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Abstract
Objectives To investigate the value of blood oxygenation level-dependent (BOLD) MRI as a predictor of clinical outcomes in
cervical cancer patients treated with concurrent chemoradiotherapy (CCRT).
Method Enrolled 92 patients with stage IB2–IVB cervical cancer who received CCRT underwent 3-T BOLD MRI before
treatment. The R2* value (rate of spin dephasing, s−1) was measured in the tumor. Cox regression analysis was used to evaluate
the associations of imaging and clinical parameters with progression-free survival (PFS) and cancer-specific survival (CSS).
Inter-reader reliability for the R2* measurements was evaluated using an intraclass correlation coefficient (ICC).
Results Tumor R2* values were significantly different between patients with andwithout disease progression (p< 0.001).Multivariate
analysis demonstrated that tumor R2* value was significantly independent factor for PFS (hazard ratio [HR] = 5.746, p < 0.001) and
CSS (HR= 12.878, p = 0.001). Additionally, squamous cell carcinoma antigen (HR= 1.027, p = 0.001) was significantly independent
factor for PFS. Inter-reader reliability for the R2* measurements was good (ICC= 0.702).
Conclusion Pretreatment 3-T BOLD MRI may be useful for predicting clinical outcomes in uterine cervical cancer patients
treated with CCRT, with good inter-reader reliability.
Key Points
• Tumor R2* values are different between patients with and without disease progression.
• The R2* value is an independent factor for treatment outcomes in cervical cancer.
• Inter-reader reliability for R2* measurements using BOLD MRI is good.

Keywords Cervical cancer . Magnetic resonance imaging . Radiotherapy . Hypoxia . Treatment outcome

Abbreviations
BOLD Blood oxygenation level-dependent
CCRT Concurrent chemoradiotherapy

CI Confidence interval
CSS Cancer-specific survival
EBRT External beam radiotherapy
FIGO International Federation of Gynecology and

Obstetrics
HR Hazard ratio
ICC Intraclass correlation coefficient
LN Lymph node
MRI Magnetic resonance imaging
OS Overall survival
PFS Progression-free survival

Introduction

Concurrent chemoradiotherapy (CCRT) is the standard treat-
ment of locally advanced cervical cancer for the International
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Federation of Gynecology and Obstetrics (FIGO) stage IB2–
IVA [1]. However, a substantial number of patients experience
locoregional recurrence or distant metastasis after treatment
[2]. Thus, predicting clinical outcomes, such as disease pro-
gression or survival during or early after treatment, is impor-
tant for improving patient treatment and counseling.

Hypoxic cervical cancers are associated with poor clinical
outcomes, regardless of treatment modality, which is indepen-
dent of standard prognostic factors, such as depth of tumor
invasion and lymph node (LN) metastasis [3]. Detection of
tumor hypoxia has been performed using invasive polaro-
graphic needle electrodes [4], but noninvasive imaging tech-
niques, such as dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI), diffusion-weighted imaging,
CT, or blood oxygenation level-dependent (BOLD) MRI,
have recently provided promising results for predicting the
therapeutic response of cervical cancer [5–10].

The BOLD MRI technique uses the slight increase in T2*
signals from paramagnetic deoxyhemoglobin to quantify the
oxygenation status of the tumor immediately adjacent to per-
fused microvessels [11]. Recent studies have reported that
BOLD MRI is feasible for evaluating cervical cancer
[12–14] and is a reproducible technique for assessing early
therapeutic changes to CCRT [15]. Based on the results of
these studies, we hypothesized that the degree of tumor oxy-
genation measured using pretreatment BOLD MRI might be
useful for predicting treatment outcomes in patients with cer-
vical cancer undergoing CCRT. To the best of knowledge, no
studies have investigated the utility of BOLD MRI in
predicting clinical outcomes in cervical cancer, with mid-
term or long-term follow-up. Therefore, the present study
aimed to evaluate the value of pretreatment BOLD MRI in
predicting clinical outcomes in patients with cervical cancer
treated with CCRT.

