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 Abstract 
  Background and purpose . T2 weighted MRI is recommended for image guided adaptive brachytherapy (IGABT) in cervi-
cal cancer. Diffusion weighted imaging (DWI) and the derived apparent diffusion coeffi cient (ADC) may add additional 
biological information on tumour cell density. The purpose of this study was to evaluate the distribution of the ADC 
within target volumes as recommended by GEC-ESTRO: Gross Tumour Volume at BT (GTV BT ), High-Risk Clinical 
Tumour Volume (HR-CTV) and Intermediate-Risk Clinical Target Volume (IR-CTV) and to evaluate the change of dif-
fusion between fractions of IGABT.  Material and methods.  Fifteen patients with locally advanced cervical cancer were 
examined by MRI before their fi rst (BT1) and second (BT2) fraction of IGABT, resulting in a total of 30 MR examina-
tions including both T2 weighted and DWI sequences. The Apparent Diffusion Coeffi cient (ADC) was calculated by use 
of three levels of b-values (0, 600, 1000 s/mm 2 ). ADC maps were constructed and fused with the GEC ESTRO target 
contours. The mean ADC value within each target volume was calculated. Furthermore, volumes of low diffusion (ADC low ) 
were defi ned based on an ADC threshold of 1.2 � 10 �3  mm 2 /s, and overlap with target volumes was evaluated. Change 
of ADC level in target volumes and change of ADC low  volume from BT1 to BT2 was also evaluated.  Results . The mean 
ADC was signifi cantly lower in GTV BT  than in HR-CTV (p � 0.001) which again was signifi cantly lower than in IR-CTV 
(p � 0.001). There was no signifi cant change of the ADC low  volume or ADC level within each target structure between 
BT1 and BT2 (p � 0.242). All three GEC-ESTRO volumes contained volumes with low diffusion. The GTV BT  contained 
37.2% volume of low diffusion, HR-CTV 20.3% and IR-CTV 10.8%.  Conclusion . With DWI we were able to fi nd a sig-
nifi cant difference in ADC-values for the three different GEC ESTRO targets. This supports the assumption that the 
target volumes used for dose prescription in IGABT contain tissues with different characteristics, with the tumour 
(GTV BT ) being the volume with the lowest diffusion. No signifi cant changes were found from BT1 to BT2 indicating 
that changes of ADC level and volumes are stable at the time of BT. Further studies are needed to evaluate the role of 
DWI in target contouring and dose prescription for IGABT.   
 The interest in using diffusion-weighted magnetic 
resonance imaging (DW-MRI) for tumour imaging 
is rapidly increasing since DW-MRI has the ability 
to discriminate tissue with high cellular density, such 
as tumours, from normal tissue. DW-MRI acquisi-
tion measures the mobility of water in tissue. In 
dense tissue with a low fraction of extracellular space 
water mobility is reduced compared to tissue with a 
large fraction of extracellular space. This has been 
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validated in several studies by comparing DW-MRI 
images with histological fi ndings [1 – 4]. DW-MRI 
may therefore be a valuable diagnostic tool in tumour 
imaging. Based on the DW-MRI acquisition, the 
Apparent Diffusion Coeffi cient (ADC) can be cal-
culated [5]. The ADC value is a quantitative mea-
sure of the diffusion in tissue. Based on the ADC 
value functional diffusion maps (fDM) can be gen-
erated, which describe the probability that tissue is, 
us University Hospital, Skejby, Brendstrupgaardsvej 100, 8200 Aarhus N, 
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indeed, tumour tissue [6 – 8]. Furthermore, DW-
MRI may be an effective modality for monitoring 
tumour response to therapy using the ADC value as 
a quantitative parameter [9,10] for early prediction 
of outcome [11 – 14]. 

