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A B S T R A C T

Background and purpose: Apparent diffusion coefficient (ADC) reflects micro-enviromental changes and therefore
might be useful in predicting recurrence prior to brachytherapy. The purpose of this study is to evaluate change
in ADC of the primary tumour and pathologic lymph nodes during treatment and to correlate this with clinical
outcome.
Material and methods: Twenty patients were included who received chemoradiation for locally advanced cervical
cancer between July 2016 and November 2017. All patients underwent magnetic resonance imaging (MRI) prior
to treatment, and three MRIs in weeks 1/2, 3 and 4 of treatment, including T2 and diffusion weighted imaging
(b-values 0, 200, 800 s/mm2) for determining an ADC-map. Primary tumour was delineated on T2 and ADC-map
and pathologic lymph nodes were delineated only on ADC-map.
Results: At time of analysis median follow-up was 15 (range 7–22) months. From MRI one to four, primary
tumour on ADC-map showed a significant signal increase of 0.94 (range 0.74–1.46) × 10−3 mm2/s to 1.13
(0.98–1.49) × 10−3 mm2/s (p < 0.001). When tumour was delineated on T2, ADC-value signal increase (in
tumour according to T2) was similar. All 46 delineated pathologic lymph nodes showed an ADC-value increase
on average from 0.79 (range 0.33–1.12) × 10−3 mm2/s to 1.14 (0.59–1.75) × 10−3 mm2/s (p < 0.001). The
mean tumour/suspected lymph node volumes decreased respectively 51/40%. Four patients developed relapse
(one local and three nodal), without clear relation with ΔADC. However, the median volume decrease of the
primary tumour was substantially lower in the failing patients compared to the group without relapse (19 vs.
57%).
Conclusions: ADC values can be acquired using T2-based tumour delineations unless there are substantial shifts
between ADC-mapping and T2 acquisition. It remains plausible that ΔADC is a predictor for response to EBRT.
However, the correlation in this study was not statistically significant.

1. Introduction

Cervical cancer is a major global problem as it is the fourth most
common cancer in women, with an incidence of 528,000 women/year
and causing 266,000 deaths in 2012 [1]. About 40% of the patients are
diagnosed with locally advanced disease (LACC), for whom chemor-
adiation (CRT) is considered the standard curative care [2–4]. During
the last decades, MRI-guided adaptive brachytherapy has resulted in an
approximately 20% improvement in 5-year local control (LC) [5–10].
However, opportunities remain for further improving LC, especially for
patients with primary tumours > 30 cm3 at the time of brachytherapy

and for FIGO stage IIIA–IVA, as reported LC for the latter group is only
71–79% after 5 years [5,11]. Data published by the EMBRACE-group
revealed the crucial importance of 90% tumour coverage with an
adequate brachytherapy dose (≥85 Gy) for achieving LC [12,13]. A
further step in LC might be achieved by determining which tumours are
at risk of local recurrence and might benefit from further dose escala-
tion at the time of brachytherapy.

In western countries, T2-weighted MRI with its superior soft tissue
contrast compared to CT, is widely used for evaluating tumour spread
in the staging of cervical cancer [14,15]. For tissue characterisation,
such as differentiation between residual tumour and radiation-induced
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changes, other sequences might be needed. Diffusion weighted MR
imaging (DWI) visualises restriction in water mobility in tissue. Micro-
environmental pathologic conditions such as the content of malignant
tumour tissue change the water mobility and could be used as an early
biomarker of response to CRT [16]. DWI is susceptible to T2 shine
through effect for low b-values and to low signal to noise ratio (SNR) for
relatively high b-values [17]. These effects can be mitigated and op-
timal tissue characterisation can be achieved by quantifying the water
mobility on a voxel basis by the so-called apparent diffusion coefficient
(ADC) [17]. This parameter can be determined by fitting an exponential
decay to the signal in various images with various b-values.

With ADC-mapping, one can differentiate between malignant and
non-malignant tissue in a region of interest with good test character-
istics (sensitivity 96%, specificity 100%) [18]. Furthermore, alteration
of mean ADC values (ΔADC) is higher in complete responders compared
to partial and non-responders, and therefore could predict local recur-
rence prior to brachytherapy [19–23].

