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Objective: To determine the utility of volumetric diffusion weighted imaging (DWI) compared to other
clinical factors for predicting recurrence and survival in cervical cancer patients treated with definitive
chemoradiation.
Methods and materials: We retrospectively studied cervical cancer patients treated with definitive
chemoradiation between 2009–2013 at a single institution with a baseline MRI with DWI and
18F-FDG positron emission tomography/computed tomography (FDG-PET) scan. To identify clinical
and imaging metrics correlated with survival and recurrence endpoints, variable importance values were
calculated from random forest models. To provide clinically relevant threshold values, recursive
partitioning analysis dichotomized patients into potential risk groups based on selected metrics. Cox’s
proportional hazard models assessed the effect of clinical and imaging factors on survival endpoints.
Results: Ninety-three patients were included in the analysis (median age 50 years). At a median follow-
up of 35.6 months, 32 patients (34%) had disease recurrence. In the best multivariate model including
clinical and imaging parameters, 90th percentile ADC < 1.917 was the only significantly associated factor
with worse progression free survival (PFS). Overall survival, PFS, and distant metastasis free survival
(DMFS) were significantly different between patient groups divided on 90th percentile ADC with thresh-
old of 1.917 � 10�3 mm2/s and MRI volume with threshold of 18.9 cc (P = 0.037, P = 0.0002, P = 0.001).
High MRI volume and low ADC were associated with worse clinical outcomes.
Conclusions: Volumetric 90th percentile ADC value of the primary tumor on pretreatment MRI was a sig-
nificant predictor of PFS and DMFS in cervical cancer patients, independent of established clinical factors
and SUV on FDG-PET.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 135 (2019) 58–64
Cervical cancer is the eleventh most common cancer and ninth
most common cause of cancer related death in developed coun-
tries, with approximately 13,000 new cases and 4200 cancer
related deaths per year in the United States [1,2]. For patients with
International Federation of Gynecology and Obstetrics (FIGO) stage
IB2 to IVA disease, definitive concurrent chemoradiation is recom-
mended based on the results of randomized trials [3–7]. Unfortu-
nately, approximately 30% of patients develop disease recurrence
after chemoradiation [3–7]. Although certain clinical factors such
as stage, histology, tumor size, tumor grade, and lymph node status
can help predict for patients who are at risk of worse outcomes,
improved prognostication of patients with a higher risk of relapse
who may benefit from treatment intensification is of paramount
importance [8].

Functional magnetic resonance imaging (MRI) with diffusion
weighted imaging (DWI) is a noninvasive imaging technique that
measures the mobility of water, which offers a metabolic and
physiologic view of the tumor microenvironment [9,10]. Apparent
diffusion coefficient (ADC) is used to quantify DWI, and in general,
malignant tumors have a lower ADC, reflecting the restricted
motion of water molecules thought to be due to higher cellularity
[10]. The prognostic value of DWI MRI has not been well defined in
cervical cancer patients treated with definitive chemoradiation.
Studies have reported on different ADC parameters, and the data
have also been conflicting on whether a lower or higher pretreat-
ment ADC portends a worse outcome [11–19]. In addition, several
studies were limited by only using limited axial slices, rather than

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2019.02.012&domain=pdf
https://doi.org/10.1016/j.radonc.2019.02.012
mailto:aklopp@mdanderson.org
https://doi.org/10.1016/j.radonc.2019.02.012
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


J.C. Ho et al. / Radiotherapy and Oncology 135 (2019) 58–64 59
volumetric delineation, to quantify ADC, or by lack of long-term
follow-up and analysis of survival and recurrence outcomes.

In this study, we sought to examine the utility of volumetric
DWI MRI compared to other clinical factors for predicting recur-
rence and survival in cervical cancer patients treated with defini-
tive chemoradiation.
Materials and methods

Patient selection

In this institutional review board approved study, our institu-
tion’s tumor registry database was used to identify cervical cancer
patients treated with definitive chemoradiation between 2009 and
2013. All patients included had an MRI with DWI sequence per-
formed at baseline and an 18F-FDG Positron emission tomogra-
phy/computed tomography (PET/CT) scan performed at baseline,
and at follow-up after chemoradiation. All patients who received
definitive radiation treatment with curative intent, as determined
at the time of initial consultation, were included. Two patients
with stage IVB disease were included who initially had suspicion
of distant metastasis but a complete metabolic response to induc-
tion chemotherapy prior to definitive chemoradiation. Three
patients did not receive concurrent chemotherapy secondary to
comorbidities. Overall, ninety-three patients who met the above
criteria were included in this retrospective analysis. Institutional
records were used to extract patient, disease, imaging, and treat-
ment characteristics as well as survival outcomes.
Imaging analysis

