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Purpose: To quantify the influence of fluctuating blood glucose level (BGLs) and the timing of PET acqui-
sition on PET-based predictions of the pathological treatment response in rectal cancer.
Material and 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 radiochemotherapy (RCT). All PET-data were normalized for the
BGL measured shortly before FDG injection. The metabolic treatment response of the tumor was corre-
lated with the pathological treatment response.
Results: During RCT, 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: 0.39–2.58) was found during the first
60 min of acquisition. When correlating the percent reduction of SUVmax after 2 weeks of RCT 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 treatment response.

� 2010 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 95 (2010) 203–208
Sequential FDG–PET–CT imaging has emerged as a promising
method for the prediction of treatment response during or after
neo-adjuvant radiochemotherapy (RCT) 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 RCT [1–6,9,12,14,15]. An early prediction
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 patho-
logic 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
d Ltd. All rights reserved.
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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 can-
cer 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 inverse proportion-
ally 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-fluctua-
tions or the absence of a plateau for FDG uptake when analysing
the acquired PET-data [1–4,7–9,12]. Although the concept correct-
ing PET-data for BGL-fluctuations is not entirely new, the applica-
tion 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 influence of intra-patient BGL-fluctuations on

http://dx.doi.org/10.1016/j.radonc.2010.01.021
mailto:marco.janssen@maastro.nl
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


Fig. 1. Study scheme for the assessment of the metabolic treatment response for
rectal cancer patients referred to pre-operative treatment with neo-adjuvant
radiochemotherapy (RCT), followed by a total mesorectal excision (TME).
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sequentially acquired PET-scans and the resulting prediction of
pathological treatment response as well as the influence of fluctu-
ations in the time interval between FDG injection and the start of
PET acquisition of rectal cancer patients.

Materials and methods

Patient characteristics

Thirty patients diagnosed with non-metastasized locally ad-
vanced-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 1). All patients were referred
to pre-operative treatment with radiotherapy (28 fractions of
1.8 Gy daily) and concomitant chemotherapy (capecitabine
825 mg/m2 BID), followed by a total mesorectal excision (TME).
According to the Dutch law, the medical ethics committee ap-
proved the trial. All patients gave written informed consent before
entering the study.
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 RCT and once shortly before
surgery (Fig. 1). All PET–CT scans were performed as described in
earlier work [24].

All patients were instructed to fast for at least 6 h prior to FDG
injection. 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 be-
tween the different imaging time points. For the PET–CT scan, an
intravenous injection of FDG (weight (kg) � 4 + 20 MBq) was
performed. The list-mode PET-data were reconstructed into 28
time-frames: 10 � 30 s, 5 � 60 s, 5 � 120 s and 8 � 300 s. Addition-
Table 1
Overview of the patient characteristics. Clinical staging (cTNM), the measured blood gluco

Pat. Nr. Weight (kg) Age (years) cTNM BGL (

Pre-tr

1 75 48 T3N1M0 5.7
2 86 64 T2N1M0 6.2
3 60 70 T3N2M0 5.9
4 103 57 T3N2M0 5.2
5 64 78 T3N2M0 6.1
6 70 71 T4N2M0 6.4
7 79 83 T3N1M0 6.7
8 83 60 T3N2M0 5.5
9 75 71 T3N2M0 6.3
10 84 66 T3N1M0 10.6
11 70 71 T3N2M0 5.9
12 69 60 T3N2M0 6.4
13 70 73 T3N1M0 5.4
14 84 64 T3N2M0 6.3
15 102 54 T3N1M0 5.4
16 55 45 T3N0M0 5.3
17 62 61 T3N2M0 5.3
18 79 69 T3N1M0 6.4
19 90 71 T3N2M0 5.4
20 88 70 T3N2M0 6.1
21 69 55 T3N2M0 7.2
22 75 74 T3N2M0 6.2
23 68 71 T3N0M0 5.7
24 83 69 T3N2M1 6.8
25 52 77 T4N1M0 5.3
26 79 73 T3N0M0 5.2
27 70 76 T3N0M0 5.7
28 84 66 T3N2M0 6.2
29 98 52 T3N2M0 8.6
30 110 43 T3N1M0 6.3
ally, the dynamic PET-data were corrected for tumor motion dur-
ing dynamic acquisition, using the Image-Fusion-toolbox of the
PMOD software package (PMOD Technologies Ltd., Zurich,
Switzerland). Due to technical problems or patient incompliance,
not all PET–CT scans could be performed as planned. For one pa-
tient no FDG could be injected for the PET–CT scan after 1 week
of RCT, whereas two more patients refused PET–CT imaging after
the second week of RCT. For six of the included patients, no PET–
CT scan could be performed prior to surgery.
Blood-glucose levels