Since ADC mappings can chart micro-environmental changes in
target areas, it might be used to reduce delineation uncertainties and to
better differentiate between complete and partial/non-responders at
the time of brachytherapy. Brachytherapy treatment could be adapted
accordingly, by escalating the dose for partial/non-responders. In this
study we have investigated the correlation of the ΔADC of the primary
tumour during treatment to clinical outcome (disease recurrence),
based on weekly MRI during external beam radiotherapy (EBRT), also
taking into account FIGO stage and tumour volume. Furthermore, we
have investigated mean ΔADC in pathologic lymph nodes and its cor-
relation with primary tumour ΔADC.

2. Materials and methods

2.1. Patients & treatment

After approval of the institutional ethics review board, twenty pa-
tients with cervical cancer that were eligible for definitive CRT (FIGO
stage IB2-IVA and patients with pathological lymph nodes) were

included in a mono-centre imaging study (CeReMony). All patients
received chemoradiation which consisted of EBRT 45 Gy in 25 daily
fractions, with simultaneous integrated boost (SIB) for pathological
lymph nodes to 57.5 Gy for para-aortic and common iliac nodes, and to
55 Gy for pathological lymph nodes within the pelvis. All fractions were
delivered with a volumetric arc therapy (VMAT) technique. MRI-guided
adaptive brachytherapy was given after two implantations in a total of
four fractions (2 × 2) with high dose rate aiming at a CTVHR

D90% > 90 Gy EQD210 according to the EMBRACE II protocol
[9,10,13]. Patients underwent implantation with tandem and ovoid
applicators compatible with the intracavitary-interstitial technique.

2.2. Imaging protocol

As part of the CeReMony study, all patients underwent three MRIs
during EBRT treatment. The MRI protocol included three T2 weighted,
multislice, turbo spin echo (TSE) sequences. For sagittal, coronal and
transversal orientations, the repetition time/echo time (TR/TE) were
respectively 4518/100 ms, 4649/100 ms, and 6332/100 ms; the TSE
echo spacing/shot length 5.6/194 ms, 7.7/192 ms, and 7.7/192 ms. For
these three MRI sequences the image resolution was
0.9 × 0.9 × 3 mm3, and the reconstructed voxel size was
0.5 × 0.5 × 3 mm3. Additionally, a DWI with fat suppression (Spectral
Attenuated Inversion Recovery, SPAIR) was acquired using a single shot
EPI readout (EPI factor: 53; TR/TE = 12073/75 ms; voxel size
2.5 × 2.5 × 4.0 mm). From this sequence, the apparent diffusion
coefficient (ADC) map was determined by voxel-based, mono-ex-
ponential fitting of the three diffusion weighted images acquired with
the following b-values: 0, 200 and 800 s/mm2 with respectively 2, 2,
and 4 signal averages (NSA).

Thereby, the following equation was used: =S b S( ) (0) - b ADC

All MRI acquisitions were made on the same Philips 1,5 Tesla MRI
scanner (MR-RT Ingenia, Philips Medical Systems, Best, The
Netherlands) in supine treatment position using anterior (dStream
Torso array) and integrated posterior coil arrays. A total of 4 MRI’s
were made (MRI 1–4); the first MRI was performed before starting

Fig. 1. Delineation of a 53-year old women with
FIGO stage IIB cervical cancer. Delineation of the
primary tumour on ADC-map in pink is visualised in
A, while in B the tumour is delineated on T2
weighted imaging (red). In C delineation of a pa-
thological lymph node on ADC-map is shown
(purple), and in F (green). Additionally three re-
ference volumes (S1–3) were created in smooth
muscle: S1 within the high dose EBRT (45 Gy) area
(image D, yellow), S2 well below the caudal border of
the planned radiotherapy field (image E, blue), and
S3 (image F, orange) within the uninvaded part of the
uterine corpus. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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EBRT, the consecutive MRI’s were planned during treatment in week 1,
3 and 4 or in week 2, 3 and 4 of the EBRT treatment. The last MRI was
made before brachytherapy implantation in week 4 of EBRT treatment.
During follow-up routine T2 weighted MR images (without ADC map-
ping) were made at 3 and 12 months after treatment, or when there was
clinical suspicion for recurrence.