MRI was performed on a 1.5T GE whole body MRI system
(Signa; GE Healthcare, Waukesha, Wisconsin). All studies used
body coil transmission and an 8-channel phased array pelvic RF
coil for signal reception. Unenhanced T1 weighted axial images,
T2 weighted sagittal and axial images, and post-contrast T1
weighted axial images were obtained after intravenous gadolinium
administration. Vaginal gel was consistently instilled. Three b val-
ues were used (0, 50 and 800) for the diffusion sequence. The per-
fusion component of the diffusion was 0–50, and 50–800 the
diffusion component. Enhanced DWI was used, and the ADC map
was automatically generated. ADC maps were calculated using all
three B values. Three-dimensional volumetric segmentation of
the primary tumor was first performed on T2 axial images and
the tumor volume was extracted. Image segmentation was per-
formed by a single physician, who was blinded to outcome. The
DWI image set was then co-registered to the T2 images using a
commercial image registration software, Velocity AI v.3.01 (Varian
Medical Systems, Atlanta, GA). Subsequently, gross tumor volume
(GTV) region of interests (ROIs) were propagated to the co-
registered DWI and ADC maps. The ADC values for all voxels
included in these ROIs were assessed through histogram analysis,
and several parameters were extracted for analysis: mean ADC,
10th percentile ADC, 20th percentile ADC, 30th percentile ADC,
40th percentile ADC, 50th percentile ADC, 60th percentile ADC,
70th percentile ADC, 80th percentile ADC, 90th percentile ADC,
and maximum ADC.

A PET/CT was obtained one hour after injection of approxi-
mately 15 mCi [555 MBq] radiolabeled FDG on an integrated PET/
CT scanner (Discovery ST-8, GE Healthcare). Patients were NPO 6
hours prior to the study. Patients underwent imaging only if the
baseline blood glucose level was <150 mg/dl (8.3 mmol/L) on
pre-imaging measurement. Baseline maximum tumor standard-
ized uptake value (SUV) was measured on PET/CT by the reading
radiologist, documented from MIM software (MIM Software Inc.
Cleveland, OH).
Treatment

All patients were treated with external beam pelvic radiation,
and dose, treatment fields, and technique were at the discretion
of the treating radiation oncologist. Radiation was given to a
total dose of 40–45 Gy at 1.8–2 Gy per fraction. Typically, the
pelvis was treated with four-field 3D-conformal technique.
Patients who needed treatment of para-aortic nodes typically
were treated with intensity modulated radiation fields matched
to a 3D-conformal pelvic field. Within one week after completion
of external beam radiation therapy, most patients received two
pulsed-dose-rate intracavitary pulsed dose rate brachytherapy
treatment using an after-loaded tandem and ovoid system, deliv-
ered 10–14 days apart. Each brachytherapy session lasted
approximately 44–48 h, with a goal total dose delivered of 85–
90 Gy. Brachytherapy treatment planning was performed using
volume-based dosimetry. The high-risk clinical target volume
was defined per GEC-ESTRO guidelines using a post-implant,
same-day CT scan, including the cervix as well as any gross
residual disease and any intrauterine or intravaginal disease with
a goal total dose delivered of 85–90 Gy [20]. Patients with base-
line nodal or parametrial/pelvic sidewall involvement received
an external beam boost, which was given in between
brachytherapy treatments, to goal total doses of 56–66 Gy for
lymph nodes and 60–66 Gy for parametrial/sidewall involve-
ment, depending on size, response to initial radiation, and adja-
cent critical structures. Concurrent cisplatin was delivered
weekly, at a dose of 40 mg/m2.
Follow-up

After chemoradiation, patients were followed with exam and
pelvic imaging typically every 3–6 months for 2–3 years, then
yearly.
Recurrence

Follow up PET/CTs were used to assess for recurrence, and any
avidity above background considered concerning for recurrence
and subsequently followed by biopsy, unless there was imaging
evidence of widely metastatic disease. Central recurrence was
defined as any recurrence in the original cervical tumor region.
Nodal recurrence was defined as any recurrence within the pelvic
region included within radiation fields. Locoregional recurrence
included central or nodal recurrences or both.
Statistical analysis

Endpoints assessed included overall survival, progression free
survival, freedom from local failure, freedom from locoregional
failure, freedom from distant metastasis, and freedom from recur-
rence. All survival rates were calculated from the end date of radi-
ation. For progression free survival, local failure, locoregional
failure, distant metastases, and death were scored as events.

To identify possible clinical and DWI derived metrics correlated
to each endpoint, we calculated variable importance values from
random forest models [21]. For each endpoint, we use the Gini
importance measure, which incorporates a weighted mean for
each individual trees’ improvement at each split (or branch) pro-
duced for each variable in the model. One-thousand random for-
ests models were ran for each endpoint in R using the
randomForest package [22], and the features with the highest
cumulative Gini importance scores were selected as potential fea-
tures for further modeling. To provide clinically relevant threshold
values, the selected features were then used as inputs in a
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recursive partitioning analysis (RPA) to dichotomize patients into
potential risk groups on a per endpoint basis.

Data analysis was performed using Stata/MP 13.0 statistical
software. Fisher’s exact test assessed measures of association in
frequency tables. The equality of group medians was assessed with
the Wilcoxon rank-sum (Mann–Whitney) test. The survival func-
tion was carried out using Kaplan–Meier estimates. The log rank
test assessed the equality of the survivor function across groups.
A p-value of 0.05 or less was considered to be statistically signifi-
cant. Statistical tests were based on a two-sided significance level.

