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ORIGINAL ARTICLE

The use of FDG-PET/CT and diffusion-weighted magnetic resonance
imaging for response prediction before, during and after preoperative
chemoradiotherapy for rectal cancer
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Abstract

Purpose. To investigate the use of FDG-PET/CT before, during and after chemoradiotherapy (CRT) and diffusion-
weighted magnetic resonance imaging (DW-MRI) before CRT for the prediction of pathological response (pCR) in
rectal cancer patients. Material and methods. Twenty-two rectal cancer patients treated with long course CRT were
included. An FDG-PET/CT was performed prior to the start of CRT, after 10 to 12 fractions of CRT and five weeks
after the end of CRT. The tumor was delineated using a gradient based delineation method and the maximal standard-
ized uptake values (SUV__ ) were calculated. A DW-MRI was performed before start of CRT. Mean apparent diffusion
coefficients (ADC) were determined. The ASUV_ during and after CRT and the initial ADC values were correlated
to the histopathological findings after total mesorectal excision (TME). Results. ASUV__  during and after CRT sig-
nificantly correlated with the pathological response to treatment (during CRT: ASUV = 59% * 12% for pCR vs.
25% = 27% if no pCR, p=0.0036; post-CRT: 90% = 11 for pCR vs. 63% = 22 if no pCR p=0.013). ROC curve
analysis revealed an optimal threshold for ASUV _ of 40% during CRT and 76% after CRT. The initial ADC value
was also significantly correlated with pCR (0.94 = 0.12 X 1073 mm?/s for pCR vs. 1.2 * 0.24 X 10~2 mm?/s, p=0.002)
and ROC curve analysis revealed an optimal threshold of 1.06 X 103 mm?/s. Combining the provided ASUV,_
thresholds during and after CRT increased specificity of the prediction (sensitivity 100% and specificity 94%). The
combination of the thresholds for the initial ADC value and the ASUV__  during CRT increased specificity of the
prediction to a similar level (sensitivity of 100% and specificity of 94%). Conclusions. The combination of the different
time points and the different imaging modalities increased the specificity of the response assessment both during and
after CRT.

In rectal cancer, the addition of preoperative radio- (pCR) after CRT [4-6]. Patients with a pCR on

therapy with or without concurrent chemotherapy
to surgery has decreased locoregional recurrence
rates and even increased survival [1-3]. Long course
chemoradiotherapy (CRT) followed by a six to eight
week interval before surgery can induce significant
tumor downsizing and downstaging with 10-30% of
the patients showing a pathologic complete response

pathological evaluation, have a favorable long-term
outcome [4,7,8]. And there is also evidence that in
these patients surgery might be omitted [9,10]. So
far, the only way to accurately assess the tumor
response is by histopathological examination of the
resection specimen. If we were able to predict or
assess the response to preoperative treatment before
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surgery, it would allow us to adapt and to individual-
ize treatment. Currently treatment response is mon-
itored mainly by evaluation of tumor size using
computed tomography (CT) and magnetic reso-
nance imaging (MRI) [11,12]. Functional and
biological imaging modalities may provide us with
additional information allowing earlier assessment
of the response [13]. Preliminary results using
sequential [18]F fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) suggest that the
decrease in maximal metabolic activity of the tumor
in the second week of CRT can adequately assess
response in rectal cancer [14-16]. More recently dif-
fusion weighted MRI (DW-MRI) has emerged as a
potential tool for response prediction and assessment
[17-19]. DW-MRI is able to detect molecular diffu-
sion, i.e. the Brownian motion of water molecules
[20]. This way it characterizes tissue and generates
image contrast based on differences in water mobil-
ity, which can be quantified by the apparent diffusion
coefficient (ADC). The ability to detect tumoral
microstructure changes allows DW-MRI to be used
for early treatment prediction and for the differen-
tiation of viable and necrotic or inflammatory tissue.
Preliminary studies in other tumors sites have shown
promising results [21-23]. In rectal cancer DW-MRI
is increasingly investigated in the presurgical assess-
ment and for early treatment response assessment
[17-19,24].

The purpose of this study was on the one hand to
validate the use of FDG-PET as an imaging modality
for response assessment during and after CRT and
on the other hand to study if DW-MRI before CRT
can provide us with additional information.