Prior to each FDG injection, the patient’s BGL was measured
using an automatic device (LifeScan One Touch Ultra, LifeScan
Inc., Milpitas, USA) [25]. All acquired PET-data were normalized
for the BGL using the following equation:

SUVnormalized ¼ SUV � ðGluÞ
100

;

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
se level (BGL) and the tumor regression grade (TRG).

mmol/l) TRG

eatment 1 week 2 weeks Pre-surgical

6.4 6.4 3
6.5 1

6.2 5.8 6.3 3
5.2 5.4 2
5.9 5.2 3
5.6 5.7 6.2 2
4.5 6.4 6.3 2
5.3 5.8 4.9 2
6.9 6.7 6.6 3
7.9 8.1 6.5 3
6.6 7.1 6.7 3
5.4 6.0 6.7 4
5.6 6.4 1
6.1 6.4 5.5 4
5.3 5.3 5.3 3
5.9 5.8 5.8 3
5.1 5.0 3
6.6 6.7 2
5.9 5.9 6.3 3
6.4 6.1 7.8 4
8.7 8.3 7.1 1
6.8 6.2 5.5 2
5.9 6.5 6.6 4

11.8 12.2 13.3 3
7.6 7.7 6.8 4
5.4 5.7 4.9 2
6.2 6.7 5.9 1
6.7 6.4 6.1 2
6.5 5.8 2
6.1 6.1 6.7 4
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the tumor) depending on the tumor-to-background signal ratio
(SBR-method), with the gluteus muscle selected as relevant back-
ground [27,28]. Dedicated software (TrueD VC50, Siemens Medical,
Erlangen, Germany) 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 three follow-
up FDG–PET–CT scans. If no residual metabolic activity was
2present 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 dedicated software (PMOD Technol-
ogies Ltd., Zurich, Switzerland). The maximum time–activity-curve
(TAC) of the tumor was visually inspected for the presence of a de-
crease 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 determina-
tion were calculated over the last eight time-frames (40 min) of the
maximum TAC and expressed as the difference in SUVmax resulting
from a 10 min time discrepancy 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 result-
ing 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.

Pathological tumor response

After the TME, the pathological treatment response within the
tumor was evaluated by determination of the tumor regression
Table 2
Overview of the maximum FDG uptake (SUVmax) within the tumor at all four PET–CT imag
level measured shortly before FDG injection.

Pat. Nr. SUVmax pre-treatment (–) SUVmax 1 week (–)

Pre Post Pre Post

1 15.6 16.0 9.2 10.6
2 11.9 13.3
3 12.4 13.2 12.6 14.1
4 20.9 19.6 10.9 10.2
5 15.3 15.6 11.2 10.3
6 12.5 14.4 10.5 10.6
7 23.3 28.1 20.9 16.9
8 8.4 8.3 8.5 8.1
9 12.6 14.3 9.9 12.3
10 8.8 16.9 10.9 15.5
11 19.6 20.8 10.1 12.0
12 9.6 11.1 10.2 10.0
13 20.9 20.3 10.8 10.9
14 11.0 12.5 8.9 9.8
15 26.7 26.7 23.8 23.8
16 7.8 7.4 8.5 9.0
17 28.9 27.6 29.8 27.4
18 13.4 15.5 13 15.5
19 15.8 15.2 13.3 14.1
20 16.6 18.2 12.6 14.5
21 20.2 26.2 12.7 19.9
22 13.8 15.4 11.8 14.4
23 11.2 11.5 11.9 12.7
24 8.0 9.8 5.5 11.7
25 10.6 10.2 7.4 10.1
26 15.5 14.2 9.9 8.1
27 17.2 17.7 8.6 9.6
28 21.4 23.9 12.2 14.7
29 15.9 24.6 14.6 17.1
30 9.9 11.2 8.8 9.7
grade (TRG) according to the Mandard-criteria: TRG1, complete tu-
mor response; TRG2, residual cancer cells scattered through fibro-
sis; 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 tu-
mors were grouped into two groups, respectively pathological
responders (TRG1, 2) and non-responders (TRG3–5).
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 corre-
lated to the pathological treatment response using receiver operat-
ing 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].