The Cox’s proportional hazard model assessed the effect of fac-
tors of significance on the survival end points for univariate and
multivariate analysis. The estimated hazard ratio is reported. Vari-
ables such as age, baseline SUV, baseline mean ADC, and MRI vol-
ume were analyzed both continuously as well as by categorizing
above and below the median. Multivariate analysis was performed
on all factors found to have a p-value of 0.25 or less on univariate
analysis. Backward elimination was performed with the least sig-
nificant factor eliminated in a step-wise manner until the most sig-
nificant variables were identified.
Results

Patient, tumor and treatment characteristics

Baseline patient, imaging, and treatment characteristics are
listed in Table 1. Sixty-six patients (71%) had squamous cell carci-
noma. The remaining 27 patients (29%) had adenocarcinoma
(n = 19), adenosquamous (n = 4), clear cell (n = 2), small cell
(n = 1), or carcinoma not otherwise specified (n = 1). Fifty-nine
patients (63%) had positive lymph nodes at diagnosis: 49 patients
(83%) with pelvic lymph node involvement and 10 (17%) with para-
aortic lymph node involvement. The median maximum SUV of the
Table 1
Baseline patient, tumor, and treatment characteristics.

Characteristic No. of Pts (%) (n = 93)

Median age at diagnosis, years (range) 50 (26–94)
Tumor Histology, n (%)
Squamous 66 (71%)
Adenocarcinoma/Other 27 (29%)

Tumor differentiation, n (%)
Well 1 (1%)
Moderate 40 (43%)
Poor 37 (40%)
Unknown 15 (16%)

FIGO stage, n (%)
IB1 6 (6%)
IB2 23 (25%)
IIA 7 (8%)
IIB 30 (32%)
III 21 (23%)
IV 6 (6%)

Lymph node involvement
Positive 59 (63%)
Para-aortic 10 (17%)
Pelvic 49 (83%)

None 34 (37%)
Baseline PET SUV max
Median (range) 15.1 (4.6–43.4)

MRI tumor volume (cm3)
Median (range) 43.5 (2.6–994.3)

90th percentile ADC
Median (range) 1.87 (0.76–5.76)

Mean ADC
Median (range) 1.25 (0.12–3.92)

Abbreviations: 3D = 3-dimensional; ADC = apparent diffusion coefficient;
FIGO = International Federation of Gynecology and Obstetrics; MRI = magnetic
resonance imaging; PET SUV = positron emission tomography standardized uptake
value.
primary tumor on baseline PET/CT was 15.1 (range, 4.6–43.4). The
median mean ADC of the primary tumor on baseline DWI MRI was
1.25 � 10�3 mm2/s (range, 0.12–3.92 � 10�3 mm2/s). The median
90th percentile ADC of the primary tumor was 1.87 � 10�3 mm2/s
(range, 0.76–5.76 � 10�3 mm2/s).
Survival

At a median follow-up of 35.6 months (range, 7.8–
64.4 months), 32 patients (34%) had disease recurrence. Eleven
patients (12%) had a central recurrence, 16 patients (17%) had a
locoregional recurrence either centrally or in regional nodes, and
22 patients (24%) had a distant metastasis. Fifty-five patients were
alive and free of disease, 15 alive with disease, and 23 had died of
their disease. The 1-year and 2-year overall survival rates were 91%
and 82%, respectively. The 1-year and 2-year locoregional
recurrence-free survival rates were 86% and 82%, respectively.
The 1-year and 2-year central recurrence-free survival rates were
89% and 87%. The 1-year and 2-year progression-free survival rates
were 74% and 63%.
ADC analysis

Clinical factors including age, FIGO stage, tumor histology and
differentiation, and lymph node positivity and type as well as
DWI MRI parameters including ADC mean, max, 10th, 20th, 30th,
40th, 50th, 60th, 70th, 80th, 90th percentiles, and MRI volume
were included in the random forest variable importance and RPA
analysis. RPA analysis identified the 90th percentile ADC (ADC90)
as well as MRI volume as significant parameters for discriminating
progression-free survival and identified thresholds of
1.917 � 10�3 mm2/s and 18.9 cc, respectively. These variables were
then included in the regression models for survival.
Univariate and multivariate analyses

In univariate analysis for overall survival, para-aortic lymph
node positivity and 90th percentile ADC < 1.917 were significant
factors associated with worse survival, and FIGO clinical stage III-
IV was borderline significant (P = 0.06) (Table 2). In the best multi-
variate model, para-aortic lymph node positivity (P = 0.051) and
90th percentile ADC with a cut-off of 1.917 (P = 0.054) were bor-
derline significantly associated with overall survival (Table 2).

In univariate analysis for progression-free survival, FIGO stage
III–IV, para-aortic lymph node positivity and 90th percentile
ADC < 1.917 were significant factors associated with worse PFS
(Table 3). In the best multivariate model, 90th percentile
ADC < 1.917 was the only significantly associated factor with
worse PFS. Patients with lower 90th percentile ADC (<1.917, com-
pared with �1.917) had a worse progression-free survival (HR
2.55, 95% CI 1.18–5.49, P = 0.017).

In univariate analysis for distant metastasis free survival, lymph
node positivity, para-aortic lymph node positivity and 90th per-
centile ADC < 1.917 were significantly associated with worse DMFS
(Table 4). In the best multivariate model, lymph node positivity
and 90th percentile ADC < 1.917 were associated with DMFS
(Table 4). Patients with lower 90th percentile ADC (<1.917, com-
pared with �1.917) had worse DMFS (HR 3.57, 95% CI 1.20–
10.63, P = 0.02) as did patients with positive lymph nodes (HR
3.03, 95% CI 1.00–9.18, P = 0.05).