Material and methods
Patient selection

Between May 2005 and August 2009, 22 patients,
17 men (mean age: 60 years; range: 40—80 years) and
five women (mean age: 59.2 years; range: 48-76
years) were enrolled in this study. All patients had
biopsy-proven resectable adenocarcinoma of the rec-
tum, clinical stage T2/3-N1/2M0O on MRI and/or
endorectal ultrasound. All patients were treated with
a long course of CRT, consisting of 25-28 fractions
of 1.8 Gy, five days per week for five to 5.5 weeks,
in combination with a continuous infusion of 5-fluo-
rouracil (225 mg/m?). In two patients weekly oxali-
platin (50 mg/m?) was added because of advanced
disease or suspicion of metastatic disease. Radio-
therapy was delivered through two lateral beams and
one posterior beam. During CT simulation and
treatment, patients were positioned in prone position
on a belly board. Six to eight weeks after completion

of CRT, patients underwent a total or partial meso-
rectal excision.

FDG-PET/CT

The FDG-PET/CT images were acquired with a
Siemens Biograph 2 scanner (Siemens, Erlangen,
Germany) (4 patients) or with a Siemens HiRez Bio-
graph scanner (18 patients). The transaxial and axial
PET resolution for the HiRez Biograph PET camera
were 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 reso-
lution of 5.8 mm and 7.1 mm at 1 cm and 10 cm
source distance, respectively. Patients were asked to
fast for 6 h before the examination. A dose between
282 MBq (minimum) and 404 MBq (maximum)
BBE.FDG was administered iv. [injected
dose = (body weight* 4) + 20]. Each examination
consisted of a spiral CT scan followed by a PET
acquisition in the caudocranial direction over the
same anatomic extent (from L4 to the buttock folds).
The emission scan was obtained in 3D mode in
two or three bed positions, with a scan time of 4 min
per bed position. The PET data were reconstructed
using an ordered subset expectation maximization
algorithm and attenuation correction derived from
CT data [25]. The 3F-FDG-PET signals were
automatically processed so that metabolically active
regions in the tumor were outlined by use of a
gradient-based segmentation method [26]. Addition-
ally, all PET data were normalized for the blood
glucose level (BGL) measured shortly before FDG
administration [27].

Magnetic resonance imaging

The MRI studies were performed on a 1.5T scanner
(Sonata,Siemens, Erlangen, Germany).AT2-weighted
Turbo Spin-Echo (TSE) sequence and aT1-weighted
fat-suppressed TS sequence were performed in the
transverse and coronal plane, oriented along the axis
of the rectal tumor. DWI echo planar images (EPI)
were acquired in the transverse plane (34 slices, 4 mm
slice thickness, no intersection gap, FoV 38 X 38 cm?,
matrix of 128 X 128, TR/TE = 4500 ms/83 ms, band-
width of 1502 Hz/pixel, 4 signal averages). The images
were acquired using six different b-values (b=0, 50,
100, 500, 750 and 1 000 sec/mm?). All diffusion-
sensitizing gradients were applied in three orthogo-
nal directions and combined to create a 3-scan trace.
An apparent diffusion coefficient (ADC) map was cal-
culated automatically by the scanner’s software. Finally,
a Tl-weighted fat-suppressed TSE sequence was
repeated with identical geometry to the DWI-sequence
(34 slices, 4 mm slice thickness, no intersection gap,
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FoV of 38 X 31 cm? matrix of 512 X 384,
TR/TE = 991 ms/11 ms, 3 signal averages).

DWI-images analysis

The DW images were analysed on a PACS station
(Agfa-Gevaert, Mortsel, Belgium) by a radiologist
with six years’ experience in abdominal DWI (VV)
and two radiation oncologists (ML, SR) in consen-
sus. Regions of interest (ROI) were placed on the
rectal tumors on the images acquired by a b-value of
0 s/mm?, and automatically copied to the other
b-value images by the software. For solid tumors, the
ROIs were placed over the entire lesion. In the case
of obvious solid and necrotic components on the
DWI images, ROIs were placed on the solid tumoral
components according to their signal heterogeneity
on the images acquired by a b-value of 1 000 s/mm?.
The signal intensity (SI) was calculated for each
b-value including all ROIs per delineated lesion.
Subsequently, all ROIs were merged per lesion for
each b-value and the average signal intensity (SI) was
calculated for the entire lesion. From these averaged
SI for b=0, 50, 100, 500, 750 and 1 000 s/mm?, the
ADC was calculated using the following formula:

SI=SI,, X ¢(~bi*ADO)
1

where SI. is the signal intensity measured on the i’th
b-value image and b, is the corresponding b-value
(b, = 0, 50, 100, 500, 750, 1 000 s/mm?). SI; is
a variable estimating the exact signal intensity for
b = 0 s/mm?.