Materials and methods

Patients

This study’s retrospective protocol was approved by our insti-
tutional review board and waived the need for informed con-
sent. Between October 2009 and September 2015, 97 biopsy-
proven cervical cancer patients received CCRT at our institu-
tion and also underwent pretreatment MRI. The inclusion
criteria were as follows: (1) the patients had biopsy-proven
cervical cancer before treatment, (2) the patients had under-
gone 3-T BOLD MRI at our institution before treatment, and
(3) the patients had not previously undergone surgery, radio-
therapy, or chemotherapy. Of these, 5 patients were excluded
due to severe artifacts. Thus, 92 consecutive patients treated
with CCRTwere included in this study.

MRI

All patients underwent pretreatment pelvic MRI that was per-
formed using a 3-T MR scanner (Intera Achieva 3.0 TX;
Philips Medical System, Best, The Netherlands) with a
phased-array body coil. The routine MR sequences were T1-
weighted, T2-weighted, and DCE-MRI. In addition to the
routine protocols, BOLDMRIwas obtained before the admin-
istration of contrast materials using a multiple fast field echo
sequence to acquire 12 T2*-weighted images in the sagittal
plane. The parameters were as follows: TR, 260 ms; range of
echo time (TE), 5–60 ms; flip angle, 27°; slice thickness,
5 mm; interslice gap, 1 mm. The 12 T2*-weighted images
corresponding to 12 different gradient echoes were obtained
for each section during a single 32.5-s breath-hold.

Image analysis

All images were analyzed by a genitourinary radiologist
(C.K.K., with 13 years of experience in gynecological MRI).
The radiologist was blinded to the clinical and pathologic
results of each patient but was aware that the patients had
received CCRT for biopsy-proven cervical cancer.
Regarding each cervical cancer evaluated, tumor size,
parametrial invasion status at MRI, LN metastasis, histology,
FIGO stage, squamous cell carcinoma (SCC) antigen, and
distant metastasis were recorded. The definition of LN metas-
tasis in the abdomen and pelvis was ≥ 1 cm short-axis diam-
eter on MRI findings [16].

After data acquisition, all images were transferred to an
independent workstation for analysis with manufacturer-
supplied software (PRIDE, version 4.2, Philips Healthcare).
This program generates a set of color-coded parametric im-
ages of R2* (s−1) from a voxel basis to an exponential func-
tion, which describes the expected signal decay as a function
of TE and solving for the unknown value of R2*. On the map,
red indicates the highest R2* levels and reflects a high con-
centration of deoxyhemoglobin, while blue indicates the low-
est R2* levels and reflects a low concentration of
deoxyhemoglobin.

On the color-coded R2* maps, the R2* values in the tumor
were calculated using manual placement of a region of interest
(ROI) by an experienced radiologist (C.K.K.). The ROI was
drawn manually based on the findings of T2-weighted and
dynamic contrast-enhanced imaging and encompassed as

�Fig. 1 Method of R2* value measurement on color-coded R2* maps
using manual placement of region of interest (ROI), based on the findings
of T2-weighted imaging. (a) Sagittal T2-weighted image shows a large
stage IVA cervical cancer with invasion to urinary bladder (arrow). (b)
The ROI is seen on sagittal T2*-weighted image (upper left) and sagittal
color-coded R2* map (upper right). The mean R2* value in cervical
cancer is 16.91 s−1. The right lower image demonstrates the expected
signal decay as a function of echo time
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much of the tumor as possible in an image that had the greatest
visibility, while avoiding adjacent structures (Fig. 1). An av-
erage of three measurements was obtained for each tumor. The
mean number of pixels covering the tumor was 447 (range,
140–1565). To evaluate interobserver agreement, a less-
experienced radiologist (J.L., with 2 years of experience in
gynecological MRI) independently measured the tumor R2*
values for all patients using the same method as the experi-
enced radiologist. These measurements were performed on
different days.