There were no significant associations found between age,
tumor histology, differentiation, and baseline PET SUV maximum
value and OS, PFS, or DMFS on univariate or multivariate analysis.
There were no significant associations found between ADC, or any
other factor, and locoregional recurrence.



Table 2
Univariate/multivariate Cox regression analysis of factors associated with mortality.

Univariate Multivariate

Characteristic HR 95% CI P value HR 95% CI P value

ADC 90th percentile
<1.917 2.72 1.01–7.35 0.048 2.69 0.98–7.34 0.054
�1.917 1.00 – – 1.00 – –

MRI volume 1.00 0.996–1.004 0.84
PET SUV max (baseline) 0.99 0.93–1.05 0.72
Age
<50 1.00 – –
�50 0.74 0.32–1.70 0.48

Histology
Squamous 1.00 – –
Adenocarcinoma/Other 0.80 0.32–2.05 0.65

FIGO Stage
I 1.00 – –
II 0.98 0.31–3.11 0.97
III–IV 2.77 0.96–8.01 0.06

Tumor differentiation
Well-moderate 1.00 – –
Poor 1.15 0.46–2.84 0.77

Lymph Node Positive
No 1.00 – –
Yes 1.74 0.68–4.41 0.25

Lymph Node Type
No lymph nodes 1.00 – – 1.00 – –
Pelvic 1.44 0.54–3.83 0.47 1.20 0.45–3.23 0.72
Para-aortic 3.58 1.08–11.82 0.037 3.29 0.99–10.89 0.051

Bold values indicates statistically significant with P < 0.05.

Table 3
Univariate/multivariate Cox regression analysis of factors associated with progression free survival.

Univariate Multivariate

Characteristic HR 95% CI P value HR 95% CI P value

ADC 90th percentile
<1.917 2.83 1.34–5.98 0.007 2.55 1.18–5.49 0.017
�1.917 1.00 – - 1.00 – –

MRI volume 1.00 0.998–1.003 0.96
PET SUV max (baseline) 1.02 0.97–1.06 0.45
Age
<50 1.00 – –
�50 0.84 0.44–1.58 0.58

Histology
Squamous 1.00 – –
Adenocarcinoma/Other 0.62 0.28–1.35 0.23

FIGO Stage
I 1.00 – – 1.00 – –
II 1.12 0.47–2.67 0.79 0.93 0.39–2.23 0.87
III–IV 2.55 1.13–5.73 0.02 1.98 0.86–4.54 0.11

Tumor differentiation
Well-moderate 1.00 – –
Poor 1.59 0.76–3.32 0.22

Lymph Node Positive
No 1.00 – –
Yes 1.26 0.64–2.51 0.50

Lymph Node Type
No lymph nodes 1.00 – –
Pelvic 1.04 0.51–2.15 0.91
Para-aortic 2.94 1.15–7.49 0.024

Bold values indicates statistically significant with P < 0.05.
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Clinical and ADC threshold analysis

OS, PFS, and DMFS were significantly different between patient
groups with 90th percentile ADC < 1.917, compared with �1.917
on log rank analysis (P = 0.039, P = 0.004, P = 0.007, respectively)
(Fig. 1). OS, PFS, and DMFS were also significantly different
between patient groups divided based on 90th percentile ADC with
a threshold of 1.917 and MRI volume with a threshold of 18.9 cm3

(P = 0.037, P = 0.0002, P = 0.001, respectively) (Fig. 2). The group
with low MRI volume and high ADC had the best clinical outcomes
and the group with high volume and low ADC had the worse
clinical outcomes.
Discussion

Our results show that the volumetric 90th percentile ADC of the
primary tumor on pretreatment MRI was a significant predictor of



Table 4
Univariate/multivariate Cox regression analysis of factors associated with distant metastasis free survival.

Univariate Multivariate

Characteristic HR 95% CI P value HR 95% CI P value

ADC 90th percentile
<1.917 3.98 1.35–11.77 0.01 3.57 1.20–10.63 0.02
�1.917 1 – – 1 – –

MRI volume 0.99 0.995–1.004 0.76
PET SUV max (baseline) 1.04 0.99–1.09 0.12 1.05 0.998–1.10 0.059
Age
<50 1 – –
�50 0.59 0.25–1.38 0.22

Histology
Squamous 1 – –
Adenocarcinoma/Other 0.34 0.10–1.16 0.08

FIGO Stage
I 1 – –
II 1.19 0.39–3.63 0.77
III–IV 2.22 0.74–6.64 0.15

Tumor differentiation
Well-moderate 1 – –
Poor 1.21 0.48–3.06 0.68

Lymph Node Positive
No 1 – – 1 – –
Yes 3.16 1.07–9.35 0.04 3.03 1.00–9.18 0.05

Lymph Node Type
No lymph nodes 1 – –
Pelvic 2.78 0.91–8.45 0.07
Para-aortic 6.28 1.55–25.41 0.01

Bold values indicates statistically significant with P < 0.05.

Fig. 1. Overall survival (A), progression-free survival (B), and distant metastasis free survival (C) were significantly different between patient groups with 90th percentile
ADC < 1.917, compared with �1.917 on log rank analysis (P = 0.039, P = 0.004, P = 0.007, respectively).