 Today the standard treatment of locally advanced 
cervical cancer is external beam radiotherapy (EBRT),  
concomitant chemotherapy and brachytherapy (BT). 
Traditionally the use of BT in cervical cancer has 
widely been based on 2D x-ray dose planning and 
standard dose distributions. However, with this tech-
nique there are very limited possibilities to perform 
dose volume adaptation to a 4D target such as a 
regressing cervical cancer [15]. A prerequisite for 
image guided adaptive BT (IGABT) has therefore 
been the development of an adaptive BT target con-
cept that includes both space and time domains as 
exemplifi ed by the GEC-ESTRO recommendations 
[16]. The introduction of image based target assess-
ment has signifi cantly improved the possibilities to 
prescribe, optimise, and report doses in a reproduc-
ible way [17 – 22]. 

 T2 weighted (T2W) MRI is recommended by 
GEC-ESTRO [23] for target delineation in image 
guided adaptive brachytherapy (IGABT). According 
to the GEC ESTRO guidelines the Gross Tumour 
Volume at the time of BT (GTV BT ) together with 
the remaining cervix and suspicious grey zones 
forms the High Risk Clinical Target Volume (HR-
CTV) which should be treated to a high dose level 
(i.e. 80 – 85 Gy EQD2 ). The Intermediate Risk Clinical 
Tumour Volume (IR-CTV), which surrounds the 
HR-CTV, is defi ned based on the extension of 
the tumour at the time of diagnosis. A moderate dose 
level (usually 60 Gy EQD2 ) is recommended in this 
region to address microscopic disease [16]. 

 The purpose of this study was 1) to evaluate the 
ADC levels in the BT target volumes: GTV BT , HR-
CTV and IR-CTV, 2) to describe the distribution of 
low diffusion volumes and 3) to evaluate the change 
in size of low diffusion volumes and the change of 
ADC level for the GEC-ESTRO targets between 
fractions of BT.  

 Material and methods 

 At Aarhus University Hospital, Denmark, MRI based 
IGABT has been performed in locally advanced 
cervical cancer according to the GEC ESTRO guide-
lines since 2005. Diffusion weighted MRI has since 
2008 been performed routinely at the time of BT, 
whenever possible for time constraints. In this study 
15 patients were analysed according to the availa-
bility of DWI scans. One patient had FIGO stage 
IB 2  tumour, 13 patients had stage IIB tumours and 
one patient had stage IIIB tumour. Four patients had 
adenosquamous carcinomas and 11 had squamous 
cell carcinomas. All patients received a combination 
of external beam radiotherapy (EBRT) and BT. Con-
comitant chemotherapy (weekly cisplatin, 40 mg/m 2 ) 
was given to all patients with suffi cient kidney and 
bone marrow function. Detailed description of tar-
get volumes and EBRT and BT technique has been 
previously described [18]. EBRT was delivered by 
4-fi eld box or IMRT with a prescribed dose of 45 – 50 
Gy to the CTV-E (elective target volume). Pulsed 
dose rate (PDR) BT using a MRI compatible tandem-
ring applicator (GammaMed, Varian Medical Systems, 
Charlottesville, VA, USA) was initiated during the 
last one to two weeks of EBRT with 2 fractions of 
15 – 17.5 Gy delivered in 15 – 20 pulses with a pulse 
dose of 0.5 – 1 Gy per hour. In patients with large 
tumours titanium needles were inserted to enable 
suffi cient brachytherapy coverage (needles in seven 
patients at BT1 and in fi ve patients at BT2). The two 
BT fractions were separated by 5 – 12 days always 
respecting a maximal overall treatment time of seven 
weeks including both EBRT and BT.  

 MR imaging 

 MRI examination was performed on a 1.5T Siemens 
Symphony MR scanner (Siemens, Erlangen, Germany) 
with the BT applicator in situ. MR examination of 
patients was performed prior to each BT fraction 
resulting in a total of 30 examinations (two per 
patient). The MR imaging protocol included a 
T1W para-transversal Turbo spin echo (TSE) 
sequence (TR � 710 ms, TE � 14 ms, 0.8 � 0.8 � 3.0 
mm resolution), a T2W TSE para-transversal TSE 
sequence (TR � 4000 ms, TE � 112 ms, 1.1 � 1.1 � 
4.0 mm resolution, 1.0 mm gap), both acquired per-
pendicular to the tandem, and a transversal diffusion 
weighted echo-planar imaging (EPI) based sequence 
(2.2 � 2.2 � 5.5 mm resolution) with three b-values 
(0, 600 and 1000 s/mm 2 ). Target contouring 
(GTV BT , HR-CTV, IR-CTV) was performed based 
on the para-transversal T2W images as recommend 
by the GEC-ESTRO guidelines.   

