRT 6.0 3.3

During CRT 3.9 2.4

PET/CT-guided radiotherapy in rectal cancer with three different PET tracers: FDG, FMISO and FLT 1241



comparison with normal tissues due to the relatively

low cellular uptake of FMISO. The other limitation

is the slow cellular washout of tracers in non-hypoxic

tissue. Therefore a delay of approximately 2 to 3

hours after injection of FMISO is needed to permit

clearance of this tracer from normal background

tissues. In CRC, there seems to be another drawback

related to a high background activity of FMISO in

the normal rectum. This has been reported in the GI

tract of rat tumour models [28], and also in color-

ectal cancer patients [13] and is confirmed in our

study. Moreover, colonic excretion of the tracer was

also seen in some of our patients, as has been

described by Loi S et al. [13]. Therefore, the

FDG-defined TV was used to focus the FMISO

segmentation on the tumour region.

In most FLT studies, a semi-quantitative analysis

of tracer uptake is carried out using SUVs. The

delineation is then performed by constructing for

instance a 50% isocontour of the maximum SUV

[29]. Other authors used a visual interpretation of

the PET signal, starting with a fixed window/level

according to a gray intensity scale and allowing

adjustment of this scale according to the judgement

of the observer [30]. This method can obviously

change the size of the TV depending on the applied

PET window/level and can explain the relatively

large PET TVs obtained in this study compared to

CT.

Limitations related to FLT-PET imaging mostly

come from the interaction of the tracer with che-

motherapeutic agents, like 5-FU, which can occur

early after chemotherapy. This drawback has been

used to explain the mixed results in studies on the

value of FLT for early response assessment. Com-

bined use of 5-FU might obscure the effective

Figure 2. Box-whisker plot of FDG and FMISO-PET (a) and FLT-PET (b) tumour volumes measured before and during

chemoradiotherapy (a: n�10, b: n�5). PET tumour volumes were obtained with a gradient-based segmentation method. RT:

radiotherapy, SE: standard error, SD: standard deviation.
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proliferation changes and precludes accurate inter-

pretation of the effects of RT [31]. In our study, we

saw a clear reduction in physiological FLT uptake in

the bone marrow that was included in the radiation

field (hips and lumbar spine) after 10 fractions of

RT. This finding contrasts with the increase in FLT

accumulation after 5-FU administration as observed

during chemotherapy for oesophageal cancer [31].

But the latter study was performed on oesophageal

cell lines treated to relatively high doses of 5-FU

compared to the doses used in this patient study and

before the cells were exposed to FLT.

Our results show that the mean FDG-PET TV

before and during CRT was significantly larger than

the FMISO-PET TV (pB0.001). No correlation

was found between the FMISO and the FDG TV.

Loi et al. only performed a qualitative interpretation

of the FMISO uptake within a FDG-defined TV on

pretreatment PET images. Evidence of hypoxia was

defined as a higher uptake of FMISO compared to

the cardiac blood pool and normal bowel activity.

They found detectable hypoxia in 4 of 6 patients. No

absolute FMISO TVs were calculated and no

correlation with FDG was performed [13].

The mean FLT TV was more comparable, but still

smaller than the mean FDG TV on both time points.

No correlation was found between the FLT TV and

the FDG TV. These findings confirm the results of

Figure 3. (continued)
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Francis et al., who demonstrated smaller FLT TVs

and lower FLT SUV values compared to FDG [8].

Patel and al. evaluated the impact of combined FDG

and FLT-PET/CT on inter-observer variability of

target volume delineation in rectal cancer [30]

against CT. In 5 of the 6 patients enrolled, the

FDG and FLT TV was larger than the CT TV. The

inter-observer similarity index (SI) for the primary

GTV, improved modestly for FDG-PET/CT and

also slightly for FLT-PET/CT compared to CT

alone. There was no difference in SI when FLT-

based TVs were compared to FDG-based TVs. The

authors report the greatest impact of the PET

information on the superior/inferior extent of the

primary TV. It should be noted that improving the

agreement in target definition does not necessarily

result in improved target definition. Firstly, accurate

target definition requires reliable and validated

delineation methods, especially for PET images. In

the study of Patel et al., the contouring of the PET

signals was based on a visual interpretation by

adjusting a predefined window level. The drawback

of this method has been discussed earlier. Secondly,

the use of different imaging modalities for target

definition requires accurate registration techniques.