Fig. 2. Overall survival (A), progression-free survival (B), and distant metastasis free survival (C) were significantly different between 4 patient groups divided based on 90th
percentile ADC with a threshold of 1.917 and MRI volume with a threshold of 18.9 (P = 0.037, P = 0.0002, P = 0.001, respectively).
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progression-free survival and distant-metastasis free survival in
cervical cancer patients, independent of established clinical factors
and SUV on FDG-PET. We identified a 90th percentile ADC thresh-
old of <1.917 � 10�3 mm2/s that, either alone or in combination
with an MRI volume threshold of >18.9 cm3 distinguishes patients
with significantly worse clinical outcomes including overall sur-
vival, progression-free survival, and distant metastasis free
survival.

While baseline diffusion-weighted imaging and association
with outcomes has been studied in cervical cancer patients,
previous studies have reported on different ADC parameters with
conflicting conclusions on whether lower pretreatment ADC
portends a better or worse outcome [11–19]. The mixed results
in the literature may be due to limitations in ADC evaluation meth-
ods. Of note, several studies only used single or limited axial slice
ROIs to quantify ADC, which has previously been shown to have
significantly less interobserver reproducibility than volumetric
analysis in other solid malignancies [23–25]. Several studies have
previously shown that early change in ADC during chemoradiation
is associated with clinical response [16,17,26,27]. However, there
have only been a few studies in cervical cancer that have examined
the prognostic value of pretreatment ADC in survival and disease
recurrence [13,15,18,28]. Nakamura et al and Himoto et al demon-
strated that lower baseline ADC mean was associated with disease
recurrence in patients treated with primarily radical hysterectomy
[13,28]. In another study, Nakamura et al found that in 69 patients
treated with radiation with or without chemotherapy, lower pre-
treatment and posttreatment ADC mean extracted from 2D ROIs
were associated with worse DFS and OS on univariate analysis,
and posttreatment ADC mean associated with worse DFS and OS
on multivariate analysis [15]. Gladwish et al [11] examined 85
locally advanced cervical cancer patients treated with definitive
chemoradiation and found that lower baseline 95 percentile ADC
was associated with worse disease-free survival. However, this
study did not include baseline PET parameters or MRI tumor vol-
ume, both of which were included in our study.

Additionally, in our study, we used random forest variable
importance measures to identify clinical factors and volumetric
DWI parameters that would add to existing clinical models of dis-
ease prognosis. Through our analysis, we identified that ADC and
MRI volume were more highly ranked variables in terms of associ-
ation with clinical outcomes than even other known important
clinical factors including stage, histology, and lymph node status.
We found pretreatment ADC to be the most significant predictor
of progression-free survival on multivariate analysis, more signifi-
cant than stage or any other clinical factors including histology or
lymph node involvement. Moreover, we identified ADC and MRI
volume threshold cut-offs that divided patients into groups with
significantly different OS, PFS, and DMFS. Eventually, the goal
would be to incorporate DWI into predictive models for identifying
cervical cancer patients who have more aggressive tumors and
may benefit from treatment escalation. In order to do so, we
attempted in our study to identify threshold ADC and MRI volume
cut-offs that can be used as a starting point for validation in future
studies.

In this study, we did not find any significant association with
baseline tumor maximum SUV on PET scan and clinical outcomes.
In other studies, total metabolic tumor volume and total lesion
glycolysis have been associated with more advanced disease at
diagnosis, as well as increased risk of recurrence [29–32]. Higher
tumor avidity on PET has been reported to correlate with survival
in some studies, whereas others have demonstrated no correlation
of baseline SUV and disease recurrence [31,33–37]. Volumetric
quantification of SUV may be a more robust prognostic factor,
which we did not assess in this study.
Our study also has limitations, including its retrospective design
and relatively limited patient size. The optimal threshold values of
baseline ADC and MRI volume in predicting outcome may need to
be further refined in a larger group of patients. Additionally, we did
not have mid- or posttreatment DWI MRI scans available and
therefore could not report on the significance of the change in
ADC or of posttreatment ADC.

In conclusion, the volumetric 90th percentile ADC value of the
primary tumor on pretreatment MRI was a significant predictor
of progression free and distant metastasis free survival in cervical
cancer patients, independent of established clinical factors and
SUV on FDG-PET, and seems to be a useful biomarker that should
be further studied and confirmed in future prospective studies.
Author contributions

Study concept: J.C.H, P.F., C.E.C, A.S.R.M., C.D.F, A.H.K. Data col-
lection and analysis: J.C.H., P.F., C.E.C, A.S.R.M, C.D.F, P.R.B, P.K.A,
A.H.K. Manuscript writing: J.C.H, P.F., C.E.C, A.S.R.M, P.R.B, M.M.F.,
A.J, A.H.K
Funding

No specific funding sources were used for this study.
Disclosures

None.
Acknowledgements

None.
Institutional review board approval was obtained for this study.
References

[1] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin
2017;67:7–30. https://doi.org/10.3322/caac.21387.

[2] Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin 2015;65:87–108. https://doi.org/
10.3322/caac.21262.

[3] Keys HM, Bundy BN, Stehman FB, Muderspach LI, Chafe WE, Suggs CL, et al.
Cisplatin, radiation, and adjuvant hysterectomy compared with radiation and
adjuvant hysterectomy for bulky stage IB cervical carcinoma. N Engl J Med
1999;340:1154–61. https://doi.org/10.1056/NEJM199904153401503.