2.3. Target definition and delineation

On all MRI’s visible tumour (GTV) was separately delineated on T2
sequence (GTVT2), and on the ADC-map (GTVADC) by one experienced
radiation oncology resident (Fig. 1). GTVT2 is generally well visible on
T2-weighted imaging and was delineated according to existing re-
commendations [9,10]. Typically for GTVADC, the tumour showed a
lower signal on ADC-map which was more homogenous than the sur-
rounding tissue. Delineations were thoroughly checked and, if needed,
adjusted after reaching consensus by a radiation oncologist with
20 years of experience within the field of gynaecological oncology.
Furthermore, all lymph nodes that were considered metastatic (based
on diagnostic MRI and PET-CT) by the multidisciplinary tumour board
were delineated on the ADC map (GTVNx). Additionally three reference
volumes (S1–3) were created in smooth muscle: one within the high
dose EBRT (45 Gy) area (S1), one well below the caudal border of the
planned radiotherapy field (S2), and one within the uninvaded part of
the uterine corpus (S3).

2.4. Analysis

After confirming normality by using the Shapiro-Wilk test, a two-
sided paired t-test was used to compare the volumes of GTVT2 and
GTVADC. In order to investigate the ADC value in visible tumour and its
concordance with the ADC value of suspected lymph nodes during
treatment, mean ADC-values and standard deviations (SD) of GTVADC,
GTVNx, and reference volumes were calculated and visualised. If no
normality was confirmed by neither visual evaluation of histograms nor
the Shapiro-Wilk test, the Friedmans test was used for analyses.
Thereby comparing the concordance of each lymph node with the
primary tumour of that particular patient. The significance of difference
in ADC values during treatment (ΔADC) was evaluated using Friedmans
test. Concordance between GTVADC and GTVNx was calculated using the
Wilcoxon signed rank test.

3. Results

Twenty patients were included with a median follow-up of
15 months (range 7–22 months) at time of analysis (May 2018).
Baseline characteristics are summarised in Table 1. Median age at time
of treatment was 50 years (range 29–70 years). All patients received the
first MRI one to three weeks before treatment. Afterwards, five patients
had MRI 2–4 in week 1, 3 and 4, and 15 patients in week 2, 3 and 4
during EBRT treatment. One patient did not endure the MR acquisition
during week 2, and one did not during week 3. These data were ex-
cluded from the analysis. A total of 46 lymph nodes suspicious for nodal
metastases were identified in 13 patients (median per patient 2, range
1–10). Two patients showed complete local radiological response on
MRI in week 4 and one of these patients already in week 3.

Before treatment the mean volumes were GTVADC 50 cm3 (range
19–125 cm3, SD 33 cm3), GTVT2 51 cm3 (range 19–125 cm3, SD 32 cm3)
and GTVNx 1.1 cm3 (range 0.1–4.0 cm3, SD 1.1 cm3). A paired sample t-
test revealed that the volume reductions of GTVT2 in week 4 of treat-
ment, as compared to MRI 1 (mean 54%, SD 26%, range 7–100%), were
not significantly different from GTVADC volume reductions (mean 51%,
SD 29% range 2–100%) as (p = 0.31). Mean pathologic lymph node
volume reduction during the course of treatment was 40% (SD 48%,
range −113% to 90%, p < 0.001). In 7/46 of the pathologic lymph
nodes there was an overall increase in lymph node volume during

treatment.
Compared to the pre-treatment situation, GTVADC ADC values

showed a significant average increase from MRI 1 to 4 starting from
0.94 (range 0.74–1.46) × 10−3 mm2/s at MRI 1, 1.04
(0.79–1.59) × 10−3 mm2/s at MRI 2, 1.12 (0.84–1.57) × 10−3 mm2/s
at MRI 3 up to 1.13 (0.98–1.49) × 10−3 mm2/s (p < 0.001) at MRI 4
(Fig. 2). ADC values of GTVT2 show a similar increase at MRI1–4 from
0.96 (range 0.72–1.46) × 10−3 mm2/s, 1.00 (0.62–1.65) × 10−3 mm2/
s, 1.10 (0.87–1.59) × 10−3 mm2/s, up to 1.10
(0.7–1.59) × 10−3 mm2/s (p < 0.001), respectively. GTVADC GTVT2