 DWI analysis 

 Target contours (GTV BT , HR-CTV, IR-CTV) 
and images used for contouring (T2W images) 
were exported from the dose-planning system 
(Brachyvision, Varian) and read into an in-house 
software tool developed using Matlab (Mathworks, 
Natick, Massachusetts  , USA) together with the 
DW-images. DW-images were reformatted to match 
the slice orientation of the tumour contours. Para-
transversal T2W images were fused with the DW-
images using DICOM-coordinates. To compensate 



980  S . Haack et al.  
for geometrical distortions due to the DWI sequence 
(EPI based) manual adaptations (translation) were 
performed in each slice to match the position of 
the brachytherapy applicator position. Calculation 
of ADC images using three b-values (0, 600 and 
1000 s/mm 2 ) was performed. ADC values below 
0.1 � 10 –3  mm 2 /s were not included in the calcu-
lations in order to reduce noise and voxels with 
zero signal. To analyse the part of the HR-CTV 
surrounding the GTV BT  and similarly the part of 
the IR-CTV surrounding the HR-CTV, two new 
volumes were calculated:  Δ HR-CTV  �  HR-CTV  ÷  
GTV BT  and  Δ IR-CTV � IR-CTV  ÷  HR-CTV 
(Figure 2). Mean ADC values for these three 
volumes (GTV BT ,  Δ HR-CTV and  Δ IR-CTV) were 
calculated and compared using Students t-test. 

 Based on previous studies [24,25] volumes with 
low diffusion (ADC low ) within the IR-CTV were 
identifi ed using an ADC threshold value of 1.2 � 
10 –3  mm 2 /s (Figure 1). The distribution of ADC low  
volumes in the three GEC-ESTRO volumes was 
evaluated, exemplifi ed here for GTV BT : (ADC low, 

volume /GTV BTvolume ) � 100 [%]. Students paired t-test 
was used to compare ADC-values for the different 
GEC-ESTRO volumes and testing differences 
between measurements at B1 and BT2.    

 Results 

 An example of an ADC map fused with the GEC-
ESTRO BT target-contours is shown in Figure 1. 
The mean ADC values for the three volumes were: 
GTV BT   �  1.35 � 0.19 � 10– 3  mm 2 /s,  Δ HR-CTV  � 
1.58  �  0.18 �10 –3  mm 2 /s and  Δ IR-CTV � 1.84  �  
0.17 � 10 –3  mm 2 /s. Mean ADC value for GTV BT  was 
signifi cantly lower than for the volume  Δ HR-CTV 
(p � 0.001), and mean ADC value of  Δ HR-CTV 
was signifi cantly lower than  Δ IR-CTV (p  �  0.001) 
(Figure 3). Table I shows the volume of the GEC 
ESTRO targets and the volume of ADC low  
for both BT1 and BT2. The change of ADC low  vol-
umes between BT1 and BT2 was not signifi cant 
(p � 0.151). The ADC low  volume within the three 
volumes (GTV BT ,  Δ HR-CTV and  Δ IR-CTV) was 
calculated (Table I). The GTV BT  had the largest 
percentage of ADC low  volume, 36.87% (BT1) and 
37.57% (BT2) (Table I). No signifi cant change of 
ADC level was found for the three volumes com-
pared between BT1 and BT2 (Table II). Susceptibil-
ity artefacts degraded DW-image quality in areas 
where air cavities in rectum and intestines were 
situated close to the cervix.   