Treatment protocol

The patients underwent CCRT, which involved three-
dimensional conformal external beam radiotherapy (EBRT)
and 18F-fluorodeoxyglucose positron emission tomography/
CT or CT-guided brachytherapy with midline shielding. The
EBRTwas delivered using 10- or 15-MV photons at a median
dose of 50.4 Gy (range, 40–66.4 Gy) in daily fractions of 1.8–
2.0 Gy over 6 weeks. High-dose intracavitary brachytherapy
with an iridium-192 source was performed to deliver a total
dose of 24 Gy, with 4 Gy per insertion three times per week in
six fractions using a tandem and two ovoids. The EBRT was
accompanied by concurrent chemotherapy that involved six
cycles of weekly cisplatin (30 mg/mm2) for 59 patients or
three cycles of 5-fluorouracil (1.000 mg/m2) plus cisplatin
(60 mg/m2) at 3-week intervals for 33 patients. The median
overall treatment time was 53.5 days (range, 43–59 days). The
selection of chemotherapeutic regimen was individualized ac-
cording to the extent of the local tumor, LN involvement, and
the patient’s general health.

Treatment outcomes

All patients were followed with clinical and radiological ex-
aminations approximately every 3 months for the first 2 years,
every 6 months for the next 3 years, and then annually there-
after. Physical examinations, Pap smears, and serum tumor
markers were also evaluated. Follow-up abdominopelvic
MRI or CT and chest radiography were routinely performed
during the annual follow-up. Disease progression was catego-
rized as local-regional recurrence or distant metastasis. Local
recurrence was considered as the presence of histologically
confirmed or definite progressive disease at the cervix, vagina,
or parametrium during the follow-up period. Regional recur-
rence was considered to occur at a pelvic LN or pelvic side-
wall. Distant metastasis was considered to occur at a retroper-
itoneal LN and/or other organ.

Statistical analysis

Groups of patients with and without disease progression were
compared to identify differences in age, tumor size,

parametrial invasion, LN metastasis, tumor marker, histology,
and R2* using the independent t test, Fisher’s exact test,
Wilcoxon rank sum test, or chi-square tests. The mean R2*
values obtained by the two radiologists were used for statisti-
cal analysis.

Survival outcomes were progression-free survival (PFS) and
cancer-specific survival (CSS), which were all calculated from
the start of treatment. Univariate and multivariate Cox regres-
sion analyses were used to determine whether the clinical and
imaging parameters were associated with survival outcomes.
Parameters that had univariate p values of < 0.25 were included
in the multivariate analysis. The p values and 95% confidence
intervals (CIs) for the hazard ratios (HRs) were corrected using
Bonferroni’s method. Similar analyses were performed includ-
ing the optimal cutoff value of R2* which was determined at
the point which the log-rank p value is at minimum [17].
Kaplan-Meier curves were compared using the log-rank test.
The R2* values of patients with and without disease progres-
sion and cancer-specific death were compared using the inde-
pendent t test or Wilcoxon rank sum test. Inter-reader reliability
and variability were evaluated using the intraclass correlation
coefficient (ICC) and the coefficient of variation (CV), respec-
tively. The ICC value was determined to provide a reliability
that was poor (0.00–0.20), fair (0.21–0.40), moderate (0.41–
0.60), good (0.61–0.80), or excellent (0.81–1.00). A two-
sided p value of < 0.05 was considered statistically significant
for all analyses, which were performed using SAS software
(version 9.4; SAS Institute) and R software (R 3.3.2; https://
www.R-project.org).

Results

Baseline characteristics

The patients’ characteristics are summarized in Table 1. The
group with disease progression had significantly greater tumor
size than that without progression (p = 0.031). The mean tu-
mor R2* values of patients with progression (23.3) and
cancer-specific death (24.4) were significantly greater than
in those without progression (19.9) and cancer-specific death
(20.6) (p < 0.001 and p < 0.001, respectively) (Fig. 2). The
FIGO stage was also significantly different between the two
groups (p < 0.001), and the group with progression had a sig-
nificantly higher rate of LN metastasis than that without pro-
gression (p < 0.001). There were no other significant differ-
ences between the two groups (all p > 0.05).