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 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 com-
paring the maximum SUVs before and after BGL-normalization
ing time points both before (pre) and after (post) normalization for the blood glucose

SUVmax 2 weeks (–) SUVmax pre-surgical (–)

Pre Post Pre Post

10.1 11.6
5.5 6.4
7.4 7.7 0.0 0.0
6.2 6.0

6.2 5.9
8.6 8.8 6.5 6.5
8.6 9.9 0.0 0.0
8.1 8.5 6.9 6.1
8.1 9.8 8.1 8.3

12.9 18.9 6.6 7.8
8.5 10.9 4.2 5.1
8.8 9.5 7.3 8.8
5.2 6.0
7.7 8.9 6.6 6.5

16.1 16.1 0.0 0.0
6.8 7.1 3.4 4.0

17.7 17.7
11.6 14.0

9.5 10.1 0.0 0.0
11.8 13.0 8.6 12.1

8.0 11.9 5.2 5.7
7.5 8.4 4.3 4.3
9.3 10.9 4.4 5.2
4.8 10.6 0.0 0.0
8.5 11.8 7.5 9.1
9.8 7.3 4.1 3.6
4.6 5.6 0.0 0.0

11.3 13.0 7.6 8.4
12.5 13.1
11 12.0 6.2 7.4



Fig. 2. (A) Maximum time–activity-curves of the tumor over the first 2 h 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 min, resulting in a statistically significant reduction of the SUV time
sensitivity (p = 0.005).
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(p < 0.001) (Table 2). Large individual differences were noticed in the
magnitude of the intra-patient BGL-fluctuations, leading to remark-
able 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 (Tables 1 and 2).
Fig. 3. Boxplots of the response indices of SUVmax measured during and after pre-
operative treatment for both pathological responders (dark boxes) and pathological
non-responders (light boxes). The p-values indicate the statistical significance of
the differences between the RIs of pathological responders and non-responders
before and after blood glucose level normalization.
SUV time sensitivity

Visual analysis of the maximum TACs of the tumor revealed that
in none of the investigated tumors a plateau for FDG uptake occurred
within the first 60 min after FDG injection. Importantly, the determi-
nation of the SUVmax within the first 60 min after FDG injection
emerged as very time sensitive leading to large variations in the val-
ues with an average difference of 1.30 ± 0.66 in only 10 min (range:
0.39–2.58 DSUVmax/10 min). Only one of the investigated tumors
reached a plateau for FDG uptake within the first 120 min after
FDG injection (Fig. 2). However, overall the FDG uptake rate started
to decrease after an uptake period of 90 min, resulting in a statisti-
cally 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. 2).
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 RCT. From the pathological response
evaluation, thirteen of the included patients (43%) were classified
as pathological responders (4 TRG1, 9 TRG2), whereas 17 patients
(57%) were classified as pathological non-responders (11 TRG3, 6
TRG4) (Table 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 2 weeks of RCT before BGL-normalization and
after both 1 and 2 weeks of RCT after BGL-normalization (Fig. 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 respond-
ers and non-responders (Fig. 3). ROC-curve analysis of the RI of
SUVmax after 2 weeks of pre-operative RCT 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 a statistically signifi-
cant increase in the accuracy of the prediction of pathological
treatment response based on the reduction of SUVmax after 2 weeks
of RCT (Fig. 4A). 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-normaliza-
tion of the PET-data when compared to the situation before nor-
malization of the PET-data (Fig. 4B, C).
Discussion

Over the last years, sequential FDG–PET–CT imaging has been
shown to be of promise for the prediction of pathological treat-
ment 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



Fig. 4. (A) Receiver Operating Characteristics (ROC) curves for the percent reduction of SUVmax at the end of the second week of pre-operative treatment both before (solid)
and after (dashed) blood glucose level normalization of the PET-data. (B) Response indices of SUVmax after 2 weeks of RCT-treatment relative to the TRG with the ROC-curve
based cut-off value of 48% for the differentiation of pathological responders from non-responders. (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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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 incorrect
SUV time trends, which again could lead to an incorrect prediction
of the treatment response. However, in earlier published literature,
a clear trend was presented between the FDG uptake within the tu-
mor 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, ex-
cept two, regarding treatment response predictions for rectal can-
cer 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-normal-
ization, 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 de-
creased p-value when predicting the pathological treatment re-
sponse based on the percent reduction of SUVmax after 2 weeks
of RCT. 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-nor-
malization for sequential PET-data improves the accuracy of the
prediction of pathological treatment response.

Within this study, BGL measurements were performed using an
automatic 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,
resulting 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 im-
proves the accuracy of PET-based response predictions. However,
when using PET-based response prediction models in clinical prac-
tice in the near future, patients presenting with large BGL-fluctua-
tions 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 determination 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 FDG injection, most protocols published
involving the prediction of treatment response based on sequential
PET-imaging in rectal cancer used uptake periods ranging from 40
to 60 min [1–4,12]. This might result in substantial variations in
SUV measurements leading to misinterpretations in pathological
response predictions. Delayed PET acquisition after 90 min. How-
ever, 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 pa-
tients, in which the blood glucose level should be determined
and normalized for and consistent time intervals between FDG
injection and the start of PET-imaging should be followed. Other-
wise, strategies to differentiate 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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