and GTVNx ADC values dit not resemble a normal distribution when
plotted in a histogram (not shown), this was confirmed by the Shapiro-
Wilk test which tested below 0.84 in MRI1–4. ADC values from GTVT2

were not significantly different compared to ADC value in GTVADC,
although on T2 there was a slightly higher standard deviation (0.43 vs.
0.37 × 10−3 mm2/s). From MRI1 to MRI4, ADC values within GTVNx

showed an average increase from 0.79 (range 0.33–1.12) × 10−3 mm2/
s at MRI 1, 0.89 (0.54–1.39) × 10−3 mm2/s at MRI 2, 1.02
(0.56–1.44) × 10−3 mm2/s at MRI 3 up to
1.14(0.59–1.75) × 10−3 mm2/s (p < 0.001) at MRI 4 (Fig. 3). There
was no paired correlation found between ADC value increase of GTVADC

Table 1
Baseline characteristics. FIGO = International Federation of Gynaecology and
Obstetrics; SCC = squamous cell carcinoma; AC = adenocarcinoma;
ASC = adenosqaumous carcinoma.

Parameter Value

Number of patients (n) 20
Median age at start of radiotherapy treatment (years) 50(29–70)
Median follow up (months) 15 (7–22)

FIGO stage
IB 4
IIA 1
IIB 9
IIIB 6

Histopathological subtype
SCC 15
AC 4
ASC 1

Nodal disease
Number of patients 13
Median number of nodes/patient 2 (0–10)

Timing of MRI 1–4 (n)
Week 0-2-3-4 15
Week 0-1-3-4 5

Fig. 2. GTVADC ADC values at baseline (MRI 1) and during treatment (MRI2–4)
shows significant increase in ADC values (p < 0.001).
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and GTVNx within the same patients. The ADC values in reference
sample volumes S1, S2, and S3 did not significantly increase or decrease
during treatment.

After 3 months 12/20 and 12 months 19/20 of the patients showed
complete radiological response to treatment. Four patients developed a
relapse according to radiology reports (Table 2). Patient 1 had regional
and distant relapse 6 months after treatment. When comparing with
MRI before treatment, three lymph node recurrences could be identified
within the initially boost target volumes and had received ≥57.5 Gy.
Seven lymph node recurrences were in the electively treated volume
but without visible nodes in the respective region at time of diagnosis.
Three of them were near high dose boost volumes and got approxi-
mately 55 Gy or more, and 4 got elective dose only. The three nodes
which were identified as target volumes at initial treatment planning
could be identified on ADC mapping on MRI 1–4 and showed ΔADC
during treatment of 0.08 × 10−3 mm2/s, 0.57 × 10−3 mm2/s and
0.42 × 10−3 mm2/s. Patient 2 showed at 9 months diffuse regional and
distant relapse with one node that was within a boost target volume.
This lymph node showed a ΔADC between MRI 1 and 4 of
0.75 × 10−3 mm2/s. Patient 3 showed a relapse in the primary tumour
region on routine MRI at 12 months which was confirmed by histo-
pathology. Patient 4 had relapse also at 12 months after treatment in an
obturator lymph node close to the right parametrium. As shown in
Fig. 4, all four patients with a recurrence showed a maximum GTVADC

volume reduction during treatment of 30%, while 13/16 (81%) of the
patients without recurrence had GTVADC volume reduction well above
this 30%. Similar results were found when GTV was delineated on T2
(not shown). The maximum volume reductions of GTVT2 in patients
with a recurrence was 37%, and 13/16 (81%) of the patients without
recurrence showed a volume reduction of > 41%. A relation between

ΔADC values and recurrence was not found.
There were no significant correlations between GTVADC/T2/Nx vo-

lume reductions/ΔADC and/or baseline characteristics. The correlation
found between volume reduction and ADC increase of the GTVADC

volume was small and not significant (Pearson correlation coefficient
0.43, p = 0.07) as visualised in Fig. 5. No relation between lymph node
volume change, lymph node ΔADC and recurrence was found (Fig. A.1).
If ADC values per patients were plotted, four patients have overall
higher ADC values in GTVADC than the rest of the patients (see Fig. A.2).
In the ADC plot of all separate 46 lymph node GTVNx volumes no si-
milar ‘outliers’ could be identified with overall higher ADC values (see
Fig. A.3).