Survival

During a median follow-up period of 45.5months (range, 2.7–
83.8 months), 13 (13.3%) patients died of their disease.
Disease progression was identified in 32 (34.8%) patients:
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locoregional recurrence (n = 12), distant metastasis (n = 15),
or both (n = 5). Among the 12 patients with locoregional re-
currence, 10 had a recurrent tumor in the uterine cervix, 1 had
regional metastatic LNs in the pelvis, and 1 had recurrent
tumors in both the uterine cervix and pelvic LNs. In 21 pa-
tients, distant metastasis beyond the pelvis was found in the
lung, liver, brain, and bone and multiple LNs in the
supraclavicular, mediastinal, para-aortic, and axillary areas.

The 3-year and 4-year PFS rates were 67% (95% CI, 58–
78%) and 66% (95% CI, 56–77%), respectively. The 3-year
and 4-year CSS rates were 86% (95% CI, 78–94%) and 84%
(95% CI, 76–93%), respectively.

Risk factors associated with treatment outcome

Tables 2 and 3 present the results of the Cox regression anal-
yses for PFS and CSS. The optimal R2* cutoff values were
22.9 s−1 for PFS and 22.1 s−1 for CSS. Univariate analysis
demonstrated that tumor size, LN metastasis, SCC antigen,

histology, FIGO stage, and R2* value were significantly as-
sociated with PFS (all p < 0.05). However, multivariate anal-
ysis revealed that R2* value (> 22.9 s−1) (HR = 5.746,
p < 0.001) and SCC antigen (HR = 1.027, p = 0.001) were sig-
nificant independent predictors. For predicting CSS, R2* val-
ue (> 22.1 s−1), LN metastasis, and FIGO stage were signifi-
cantly associated factors on univariate analysis (all p < 0.05).
However, R2* value was the only independent predictor
(HR = 12.878, p = 0.001) on multivariate analysis.

The actuarial PFS was worse in patients with R2* > 22.9 s−1

than in those with R2* ≤ 22.9 s−1, with 3-year and 4-year rates of
27% (95% CI, 14–52%) and 22% (95% CI, 11–48%), respec-
tively, compared with 83% (95% CI, 74–93%) and 83% (95%
CI, 74–93%) (p < 0.001) (Fig. 3). Patients with R2* > 22.1 s−1

had a worse outcome than those with R2* ≤ 22.1 s−1, with 3-year
and 4-year CSS rates of 61% (95% CI, 44–84%) and 55% (95%
CI, 38–80%) compared with 97% (95% CI, 92–100%) and 97%
(95% CI, 92–100%) (p < 0.001), respectively (Fig. 3).

Inter-reader reliability and variability

For the inter-reader reliability and variability of the R2* mea-
surements, ICC and CV were 0.702 (95% CI, 0.521–0.858)
and 12.2%, respectively.

Discussion

Tumor hypoxia affects therapeutic response through increased
resistance to radiation and expression of genes encoding for
metastasis-promoting proteins, although the resistance to
some cytotoxic agents may decrease [18, 19]. In addition,
tumor hypoxia can induce the development of an aggressive
phenotype that is caused by restrained proliferation, differen-
tiation, necrosis, or apoptosis [20]. In cervical cancer, hypoxia
is associated with poorer outcomes and is an independent
predictor for metastasis and survival [21, 22]. Thus, stratifying
cervical cancer patients based on pretreatment hypoxia may
allow the physician to tailor the treatment strategy to the char-
acteristics of the tumor, which may improve the success op-
portunities of personalized treatment. The present study in-
volved a mid-term follow-up (median, 45.5 months) of 92
patients treated with CCRT, and demonstrated that the pre-
treatment R2* value of cervical cancer was the only indepen-
dent factor for disease progression and survival. Furthermore,
patients with R2* greater than the cutoff values demonstrated
significantly worse PFS and CSS than those with lower than
the cutoff values. Thus, these findings indicate that pretreat-
ment tumor R2* value may be a useful prognostic marker for
treatment outcome in cervical cancer patients undergoing
CCRT, which may allow physicians to better counsel and
select optimal adjuvant treatment.