In their study, FLT-PET/CT and FDG-PET/CT

images were registered manually and rigidly with the

aid of surface fiducial markers visible on PET and

Figure 3. FDG-PET (blue) and corresponding FMISO (red) (a) or FLT (red) (b) tumour contours in axial, sagittal and coronal plane for 3

patients, showing a good, average and poor overlap between both imaging modalities (from top to bottom).
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CT. This method does not take into account the

large internal organ variation that exists between two

examinations, even if they are performed in the same

patient position.

When the evolution of the PET TV is considered

over time, we found a significant decrease after 10

fractions of RT for the FDG TV (n�15, pB0.001),

FMISO TV (pB0.05) and FLT TV (pB0.05),

suggesting that reoxygenation and reduced prolifera-

tion took place in a shrinking TV. No study has been

reported in rectal cancer on the changes in tumour

hypoxia during RT measured with FMISO-PET.

However, this has been investigated in HNC [18,19]

and NSCLC [20], showing quite some variance in

intra-tumour FMISO distribution. Nehmeh at al.

evaluated the correspondence of FMISO-PET in-

tensities of corresponding spatial voxels within a

FDG-defined ROI between 2 pretreatment FMISO-

PET/CT scans [19]. For most patients the fractional

hypoxic volume (FHV) was consistent over both

FMISO scans. However, when taking into account

the spatial distribution of the signal, there was a poor

voxel-by-voxel correlation between the SUV of the

hypoxic zones over time. This variance in intra-

tumour distribution can compromise the coverage of

FMISO-based hypoxic TVs by dose-painting IMRT

[32]. Koh et al. analyzed 4 serial FMISO scans in 7

NSCLC patients and compared the FHV in the CT-

based TV [20]. They found no acute changes in

FHVs following 1 or 2 fractions of RT. At mid-

treatment, there was a general trend towards in-

creased oxygenation with substantial residual

FMISO uptake by the end of treatment in 5/6

patients. They also noted a clear heterogeneity

within a plane and between different planes for

each patient (no spatial correlation).

Mismatch analysis

As variation in patient position and additional organ

movement and deformation hamper an accurate

comparison of multi-temporal images, we aimed at

bringing all images into a common reference frame

by using a non-rigid registration technique. How-

ever, the registrations were quite challenging due to

differences in position and shape of internal organs,

especially variances in bladder and rectal filling.

Carefully choosing the regularization parameters,

in this case smoothness and volume penalties or

limiting the registration to a certain part of the image

assisted in facing these challenges.

The promising results of the validation of the non-

rigid registration for monomodal registration have

Table II. Mismatches (%) (mean and range [min-max]) between FDG and FMISO-PET (a) or FLT-PET (b) tumour volumes per time

point and between time points. B is the reference volume.

before CRT during CRT

(a) A B FDG1 FMISO1 FDG2 FMISO2

Before CRT FDG1 84% [63�100%] 67% [41�88%]

FMISO1 65% [35%�100%] 88% [61%�100%]

During CRT FDG2 42% [6%�79%] 86% [75%�94%]

FMSIO2 80% [29%�100%] 65% [38%�87%]

before CRT during CRT

(b) A B FDG1 FLT1 FDG2 FLT2

Before CRT FDG1 52% [32%�71%] 74% [37%�100%]

FLT1 25% [12%�41%] 71% [48%�100%]

During CRT FDG2 34% [6%�100%] 64% [30%�79%]

FLT2 51% [10%�100%] 56% [19%�78%]

Table III. Mean (9standard deviation) value of the maximum

(Dmax) and the mean (Dmean) of the shortest distances (mm)

between corresponding FDG and FLT (a) or FDG and FMISO

(b) tumour volumes (TV) before and during CRT and between

TVs during CRT and baseline TVs on FDG, FLT and FMISO

PET/CT (c).