 Discussion 

 The contouring strategy described in the GEC-
ESTRO guidelines defi nes GTV BT  as the macro-
scopic tumour, HR-CTV as volume containing 
residual macroscopic tumour and IR-CTV as vol-
ume containing microscopic tumour. We found a 
signifi cant difference of ADC-values for the three 
different volumes, with the lowest ADC-values found 
for the GTV BT  and highest for the IR-CTV, support-
ing the assumption that the volumes contain a step-
wise decrease in tumour cell density. The mean ADC 
found for the tumour (GTV BT ) was higher than 
found in other studies evaluating cervical cancer, 
where values ranged from 0.757 � 10 –3  mm 2 /s [26] 
to 1.117 � 10– 3  mm 2 /s [24,25,27]. Although the 
ADC in theory should be comparable across studies 
the ADC depends strongly on the DWI sequence 
parameters such as choice of b-values [28] diffusion 
  Figure 1.     ADC map fused with GEC-ESTRO contours (GTV BT , HR-CTV and IR-CTV). The contour ADC low  was generated using an 
ADC threshold value 1.2 � 10 –3  mm 2 /s and encompasses the volume with low diffusion.  
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gradient amplitude and the time between diffusion 
gradients (the diffusion time) [29,30]. The reason for 
the elevated ADC could also be explained by the 
time of imaging (BT1 and BT2) during the patients 
overall treatment plan. Before receiving BT the 
patients had undergone several weeks of external 
beam radiotherapy (EBRT) and chemotherapy which 
may infl uence the cellularity of the tumour tissue and 
thereby also the resulting ADC [9,10]. 

 No signifi cant change in ADC level and ADC low  
was found from BT1 to BT2, which is in agree-
ment with other studies employing repetitive MRI, 
where in contrast to the fi rst two to three weeks of 
EBRT, little change occurs during the fi nal weeks of 
radiotherapy [31,32]. Studies where changes were 
detected compared the pre-treatment ADC to the 
ADC after at least two weeks of treatment [9,10]. 
We have focused on the fi nal two weeks of the total 
treatment of six to seven weeks, and future analysis 
should be expanded to cover the entire treatment 
plan for the patient: from diagnostic MRI, during 
radiotherapy treatment and follow-up MRI after end 
of treatment. 

 The quantitative stability of the ADC signals at 
time of BT may suggest that the DWI could be used 
as a biological support in a more precise identifi ca-
tion of grey zone boundaries on T2 weighted MRI. 
The GTV BT  volume is the one with the largest per-
centage of ADC low  volume although only approxi-
mately 1/3 of the GTV is identifi ed as ADC low  
volume. But ADC low  volumes are also present in 
both HR-CTV and IR-CTV. In further studies the 
choice of threshold and resulting ADC low  volume 
in the three target volumes should be evaluated. 
It might also reveal if simple thresholding is a 
feasible solution. Some of the voxels identified as 
ADC low  are erroneous ADC calculations due to 
transition between tissues  –  especially the transition 
of the cervix to the surrounding tissue. Our study 
reveals that a more complex detection of ADC low  
volumes than simple threshold is necessary since 
areas in diffusion images containing transitions from 
tissue to noise could wrongly be interpreted as areas 
of low diffusion. This motivates us to move to 3T 
MRI to improve the signal-to-noise ratio and resolu-
tion of the DW-images. This would decrease the 
problem of partial volume effects especially in the 
applicator-tissue transition. The use of 3T MRI 
  Table II. Change of ADC level in the three GEC-ESTRO volumes 
as a function of therapy.   

ADC, BT1 Mean  �  sd 

[� 10–3   mm 2 /s]

ADC, BT2 Mean  �  sd 

[� 10–3   mm 2 /s]

GTV 1.33  �  0.20 1.36  �  0.19
ΔHR-CTV 1.56  �  0.18 1.60  �  0.18
ΔIR-CTV 1.83  �  0.17 1.86  �  0.16
  Table I. GEC-ESTRO and ADClow volumes (mean and sd) for 
BT1 and BT2 and the amount of ADClow volumes in the target 
volumes.   