Table 1 Patient characteristics

Variable Progression (−) Progression (+) p value

Number of patient 60 (65.2) 32 (34.8)

Age (year) 55.30 ± 11.39 56.16 ± 10.85 0.724

Size (cm) 5.3 ± 1.6 6.3 ± 2.3 0.031

LN metastasis < 0.001

Present 18 (30.0) 23 (71.9)

Absent 42 (70.0) 9 (28.1)

Parametrial invasion 0.734

Present 54 (90.0) 28 (87.5)

Absent 6 (10.0) 4 (12.5)

R2* (s−1) 19.9 ± 2.5 23.3 ± 4.0 < 0.001

SCC antigen (ng/ml) 9.83 ± 14.18 17.31 ± 27.14 0.153

Histology 0.090

SCC 53 (88.3) 23 (71.9)

Adenocarcinoma/other 7 (11.7) 9 (28.1)

FIGO < 0.001

IB2 0 (0.0) 1 (3.1)

IIA 11 (18.3) 3 (9.4)

IIB 36 (60.0) 11 (34.4)

IIIA 3 (5.0) 4 (12.5)

IIIB 1 (1.7) 11 (34.4)

IVA 4 (6.7) 2 (6.2)

IVB 5 (8.3) 0 (0.0)

Progression type

Local-regional 12 (37.5)

Distant metastasis 15 (46.9)

Both 5 (15.6)

Data are mean ± standard deviation or n (%)
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The BOLD MRI technique indirectly measures blood oxy-
genation using the R2* parameter (i.e., rate of spin dephasing =
1 T2* relaxation time), which is based on the fact that
deoxyhemoglobin is paramagnetic while oxyhemoglobin is
not [23]. Thus, a high deoxyhemoglobin concentration will
cause a reduction in the T2* relaxation time of the protons and

dephasing of the surrounding tissues. Therefore, high R2*
values indicate a high proportion of deoxyhemoglobin and a
relatively low level of blood oxygenation [24]. Furthermore,
BOLD MRI can be repeated without the administration of an
exogenous contrast agent, which may allow for its routine use in
clinical practice as a noninvasive imaging technique.

Fig. 2 Box-whisker plots
demonstrate R2* values of
patients with and without
progression (a) and cancer-
specific death (b). Central hori-
zontal line = mean, and box =
25% and 75% confidence
intervals
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Only a few preliminary studies have investigated the utility
of BOLD MRI for evaluating oxygenation in cervical cancer
[12–15]. For example, O’Connor et al [12] used BOLDMRI to
monitor changes in oxygenation in 10 solid tumors by measur-
ing changes in the longitudinal relaxation rates with patients
breathing atmospheric air (21% oxygen) and then breathing
100% oxygen. However, that study only included 2 patients
with cervical cancer. Hallac et al [14] also reported that 3-T
BOLD MRI was a feasible tool for evaluating 10 patients with
cervical cancer. Two recent studies [13, 15] have also demon-
strated that BOLD MRI could predict the therapeutic response
of cervical cancer to CCRT. In their studies, tumor R2* had a
significantly negative correlation with the percentage of tumor
shrinkage in 30 patients [13] and may demonstrate early phys-
iologic changes to CCRT in 15 patients with cervical cancers
[15]. Until now, to the best of our knowledge, no studies have
published the utility of BOLD MRI in cervical cancer for
predicting treatment outcome. Our results demonstrated that
BOLDMRI may be a useful technique for predicting treatment
outcome in patients with cervical cancer after CCRT.

Interestingly, a previous study [25] of 40 patients with uter-
ine cervical cancer investigated whether one of the parameters
was more important for disease control than the others. In their
study, tumor oxygen tension was measured polarographically
before and after 2 weeks of RT. They found that pretreatment

oxygenation is more important for disease control than the
oxygenation after 2 weeks of RT or changes in oxygenation
during this time. Our results demonstrated that pretreatment
R2* value of cervical cancer was a significant independent
predictor of progression and survival on multivariate analysis.
Moreover, with an optimal cutoff value of R2* (22.9 s−1 for
PFS and 22.1 s−1 for CSS), patients with a greater than optimal
cutoff value had significantly worse progression and survival
than those with optimal cutoff value or less. However, further
studies will be needed because these cutoff values on BOLD
MRI might be affected by several parameters.