before CRT duing CRT

(a) FDG FLT FDG FLT

Dmax (mm) 16910 691 11.594 1095

Dmean (mm) 492 290.5 491 491

before CRT duing CRT

(b) FDG FLT FDG FLT

Dmax (mm) 28913 1497 2599 1094

Dmean (mm) 1397 695 1094 491.5

(c) FDG FLT FMISO

Dmax (mm) 12910 1197 24921

Dmean (mm) 698 594 16919
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been described by our group [6,23]. Perfect TV

preservation cannot be expected due to ‘inaccura-

cies’ in PET/CT imaging. These include the projec-

tion of parts of the PET signal in air cavities and

volume shifts between PET and CT caused by

physiological processes during image acquisition.

However, the actual TV change of the FDG,

FMISO and FLT-PET signals induced by CRT

was much larger than the TV changes found after

registration of the different PET/CT images over

time.

We showed that the overlap between FMISO and

FDG TVs was worse compared to the FLT-FDG TV

overlap at baseline, which translated in a clearly

different Dmax and Dmean. This poor correspondence

between FDG and FMISO is probably due to false

positive signal uptake in the normal bowel or

diffusion of FMISO tracer through the wall around

the tumour region. Although we focussed the

segmentation to a FDG-based ROI, most patients

presented with FMISO signal extending this ROI,

whereas the largest part of the FLT signal was

located inside the FDG ROI. During CRT, the

mismatch between FLT and FDG TVs increased to

56%. This is probably related to the small TVs as

determined on both modalities. Small TVs are more

influenced by delineation errors, registration errors

and/or possible intrafraction organ deformation.

Even with the gradient-based segmentation, small

TVs and insufficient PET resolution are major

limitations for accurate delineation [27]. In addition,

the overlap of the TVs obtained during CRT with the

baseline TVs was better for FDG and FLT com-

pared to FMISO, demonstrating that FMISO signal

uptake is more variable over time. These findings

favour the use of FDG and FLT as potential tracers

for target volume definition in dose escalation RT.

Moreover, the change in TV during CRT and the

relative stable position over time support the use of

FDG and FLT as a target for adaptive RT in rectal

cancer.

In a previous article, we have shown that FDG-

PET can substantially alter the anatomically-defined

GTV [6]. This can be explained by a better

differentiation between tumour and benign soft

tissue or by detection of small positive lymph nodes.

However, mismatches can also be induced by

registration errors when different non-integrated

imaging modalities are used for target volume

definition. With this study, we have proven that the

use of other PET tracers induce additional volu-

metric and spatial changes. Since FDG, FLT and

FMISO reflect different functional characteristics,

they may be used for a different purpose in RT

planning. FDG and FLT seem most appropriate for

definition of a biological target volume, taking into

Figure 4. FDG (green) and FMISO (a) (red) or FLT (b) (red) tumour contours before and FDG (blue) and FMISO (a) (yellow) or FLT

(b) (yellow) tumour contours during chemoradiation (CRT) after overlaying the PET/CT scans to the baseline FDG-PET/CT (displayed)

in axial, coronal and sagittal plane.
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account the small mismatches after registration of

both image sets. In addition, the smaller FLT TV,

potentially more sensitive for tumour tissue espe-

cially during RT, may be used as a subvolume inside

the functional target volume that can benefit from

even higher RT doses. The same rationale could

hold for FMISO, since hypoxic cells are more

radiation resistant. However, FDG and FMISO

show a poor spatial correspondence and the FMISO

signal uptake seems less stable over time compared

to FDG and FLT.

Conclusion

Our results show that FDG, FLT and FMISO-PET

signals reflect different functional characteristics that

change during CRT. FLT and FDG show a good

spatial correspondence, while FMISO seems less

reliable, due to its non-specific uptake in normoxic

tissue and tracer diffusion through the bowel wall.

Moreover, the FMISO signal uptake seems less

stable over time compared to FDG and FLT.

Therefore, FDG and FLT-PET/CT imaging seem

more appropriate to be integrated in preoperative

RT for rectal cancer.
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