4. Discussion

In this study we evaluated ΔADC in primary tumour and pathologic
lymph nodes during radiotherapy treatment and found consistent in-
creases at both sites. Furthermore ADC measurements can be acquired
using T2-based delineations, as long as there is no shift between T2 and
ADC mapping. This study has not conclusively identified an appropriate
cut-off point for the ΔADC in GTVADC for identifying patients that
would have an increased risk for recurrence, due to the low number of
events in the study.

To our knowledge, this is the first study that investigates changes in
whole pathologic lymph node ADC values during treatment. In

Fig. 3. GTVNx ADC values of suspected lymph nodes at baseline (MRI 1) and
during treatment (MRI2–4).

Table 2
Patients with recurrence (overall) after median follow-up of 15 months (range 7–22 months). Note that not all nodal recurrences could be found in retrospect on
initial MRI before treatment. However, four of the 46 lymph nodes that were initially treated with a boost up to 55–60 Gy recurred. All regional recurrences included
in-field nodal recurrences. In patient four, none of the lymph nodes that recurred were present at time of diagnose, therefore no ADC value could be derived during
treatment.

Patient # with recurrence 1 2 3 4

FIGO stage IIB IIIB IB2 IIA
Number of positive lymph nodes before treatment 10 4 0 2
Histopathologic subtype SCC SCC AC SCC
Time of recurrence after treatment (months) 6 9 12 12
Type of relapse (local/regional/distant) regional/distant regional/distant local regional
In field lymph nodes (yes/no) yes yes n/a yes
Number lymph nodes within/near high dose boost volume at time of recurrence 6 1 n/a 0
ΔADC in GTVADC or GTVNx between baseline and at 4 weeks during treatment (mm2/s) 0.08; 0.57; 0.42 0.75 0.03 n/a*

Fig. 4. Overall relapse in relation to ADC value increase (blue diamonds) and
volume reduction (red circles) in GTVADC. Each case is connected by a line to
visualise relation between outcomes of individual patients. Red: eighty percent
of the patients with no recurrence after 12 months show a GTVADC reduction
of > 47%, while patients with a recurrence have a tumour reduction of no more
than 30% in this study. Blue: ADC increase of patients with a recurrence is only
slightly lower than patients that have no sign of recurrence. The ‘hollow’ data
points indicate a local relapse whereas the other three patients recurred re-
gionally of whom 2 also distantly. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

P. de Boer, et al. Physics and Imaging in Radiation Oncology 9 (2019) 77–82

80



literature, pathologic lymph nodes have an ADC value of 0.77 and non-
pathologic lymph nodes have an ADC value of 1.00–1.18 × 10−3 mm2/
s [24–26], with an optimal cut-off value of 0.86 × 10−3 mm2/s based
on mean ADC values in one single slice [26]. In our patients, baseline
lymph node ADC values are below that threshold and rise to
1.13 × 10−3 mm2/s during treatment, well above the suggested cut off
value. Rising ADC values of primary tumour during treatment is con-
firmed by others [27,28]. Makino et al. found in 25 patients a rise from
0.89 to 1.25 × 10−3 mm2/s respectively at baseline to 27–47 days after
start of the treatment [28]. They found significantly larger ΔADC in the
complete remission group (0.43 × 10−3 mm2/s) compared to the re-
sidual tumour group (0.25 × 10−3 mm2/s) [28]. A meta-analysis of
Schreuder et al. found a similar ΔADC in complete responders
(0.43 × 10−3 mm2/s), and partial responders (0.26 × 10−3 mm2/s)
[23]. We only observed in one patient with a residual tumour a rise in
the primary tumour ADC value of 0.03 × 10−3 mm2/s which is con-
sistent with their results.