BT1 BT2

GTV [cm3] 
(Mean  �  sd)

 1.17  �  0.77  0.94  �  0.77

HRCTV [cm3] 
(Mean  �  sd)

 42.41  �  16.93  41.27  �  17.76

IRCTV [cm3] 
(Mean  �  sd)

100.65  �  29.06 102.36  �  28.95

ADClow [cm3] 
(Mean  �  sd)

 16.38  �  16.08 11.90  �  9.19

 10%-percentile  5.62  3.66
 90%-percentile 28.94 29.90
%ADClow in GTV 

(Mean  �  sd)
 36.87  �  17.76  37.57  �  21.36

%ADClow   in ΔHRCTV 
(Mean  �  sd)

 21.83  �  14.11  18.68  �  13.71

%ADClow   in ΔIRCTV 
(Mean  �  sd)

12.10  �  8.89  9.50  �  6.78
  Figure 3.     Plot of mean ADC for all DW-MRI acquisitions for 
the three volumes analysed: GTV BT ,  Δ HR-CTV and  Δ IR-CTV. 
Filled circles represent values from BT1 and hollow circles values 
from BT2. The vertical line indicates the mean ADC value.  
  Figure 2.     Defi nition of the calculated volumes  Δ HR-CTV 
and  Δ IR-CTV based on the GEC-ESTRO volumes HR-CTV and 
IR-CTV.  
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with more power-full gradients will also allow us to 
acquire DW-images at more b-values. This would be 
preferred enabling a more reliable calculation of the 
ADC. Multiple b-values ranging from 50 – 2000 
s/mm 2  would allow us to evaluate other models for 
diffusion in tissue [33,34]. With more b-values avail-
able the diffusion images at lower b-values ( �  150 
s/mm 2 ) could be excluded from the ADC calcula-
tion since the diffusion signal at low b-values is 
believed to be dominated by perfusion. The use of 
titanium needles generated severe susceptibility 
artefacts in the DW-images thus resulting in errone-
ous ADC values around the needles. These errone-
ous ADC values due to needles did not infl uence 
the mean ADC for the volume greatly. They resulted 
in signal voids in the ADC image and these voxels 
were not included in the calculations. At 3T MRI 
the susceptibility artefacts from metal is increased 
compared to 1.5T, which further sustain the need 
to exchange titanium with plastic needles. 

 Generally susceptibility artefact is a major prob-
lem for DW-MRI used for this application: applicator-
tissue transition and air-tissue transition when rectum 
and/or intestines are close to the cervix. Susceptibility 
artefacts are due to local in-homogeneities and one 
approach for measurement and compensation of these 
is the use of B0 maps where resulting pixels shifts can 
be calculated. The feasibility of this approach should 
be evaluated in future studies. Another approach for 
correcting geometrical distortions could be the use of 
deformable registration [35], although this would be 
challenging since anatomically structures are poorly 
visible at high b-values. 

 The use of functional imaging in dose-planning 
of radiotherapy has the potential to improve the 
individual dose plan and to monitor the result of 
treatment over time. Several modalities are suggested 
as candidates. PET/CT, dynamic contrast-enhanced 
MRI (DCE-MRI) and DW-MRI are all of potential. 
They describe different characteristics of tumour 
tissue (cellular activity, perfusion and density) and 
do therefore not necessary high-light the same volumes 
[36]. The challenge will be to include the optimal 
combination of image modalities and sequences with 
an optimal timing with regard to treatment progres-
sion and tumour response. 

 In conclusion we found a signifi cant difference of 
ADC-values for the three different GEC ESTRO 
targets. This supports the GEC ESTRO strategy 
of target volume contouring with volumes having 
different tumour tissue characteristics. No signifi -
cant changes were found from BT1 to BT2 indicat-
ing that changes of ADC level and volumes are stable 
at the time of BT. Further studies are needed to 
evaluate the role of DWI for target contouring and 
dose prescription for IGABT.   
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