[4] Peters WA, Liu PY, Barrett RJ, Stock RJ, Monk BJ, Berek JS, et al. Concurrent
chemotherapy and pelvic radiation therapy compared with pelvic radiation
therapy alone as adjuvant therapy after radical surgery in high-risk early-stage
cancer of the cervix. J Clin Oncol Off J Am Soc Clin Oncol 2000;18:1606–13.
https://doi.org/10.1200/JCO.2000.18.8.1606.

[5] Rose PG, Bundy BN, Watkins EB, Thigpen JT, Deppe G, Maiman MA, et al.
Concurrent cisplatin-based radiotherapy and chemotherapy for locally
advanced cervical cancer. N Engl J Med 1999;340:1144–53. https://doi.org/
10.1056/NEJM199904153401502.

[6] Whitney CW, Sause W, Bundy BN, Malfetano JH, Hannigan EV, Fowler WC,
et al. Randomized comparison of fluorouracil plus cisplatin versus
hydroxyurea as an adjunct to radiation therapy in stage IIB-IVA carcinoma of
the cervix with negative para-aortic lymph nodes: a Gynecologic Oncology
Group and Southwest Oncology Group study. J Clin Oncol Off J Am Soc Clin
Oncol 1999;17:1339–48. https://doi.org/10.1200/JCO.1999.17.5.1339.

[7] Eifel PJ, Winter K, Morris M, Levenback C, Grigsby PW, Cooper J, et al. Pelvic
irradiation with concurrent chemotherapy versus pelvic and para-aortic
irradiation for high-risk cervical cancer: an update of radiation therapy
oncology group trial (RTOG) 90–01. J Clin Oncol Off J Am Soc Clin Oncol
2004;22:872–80. https://doi.org/10.1200/JCO.2004.07.197.

[8] Rose PG, Java J, Whitney CW, Stehman FB, Lanciano R, Thomas GM, et al.
Nomograms predicting progression-free survival, overall survival, and pelvic
recurrence in locally advanced cervical cancer developed from an analysis of
identifiable prognostic factors in patients from NRG oncology/gynecologic
oncology group randomized trials of chemoradiotherapy. J Clin Oncol Off J Am
Soc Clin Oncol 2015;33:2136–42. https://doi.org/10.1200/JCO.2014.57.7122.

https://doi.org/10.3322/caac.21387
https://doi.org/10.3322/caac.21262
https://doi.org/10.3322/caac.21262
https://doi.org/10.1056/NEJM199904153401503
https://doi.org/10.1200/JCO.2000.18.8.1606
https://doi.org/10.1056/NEJM199904153401502
https://doi.org/10.1056/NEJM199904153401502
https://doi.org/10.1200/JCO.1999.17.5.1339
https://doi.org/10.1200/JCO.2004.07.197
https://doi.org/10.1200/JCO.2014.57.7122


64 Volumetric ADC Cervical Cancer
[9] Gillies RJ, Bhujwalla ZM, Evelhoch J, GarwoodM, Neeman M, Robinson SP, et al.
Applications of magnetic resonance in model systems: tumor biology and
physiology. Neoplasia N Y N 2000;2:139–51.

[10] Padhani AR, Liu G, Koh DM, Chenevert TL, Thoeny HC, Takahara T, et al.
Diffusion-weighted magnetic resonance imaging as a cancer biomarker:
consensus and recommendations. Neoplasia N Y N 2009;11:102–25.

[11] Gladwish A, Milosevic M, Fyles A, Xie J, Halankar J, Metser U, et al. Association
of apparent diffusion coefficient with disease recurrence in patients with
locally advanced cervical cancer treated with radical chemotherapy and
radiation therapy. Radiology 2016;279:158–66. https://doi.org/10.1148/
radiol.2015150400.

[12] Ho JC, Allen PK, Bhosale PR, Rauch GM, Fuller CD, Mohamed ASR, et al.
Diffusion-weighted magnetic resonance imaging as a predictor of outcome in
cervical cancer after chemoradiation. Int J Radiat Oncol Biol Phys
2017;97:546–53. https://doi.org/10.1016/j.ijrobp.2016.11.015.

[13] Nakamura K, Joja I, Nagasaka T, Fukushima C, Kusumoto T, Seki N, et al. The
mean apparent diffusion coefficient value (ADCmean) on primary cervical
cancer is a predictive marker for disease recurrence. Gynecol Oncol
2012;127:478–83. https://doi.org/10.1016/j.ygyno.2012.07.123.

[14] Nakamura K, Joja I, Kodama J, Hongo A, Hiramatsu Y. Measurement of SUVmax
plus ADCmin of the primary tumour is a predictor of prognosis in patients with
cervical cancer. Eur J Nucl Med Mol Imaging 2012;39:283–90. https://doi.org/
10.1007/s00259-011-1978-7.

[15] Nakamura K, Kajitani S, Joja I, Haruma T, Fukushima C, Kusumoto T, et al. The
posttreatment mean apparent diffusion coefficient of primary tumor is
superior to pretreatment ADCmean of primary tumor as a predictor of
prognosis with cervical cancer. Cancer Med 2013;2:519–25. https://doi.org/
10.1002/cam4.100.