Histopathological analysis and historadiological
correlation

Pathological staging served as the gold standard and
was based on the TNM staging system [28]. If no
tumor cells were found in the resection specimen and
only fibrotic mass or acellular mucin pools were pres-
ent, the response was considered complete and
patients was labeled as a pCR.

Statistical analysis

The software package Statistica 9® (StatSoft Inc,
Tulsa, OK, USA) was used for the statistical analysis.
A p-value < 0.05 was considered statistically signifi-
cant. The initial ADC value and the ASUV___values
during and after CRT were compared with a Mann-
Whitney U test between lesions with versus without
pCR. Receiver-operating characteristics (ROC) anal-
ysis with the area under the curve (AUC) was
employed to investigate the discriminatory capability
for pCR of the initial ADC value, the ASUV

max

during and the ASUV___ after CRT. For calculation

of the sensitivity, specificity, accuracy, PPV and NPV,
the optimal threshold was determined by giving
equal weighting to sensitivity and specificity on the
ROC curve.

Results

Sixty six sequential FDG-PET/CT scans and 22
DW-MRI scans were analyzed. All patients under-
went surgery and pathological evaluation was per-
formed in all of them. In six patients (27%) no
residual tumoral cells were found after pathological
evaluation. These patients were classified as a pCR.
Five patients had a metabolic complete response on
the presurgical FDG-PET/CT. Only three of these
actually had a pCR (sensitivity: 50% and specificity
of 88%).

The mean ASUV_, during and after CRT was
significantly correlated with the presence of residual
tumor cells in the resection specimen (Figure 1).
During CRT, patients with a pCR had a mean reduc-
tion in SUV___of 59% * 12% whereas patient with
no pCR only had a mean reduction of SUV__of 25%
+ 27% (p=0.0036). After CRT patients with a pCR
had a mean ASUV___of 90% = 11, while patients
with residual tumor tissue had a mean ASUV___ of
63% = 22 (p=0.013). ROC curve analysis revealed
that with a threshold value for ASUV > 40% we
can identify all patients who will achieve a pCR after
two weeks (sensitivity 100%). However, using this
threshold four of 16 non pCR patients were falsely
classified as pCR (specificity 75% and a relatively low
positive predictive value (PPV) of 60%).

Similarly in patients after CRT and before
surgery an optimal threshold for ASUV__ of 76%
can identify all pCR patients (sensitivity 100%).
However, it also falsely classified four of 16 non
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Figure 1. Box plot of ASUVmax during and after CRT, correlated
with pCR.
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PCR patients as a pCR (specificity 75% and a PPV
of 60%).

Normalization of the SUV___ value for the blood
glucose level generally increased the accuracy of
the prediction with FDG. During CRT the mean
ASUV_ . was more significantly correlated with pCR
after normalization than before (p=0.0036 vs.
p=0.0057 respectively). This was also the case for
ASUV_after CRT (p=0.013 vs. p=0.017). During
CRT the specificity of the prediction increased from
69 to 75% after normalization. And finally the thresh-
old value for ASUV___ after CRT increased from
73 to 76% with similar accuracies.

The mean initial ADC value in patients with a
pCR after CRT was significantly lower than in the
no pCR group (0.94 + 0.12 X 1073 mm?/s vs. 1.2
+ 0.24 X 1073 mm?¥s; p=0.0020) (Figure 2). ROC
curve analysis of the initial ADC value revealed an
optimal cut-off point of 1.06 X 1073 mm?/s which
allowed us to adequately assess pCR with a sensitivity
of 100% and a specificity of 87.5%.

The individual analysis of the FDG-PET pro-
vided us with threshold values both during and after
CRT (> 40% and > 76% respectively). If we apply
both threshold values on our data set we were able
to correctly classify 21 of 22 patients (Figure 3). Only
one patient was misclassified as a pCR while remnant
tumor cells were found on pathology. This results in
a sensitivity of 100% and a increased specificity and
PPV of 94% and 86% respectively.