Our study is limited by the relatively low number of patients and
identified individual affected lymph nodes and the low number of
events after treatment. Secondly, the follow-up period of 15 months is
relatively short since 80% of the recurrences occur within up to 3 years
after treatment [6,11,29]. However, this study corresponds well with
former results in the literature; the primary tumour volume is reduced
on average by 51% (literature 50%), and the lymph node tumour vo-
lume by 40% (literature 38%) [3,30,31]. Furthermore both ΔADC va-
lues of GTV and pathologic lymph nodes rise during treatment within
the expected range. Another limitation was the small size of the lymph
nodes making measurements of volume and ADC susceptible to greater
uncertainty (see Fig. A.3). Furthermore, all 46 lymph nodes were ana-
lysed as being independently. However, within the same patient, tu-
mour biology of within separate lymph nodes may be similar. During
median follow-up of 15 months, lymph node relapse rate was 15%
(literature 11–13%), and overall failure was 20% (literature 20%)
[5,32–34].

Higher GTV ADC values were seen in four patients (Fig. A.3). Two of
these cases show tumours that infiltrate around multiple benign cysts
which have a high ADC value. Three of the four patients had adeno-
carcinomas and two of the four patients show regional recurrences. In
future studies, ADC values in adenocarcinomas would be interesting to
investigate, especially because of the well-known worse outcome of this
histopathological type [35]. Additionally, it might be interesting to add
a dynamic contrast enhanced (DCE) sequence to tumour assessment as
some have found non-enhancement a potentially useful predictor for

tumour recurrence [36].
Although there was no significant relation between ΔADC of tumour

or lymph nodes and relapse, all four patients that relapsed (one local
and three regional) showed little tumour reduction (median 19%, range
3–30%) in comparison with the group of non-relapsed patients (median
57%, range 21–100%) (Fig. 4). From past literature we have learned
that initial tumour size (along with other clinical factors like FIGO stage
and histopathologic subtype) and tumour response during EBRT are
important prognostic factors for overall survival and LC [11,37]. Fur-
thermore, available data indicate that FIGO > stage IB2 and (para-
aortic) lymph node involvement before treatment is associated with
higher chance of lymph node and distant relapse [5,13]. Recent lit-
erature from Schernberg et al., demonstrates significantly higher pro-
gression free survival and distant relapse free survival in patients that
showed a GTV reduction > 90% during EBRT in a cohort of 255 pa-
tients treated with CRT and IGABT [38]. They also found significantly
worse local, regional and distant outcomes when GTV and CTVHR

were > 7.5 cm3 and > 25 cm3 respectively at the time of bra-
chytherapy. Therefore, the question is; could poor local response pre-
dict poor regional response to the same treatment that might ask for
intensifying treatment? Schernberg et al. showed a relation between
tumour reduction during EBRT and required dose to the D90% of the
CTVHR for LC, however, they emphasised that more research is needed
to identify those patients that would need dose escalation or dose de-
escalation [38]. As IGABT has improved 5 year LC to > 90% for most
patients [13], the EMBRACE II study [39] focuses on identifying risk
factors for lymph node recurrences.

Primary tumour volume reduction during EBRT is, and ADC in-
crease during EBRT might be, a good predictor for regional and distant
control; however their relation is not fully clarified. Perhaps it is the
tumour biology of the primary tumours and the lymph node metastasis
and their response to treatment that link both outcomes. Therefore,
other interventional strategies might be considered for patients with a
higher risk of regional or distant recurrence, such as a higher dose to
distant lesions which should always be applied with great caution.

In conclusion, as for primary tumours in the cervix, ADC values of
affected nodes increase during EBRT. ADC values can be obtained from
delineated volumes of primary tumour on T2 weighted MR unless there
are substantial shifts between ADC mapping and T2 signal. Evaluation
of ΔADC for primary tumours and affected lymph nodes might help to
better predict response to EBRT and disease outcome. This study is in
line with available evidence that volume reduction of the primary
cervical tumour during EBRT is a prognostic factor for relapse.
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Fig. 5. Primary tumour volume (GTVADC) decrease in relation to ADC increase.
There was no significant correlation found between the two parameters.
Recurrences are visualised in red. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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