[16] Kuang F, Yan Z, Wang J, Rao Z. The value of diffusion-weighted MRI to evaluate
the response to radiochemotherapy for cervical cancer. Magn Reson Imaging
2014;32:342–9. https://doi.org/10.1016/j.mri.2013.12.007.

[17] Liu Y, Bai R, Sun H, Liu H, Zhao X, Li Y. Diffusion-weighted imaging in
predicting and monitoring the response of uterine cervical cancer to combined
chemoradiation. Clin Radiol 2009;64:1067–74. https://doi.org/10.1016/j.
crad.2009.07.010.

[18] Heo SH, Shin SS, Kim JW, Lim HS, Jeong YY, Kang WD, et al. Pre-treatment
diffusion-weighted MR imaging for predicting tumor recurrence in uterine
cervical cancer treated with concurrent chemoradiation: value of histogram
analysis of apparent diffusion coefficients. Korean J Radiol 2013;14:616–25.
https://doi.org/10.3348/kjr.2013.14.4.616.

[19] McVeigh PZ, Syed AM, Milosevic M, Fyles A, Haider MA. Diffusion-weighted
MRI in cervical cancer. Eur Radiol 2008;18:1058–64. https://doi.org/10.1007/
s00330-007-0843-3.

[20] Dimopoulos JCA, Petrow P, Tanderup K, Petric P, Berger D, Kirisits C, et al.
Recommendations from gynaecological (GYN) GEC-ESTRO Working Group
(IV): basic principles and parameters for MR imaging within the frame of
image based adaptive cervix cancer brachytherapy. Radiother Oncol J Eur Soc
Ther Radiol Oncol 2012;103:113–22. https://doi.org/10.1016/j.
radonc.2011.12.024.

[21] Strobl C, Boulesteix A-L, Zeileis A, Hothorn T. Bias in random forest variable
importance measures: illustrations, sources and a solution. BMC Bioinf
2007;8:25. https://doi.org/10.1186/1471-2105-8-25.

[22] Liaw A, Wiener M. Classification and regression by randomForest 2002.
[23] Kwee RM, Dik AK, Sosef MN, Berendsen RCM, Sassen S, Lammering G, et al.

Interobserver reproducibility of diffusion-weighted MRI in monitoring tumor
response to neoadjuvant therapy in esophageal cancer. PLoS ONE 2014;9:.
https://doi.org/10.1371/journal.pone.0092211e92211.

[24] Nougaret S, Vargas HA, Lakhman Y, Sudre R, Do RKG, Bibeau F, et al. Intravoxel
incoherent motion-derived histogrammetrics for assessment of response after
combined chemotherapy and radiation therapy in rectal cancer: initial
experience and comparison between single-section and volumetric analyses.
Radiology 2016;280:446–54. https://doi.org/10.1148/radiol.2016150702.

[25] Bonekamp D, Bonekamp S, Halappa VG, Geschwind J-FH, Eng J, Corona-
Villalobos CP, et al. Interobserver agreement of semi-automated and manual
measurements of functional MRI metrics of treatment response in
hepatocellular carcinoma. Eur J Radiol 2014;83:487–96. https://doi.org/
10.1016/j.ejrad.2013.11.016.

[26] Fu Z-Z, Peng Y, Cao L-Y, Chen Y-S, Li K, Fu B-H. Value of apparent diffusion
coefficient (ADC) in assessing radiotherapy and chemotherapy success in
cervical cancer. Magn Reson Imaging 2015;33:516–24. https://doi.org/
10.1016/j.mri.2015.02.002.

[27] Makino H, Kato H, Furui T, Morishige K, Kanematsu M. Predictive value of
diffusion-weighted magnetic resonance imaging during chemoradiotherapy
for uterine cervical cancer. J Obstet Gynaecol Res 2014;40:1098–104. https://
doi.org/10.1111/jog.12276.

[28] Himoto Y, Fujimoto K, Kido A, Baba T, Tanaka S, Morisawa N, et al.
Pretreatment mean apparent diffusion coefficient is significantly correlated
with event-free survival in patients with International Federation of
Gynecology and Obstetrics stage Ib to IIIb cervical cancer. Int J Gynecol
Cancer Off J Int Gynecol Cancer Soc 2015;25:1079–85. https://doi.org/10.1097/
IGC.0000000000000445.

[29] Miccò M, Vargas HA, Burger IA, Kollmeier MA, Goldman DA, Park KJ, et al.
Combined pre-treatment MRI and 18F-FDG PET/CT parameters as prognostic
biomarkers in patients with cervical cancer. Eur J Radiol 2014;83:1169–76.
https://doi.org/10.1016/j.ejrad.2014.03.024.

[30] Chung HH, Kim JW, Han KH, Eo JS, Kang KW, Park N-H, et al. Prognostic value
of metabolic tumor volume measured by FDG-PET/CT in patients with cervical
cancer. Gynecol Oncol 2011;120:270–4. https://doi.org/10.1016/j.
ygyno.2010.11.002.

[31] Crivellaro C, Signorelli M, Guerra L, De Ponti E, Buda A, Dolci C, et al. 18F-FDG
PET/CT can predict nodal metastases but not recurrence in early stage uterine
cervical cancer. Gynecol Oncol 2012;127:131–5. https://doi.org/10.1016/j.
ygyno.2012.06.041.