The ASUV___ value during and after CRT was
plotted out against the initial ADC value for each indi-
vidual patient (Figure 4a and b respectively). Patients
with a ASUV___ > 40% during CRT without a pCR
at pathology had a significantly higher initial ADC
value than patients with a pCR at pathology (ADC =
1.3 = 0.3 X 1072 mm?s vs. 0.94 = 0.11 X 1073
mm?/s, p=0.036). Similarly patients with a ASUV___
> 76% after CRT without a pCR had a significantly
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Figure 2. Box plot of initial ADC value correlated with pCR.

higher initial ADC value than patients with pCR
(1.17 = 0.069 X 103> mm?/s vs. 0.94 + 0.12 X 1073
mm?/s, p=0.014).

Both during and after CRT the combination of
the thresholds of ASUV___and ADC decreased the
number of false positive results and consequently
increased specificity and PPV. During CRT the
combination of a ASUV___ > 40% and an ADC
value = 1.06 X 1072 mm?/s allowed us to identify a
pCR with a sensitivity of 100% a specificity of 94%
and a PPV of 86% (Figure 5a). Also, the combination
of the provided threshold for ASUV___ after CRT
and initial ADC was able to correctly predict the
response in all 22 patients (Figure 5b).

Discussion

This prospective study investigated the use of two
functional imaging modalities, FDG-PET and DW-
MRI for the prediction and early assessment of
response to CRT in rectal cancer. These data suggest
a potential benefit in combining different time points
of FDG-PET analysis and combining different func-
tional imaging modalities. Our data largely confirm
earlier reports that FDG-PET/CT measurements can
be used for response assessment during and after
CRT. Three studies already reported on the use of
sequential FDG-PET/CT imaging during and after
preoperative CRT for rectal cancer [14-16]. Despite
the various differences in study set-up, scan type,
pathological evaluation and metabolic evaluation the
main message in these three studies is similar. The
metabolic response to CRT in rectal cancer with
FDG-PET/CT is correlated with the histopathologi-
cal response and may be useful for early assessment
in rectal cancer. These studies provide more or less
similar cut-off values, however differences in study set
up make a direct comparison of the results impossi-
ble. Interestingly, normalization for the blood glucosis
level increased the significance of the correlation with
pCR both during and after CRT, and even increased
specificity with the provided threshold during CRT.
This observation is similar to recent findings by Jans-
sen et al. [29]. Although this normalization is a rough
correction of the provided PET data, the increased
accuracy in both studies suggests the necessity of
minimizing the potential errors of the PET analysis
and adequate standardization of the scanning proto-
col to utilize the full predictive power of FDG-PET.

Another essential difference between studies is
the histopathological evaluation of the resection
specimen. Both by Janssen et al. and Cascini et al.
tumor regression grading (TRG) was used to identify
responders from non responders [14,15]. In this study
we chose to correlate the metabolic response and the
ADC value with pCR. A pCR after neoadjuvant
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Figure 3. Accuracies of the individual and combined threshold values for ASUV  during and after CRT.

database of the large randomized German trial Rodel
et al. found that the prognosis of patients with TRG
4 is better than patients with TRG 2-3 and this in
turn is better than TRG 0-1 [31]. This implies that
the TRG 0-2 vs. TRG 3-4 division as used by Janssen
et al. and Cascini et al. might not be the correct way
to discriminate responders from non-responders.

CRT in rectal cancer is a well established prognostic
factor associated with increased local control and
overall survival rates [4,7,30]. Several reports also
discuss TRG as a prognostic factor, however the
exact correlation of each grade with prognosis is less
clear and the exact division of responders and non-
responders is highly debated [8,31,32]. Using the
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during (a) and after (b) CRT set out against initial ADC values. Patient with a pCR after CRT are depicted as a
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in (a). The accuracies of the individual and combined threshold values of the initial ADC value and the ASUV after CRT are depicted

in (b).