It is clear that if quantitative parameters are to be used as
tools to evaluate tumor response, assessing inter-reader or
intra-reader agreement or variability is a prerequisite. In our
study of R2* measurements, interobserver reliability was
good and interobserver variability was 12.2%. Therefore, we
believe that the R2* measurement in cervical cancer might be
a reliable tool to predict treatment outcome after CCRT.

Many previous studies have reported that various variables
such as age, FIGO, tumor size, SCC antigen, or histology are
prognostic markers for treatment outcome [26–28]. In our study,
SCC antigen was the independent predictor for PFS onmultivar-
iate analysis. These results were in line with those of previous
studies that elevated SCC antigen before treatment was associat-
ed with poor survival during follow-up period [28].

Table 2 Cox regression analysis
of clinical and MRI variables for
PFS

Variable Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Age 1.010 0.979–1.042 0.536

Tumor size 1.021 1.005–1.037 0.010 0.998 0.976–1.020 0.864

LN metastasis 4.008 1.852–8.671 < 0.001 2.125 0.892–5.065 0.089

Parametrial invasion 0.883 0.310–2.518 0.816

SCC antigen 1.016 1.001–1.030 0.036 1.027 1.011–1.044 0.001

Histology 2.494 1.146–5.429 0.021 2.335 0.869–6.276 0.093

FIGO (≥ IIB) 2.956 1.472–5.936 0.002 1.260 0.574–2.768 0.565

R2* (> 22.9) 6.860 3.311–14.210 < 0.001 5.746 2.390–13.814 < 0.001

Table 3 Cox regression analysis
of clinical and MRI variables for
CSS

Variable Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Age 1.031 0.983–1.082 0.212

Tumor size 1.010 0.981–1.039 0.512

LN metastasis 3.341 1.029–10.852 0.045 1.964 0.583–6.618 0.276

Parametrial invasion 0.683 0.151–3.081 0.619

SCC antigen 1.009 0.987–1.030 0.434

Histology 1.957 0.532–7.201 0.313

FIGO (≥ IIB) 0.127 0.016–0.990 0.049 0.523 0.064–4.292 0.546

R2* (> 22.1) 15.490 3.421–70.170 < 0.001 12.878 2.2762–60.036 0.001
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Fig. 3 Kaplan-Meier analyses of PFS (a) and CSS (b) of patients with < cutoff value of R2* versus ≥ cutoff value of R2*. Cutoff values of R2* are
22.9 s−1 for PFS and 22.1 s−1 for CSS, respectively
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There were several limitations to our study. First, we
could not evaluate the correlation between BOLD effects
and histopathological findings because we did not obtain
surgical specimens. A detailed correlation between BOLD
MRI and histopathological findings should be determined
in the future using a preclinical animal study. Second, the
mean R2* change within the ROI of the tumor has limited
utility in evaluating therapeutic response with regard to
the heterogeneity of the tumor. Thus, histogram analyses
may improve the estimation of tumor heterogeneity.
Third, the patient population was relatively small.
Although the follow-up period of our study was mid-
term of median 45.5 months, a validation of BOLD MRI
as a prognostic factor is awaited during the long-term
follow-up period. Fourth, R2* value may reflect blood
oxygenation in the tumor. However, in addition to oxy-
genation, R2* value is affected by other factors, such as
blood flow, hemoglobin level, blood volume, and vascu-
lature. The relationship between this change in R2* and
tumor oxygenation physiology is unclear. Therefore, fur-
ther studies involving pathophysiologic and hemodynamic
analyses are needed. Finally, only a radiologist assessed
all MRI findings, except R2* measurement in the tumor.

In conclusion, our results demonstrated that pretreatment
BOLD MRI as a prognostic marker may be useful for
predicting clinical outcome in patients with cervical cancer
treated with CCRT, with good inter-reader reliability.
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