[32] Yoo J, Choi JY, Moon SH, Bae DS, Park SB, Choe YS, et al. Prognostic significance
of volume-based metabolic parameters in uterine cervical cancer determined
using 18F-fluorodeoxyglucose positron emission tomography. Int J Gynecol
Cancer Off J Int Gynecol Cancer Soc 2012;22:1226–33. https://doi.org/
10.1097/IGC.0b013e318260a905.

[33] Onal C, Reyhan M, Parlak C, Guler OC, Oymak E. Prognostic value of
pretreatment 18F-fluorodeoxyglucose uptake in patients with cervical
cancer treated with definitive chemoradiotherapy. Int J Gynecol Cancer Off J
Int Gynecol Cancer Soc 2013;23:1104–10. https://doi.org/10.1097/
IGC.0b013e3182989483.

[34] Xue F, Lin LL, Dehdashti F, Miller TR, Siegel BA, Grigsby PW. F-18
fluorodeoxyglucose uptake in primary cervical cancer as an indicator of
prognosis after radiation therapy. Gynecol Oncol 2006;101:147–51. https://
doi.org/10.1016/j.ygyno.2005.10.005.

[35] Chung HH, Nam B-H, Kim JW, Kang KW, Park N-H, Song Y-S, et al. Preoperative
[18F]FDG PET/CT maximum standardized uptake value predicts recurrence of
uterine cervical cancer. Eur J Nucl Med Mol Imaging 2010;37:1467–73.
https://doi.org/10.1007/s00259-010-1413-5.

[36] Cho SH, Lim JY, Kim SN, Hong S, Chung HW, So Y, et al. The prognostic
significance of pretreatment [18F]FDG-PET/CT imaging in patients with
uterine cervical cancer: preliminary results. Eur J Gynaecol Oncol
2015;36:30–5.

[37] Akkas BE, Demirel BB, Dizman A, Vural GU. Do clinical characteristics and
metabolic markers detected on positron emission tomography/computerized
tomography associate with persistent disease in patients with in-operable
cervical cancer? Ann Nucl Med 2013;27:756–63. https://doi.org/10.1007/
s12149-013-0745-1.

http://refhub.elsevier.com/S0167-8140(19)30079-9/h0045
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0045
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0045
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0050
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0050
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0050
https://doi.org/10.1148/radiol.2015150400
https://doi.org/10.1148/radiol.2015150400
https://doi.org/10.1016/j.ijrobp.2016.11.015
https://doi.org/10.1016/j.ygyno.2012.07.123
https://doi.org/10.1007/s00259-011-1978-7
https://doi.org/10.1007/s00259-011-1978-7
https://doi.org/10.1002/cam4.100
https://doi.org/10.1002/cam4.100
https://doi.org/10.1016/j.mri.2013.12.007
https://doi.org/10.1016/j.crad.2009.07.010
https://doi.org/10.1016/j.crad.2009.07.010
https://doi.org/10.3348/kjr.2013.14.4.616
https://doi.org/10.1007/s00330-007-0843-3
https://doi.org/10.1007/s00330-007-0843-3
https://doi.org/10.1016/j.radonc.2011.12.024
https://doi.org/10.1016/j.radonc.2011.12.024
https://doi.org/10.1186/1471-2105-8-25
https://doi.org/10.1371/journal.pone.0092211
https://doi.org/10.1148/radiol.2016150702
https://doi.org/10.1016/j.ejrad.2013.11.016
https://doi.org/10.1016/j.ejrad.2013.11.016
https://doi.org/10.1016/j.mri.2015.02.002
https://doi.org/10.1016/j.mri.2015.02.002
https://doi.org/10.1111/jog.12276
https://doi.org/10.1111/jog.12276
https://doi.org/10.1097/IGC.0000000000000445
https://doi.org/10.1097/IGC.0000000000000445
https://doi.org/10.1016/j.ejrad.2014.03.024
https://doi.org/10.1016/j.ygyno.2010.11.002
https://doi.org/10.1016/j.ygyno.2010.11.002
https://doi.org/10.1016/j.ygyno.2012.06.041
https://doi.org/10.1016/j.ygyno.2012.06.041
https://doi.org/10.1097/IGC.0b013e318260a905
https://doi.org/10.1097/IGC.0b013e318260a905
https://doi.org/10.1097/IGC.0b013e3182989483
https://doi.org/10.1097/IGC.0b013e3182989483
https://doi.org/10.1016/j.ygyno.2005.10.005
https://doi.org/10.1016/j.ygyno.2005.10.005
https://doi.org/10.1007/s00259-010-1413-5
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0180
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0180
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0180
http://refhub.elsevier.com/S0167-8140(19)30079-9/h0180
https://doi.org/10.1007/s12149-013-0745-1
https://doi.org/10.1007/s12149-013-0745-1

	Volumetric assessment of apparent diffusion coefficient predicts outcome following chemoradiation for cervical cancer
	Materials and methods
	Patient selection
	Imaging analysis
	Treatment
	Follow-up
	Recurrence
	Statistical analysis

	Results
	Patient, tumor and treatment characteristics
	Survival
	ADC analysis
	Univariate and multivariate analyses
	Clinical and ADC threshold analysis

	Discussion
	Author contributions
	Funding
	Disclosures
	ack19
	Acknowledgements
	References