Furthermore, in this trial TRG 4 patients still do
better than TRG 2-3, so treatment intensification will
still be warranted in these intermediate responders.
In a recent article Bujko et al. investigated 131
patients and found that TRG in patients with resid-
ual cancer had no prognostic value for the incidence
of nodal disease and for DFS [32]. Finally it should
be noted that the interest in early response evaluation
in rectal cancer is fueled by the consideration that
organ preservation is possible in patients with a pCR
after CRT. Considering the higher risk of lymph
node involvement in ypT1+ patients organ preserva-
tion can only be undertaken safely in patients with
a pCR, we believe this should be the main clinical
endpoint for early response evaluation [33]. A poten-
tial drawback using FDG-PET for response assess-
ment is that it cannot differentiate between tumor
and inflammation. Indeed, both Janssen et al. and
Rosenberg et al. found that peritumoral inflamma-
tion resulted in false negative results [14,16]. This
can indirectly be seen in our dataset as well. Although
sensitivity is very high with the provided cut-off
point, specificity is actually too low for clinical use.
If we want to increase our specificity by increasing
the cut-off value sensitivity rates rapidly drop sug-
gesting a lot of false negative results with only a
minor increase in specificity. That is why we believe
other functional imaging modalities can be useful.
The ability of DW-MRI to generate image contrast
based on differences in water mobility makes it well
suited to differentiate viable tumor tissue from
inflammation.

In this limited number of patients the initial ADC
value shows a very good correlation with pCR. The
initial ADC is significantly lower in patients with a
pPCR compared to patients with no pCR after CRT.
The reason for this lies in the tissue cellularity. High

ADC values imply a less restrictive environment such
as interstitial edema and necrosis. Necrosis is associ-
ated with an acidic microenvironment and a low oxy-
gen concentration which influences the response to
radiotherapy and chemotherapy [34,35]. There is
also evidence that it reflects a more aggressive tumor
behavior [36]. Dzik-Jurasz et al. were among the first
to find a strong negative correlation between the
mean pretreatment tumor water ADC and the per-
centage shrinkage of the tumor after chemotherapy
and chemoradiotherapy in rectal cancer [17]. More
recently Sun et al. came to a similar observation in
37 patients with rectal cancer where they saw that
pretreatment the mean tumor ADC in the down-
staged group was lower than that in the non
downstaged group [18].

Despite the small number of patients, we notice
a substantial increase of the specificity and PPV
when we combine the ASUV__ during and after
CRT for each patient. This suggests that while one
single SUV___at one time point is prone to variations
inherent to FDG-PET, the evolution of the SUV___
values during CRT is quite similar in patients with a
pCR after CRT compared to patients without a pCR.
The great disadvantage of determining the ASUV___
prior to surgery is that this time point does not allow
for treatment adaptation. By combining two different
imaging modalities, providing us with complemen-
tary functional information of tumor we increased
the accuracy of the prediction to a similar level, but
at an earlier time point. In this study the combination
of initial ADC calculations and sequential FDG-
PET yielded higher accuracies than the individual
investigations. This provided us with an similar accu-
racy at an earlier timepoint than the combination of
FDG-PET. But even more than FDG-PET, DW-
MRI needs adequate standardization and validation
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before large prospective multicenter trials can be
undertaken to investigate its real value. Also a greater
understanding of the underlying histopathological
changes correlated with the ADC values is necessary
to truly understand the meaning of the provided
ADC values. But in a recent publication Sun et al.
demonstrated that sequential ADC calculation dur-
ing and after CRT also allow for an accurate predic-
tion of tumor downstaging [18]. Also in this study
you can debate on the optimal pathological evalua-
tion of response. Especially considering the fact that
ADC calculations will detect remnant tumor cells as
regions of low ADC value, regardless of the presence
of T-downstaging or not. But these results definitely
warrant further investigation on the role of DW-MRI
at the different time points during treatment of rectal
cancer. We are currently only in the phase of explor-
ing the possibilities of DW-MRI in clinical oncology
and rectal cancer. And before it can be implemented
many questions still require answering.

In general we can state that the integration of
functional and molecular imaging modalities into the
treatment paradigm, together with the numerous
potential molecular markers will provide us with a
bulk of information on each individual patient. A
good cooperation between clinics and statistics will
be necessary to mine these data and provide a predic-
tive model enabling the prediction of the response
for each individual patient allowing to optimize and
individualize treatment.

Conclusion

FDG-PET/CT is a reliable and adequate tool to pre-
dict the response of rectal cancer to preoperative long
course CRT. However for routine use in clinical prac-
tice accuracy will need to improve. The association
of the information at different time points and with
other imaging modalities such as DW-MRI, appear
to overcome these drawbacks and might provide us
with a workable and accurate model on which future
studies on treatment adaptation can be based.
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