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Predictive and prognostic value 
of intravoxel incoherent motion 
(IVIM) MR imaging in patients 
with advanced cervical cancers 
undergoing concurrent chemo-
radiotherapy
Li Zhu1, Huanhuan Wang1, Lijing Zhu2, Jie Meng1, Yan Xu1, Baorui Liu2, Weibo Chen3, Jian He1, 
Zhengyang Zhou1 & Xiaofeng Yang4

By using the intravoxel incoherent motion (IVIM) model, the diffusion-related coefficient (D) and the 
perfusion-related parameter (f) can be obtained simultaneously. Here, we explored the application 
of IVIM MR imaging in predicting long-term prognosis in patients with advanced cervical cancers 
treated with concurrent chemo-radiotherapy (CCRT). In this study, pelvic MR examinations including 
an IVIM sequence were performed on 30 women with advanced cervical cancers at three time points 
(within 2 weeks before, as well as 2 and 4 weeks after, the initiation of CCRT). The performance of 
tumour size and IVIM-derived parameters in predicting long-term prognosis was evaluated. After a 
median follow-up of 24 months (range, 10∼34 months), 25/30 (83.33%) patients were alive, and 21/30 
(70.00%) remained free of disease. A shrinkage rate of maximum diameter (time point 1 vs. 3) ≥ 58.31% 
was useful in predicting a good long-term prognosis. The IVIM-derived apparent diffusion coefficient 
(ADCIVIM) value at time point 2 and the ADCIVIM and f values at time point 3 also performed well in 
predicting a good prognosis, with AUC of 0.767, 0.857 and 0.820, respectively. IVIM MR imaging has 
great potential in predicting long-term prognosis in patients with advanced cervical cancers treated 
with CCRT.

Cervical cancer is the fourth most common gynaecologic malignancy and the fourth leading cause of cancer mor-
tality in women worldwide. First-line treatments for cervical cancer vary depending on the stage of disease, and 
concurrent chemo-radiotherapy (CCRT) is considered the standard treatment for patients in advanced stages1, 
in whom residual or recurrent diseases are diagnosed in up to 20∼40%2. If early surrogate indicators that corre-
late with long-term outcome metrics can be determined, better treatment can be scheduled by conducting more 
intensive follow-ups3.

Imaging plays a central role in evaluating the short-term response of cervical cancers treated with CCRT, 
mostly on the basis of morphological changes with conventional MR imaging, according to the Response 
Evaluation Criteria in Solid Tumors (RECIST)4. Tumour size (both the baseline value as well as its regression) 
has been widely evaluated as a prognostic index in cervical cancers5–8, although its value has been debated. For 
instance, Harry et al. have suggested that the initial tumour size may be more related to the chronological age of 
the tumour than to intrinsic aggressiveness9. Moreover, inflammation, oedema, and capillary hypervascularity 
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associated with radiation changes during the therapy may cause misleading bias in the measurement of residual 
tumours and make drawing an accurate border difficult10.

To address this issue, functional imaging modalities offer more advantages by providing both structural and 
physiological or even metabolic information for cervical cancers. For instance, dynamic contrast-enhanced 
(DCE) MR imaging has proven useful in predicting better long-term treatment outcomes in cervical cancers 
with higher tissue permeability11, yet this method involves the use of exogenous gadolinium contrast agents. 
Diffusion-weighted (DW) imaging can generate apparent diffusion coefficient (ADC) values, whose early change 
rate after therapy also has predictive potential in cervical cancers treated with CCRT12–14.

As an expansion of DW imaging, IVIM MR imaging provides both pure diffusion and perfusion-related 
incoherent microcirculation information by using an increased number of b values15. IVIM-generated param-
eters have proven effective in differentiating cervical cancers from benign lesions and in monitoring therapeutic 
changes during CCRT16. However, the role of IVIM MR imaging in predicting the long-term prognosis of cervical 
cancers after CCRT has not previously been reported.

Therefore, the purpose of this study was to assess whether IVIM-derived parameters taken before and during 
early therapy are effective imaging biomarkers in predicting long-term outcomes in patients with advanced cer-
vical cancers treated with CCRT.

Results
Predictive value of clinical characteristics of patients and their correlation with IVIM param-
eters.  No significant differences were observed in age between the different groups, with p values of 0.986. 
Moreover, different FIGO stages (below FIGO III versus FIGO III and above) showed no significant correlation 
with prognosis (p = 0.690).

All the IVIM parameters except D* showed a significant positive relationship with different follow-up time 
points, but the age and FIGO stage of patients had weak associations with the parameters (Table 1).

Predictive value of short-term outcome evaluated with RECIST.  Five patients classified as CR ulti-
mately had poor prognosis (25.00%, 3 deaths and 2 recurrences), and 6 (60.00%) classified as PR ultimately 
responded well later (Table 2). Hence, the short-term outcome showed a sensitivity of 71.43% and a specificity of 
44.44% in predicting the long-term prognosis.

Age FIGO stage
Follow-up time 
point

t p t p t p

f −2.520 0.286 1.073 0.014* 4.615 0.000*

D −1.759 0.331 −0.978 0.082 9.475 0.000*

ADCIVIM −1.388 0.247 −1.166 0.169 12.045 0.000*

D* −0.917 0.499 −0.679 0.362 0.849 0.339

Table 1.  Correlation between the clinical characteristics and correlated IVIM parameters in advanced cervical 
cancer patients. Note: ADC, apparent diffusion coefficient; *p < 0.05.

Clinical features Value

Number of patients 30

Mean age (range) 51.1 years (24~76)

FIGO stage:

II 15 (50.00%)

III 9 (30.00%)

IV 6 (20.00%)

Metastasis: 5 (16.67%)

  Retroperitoneal lymph nodes 2 (6.67%)

  Rectum 1 (3.33%)

  Brain 1 (3.33%)

  Supraclavicular lymph nodes 1 (3.33%)

Early treatment outcome:

  CR 20 (66.67%)

  PR 10 (33.33%)

Long-term prognosis:

  Complete remission 21(70.00%)

  Local recurrence 3(10.00%)

  Sustained disease 1(3.33%)

  Death 5(16.67%)

Table 2.  Patient characteristics. FIGO: The International Federation of Gynecology and Obstetrics.
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Predictive values of morphological changes during the CCRT.  A morphological response was recog-
nized in all patients along with the therapy (Fig. 1), and a greater tumour size decrease (at time point 1 vs. 2 and at 
time point 1 vs. 3, p = 0.027 and 0.018, respectively) was observed in patients with good long-term outcomes than 
in those with poor outcomes. ROC analysis showed no predictive power in the change rate of maximum diameter 
(time point 1 vs. 2) as p = 0.067, and with a change rate of maximum diameter (time point 1 vs. 3) ≥ 58.31%, the 
sensitivity and specificity in predicting good outcome were 0.810 and 0.667, respectively (area under ROC curve, 
AUC = 0.751, p = 0.032) (Fig. 2).

Figure 1.  Dynamic changes in maximum diameters of cervical cancers treated with concurrent chemo-
radiotherapy (CCRT) in patients with good and poor prognosis, respectively. Significant decreases were 
observed within both groups, and no significant differences were observed between them.

Figure 2.  Receiver operating characteristic (ROC) curve of morphological changes, as well as IVIM parameters 
during CCRT. Decrease rate of maximum diameter between time point 1 and 3 (A), f value at time point 3 (B) 
and ADCIVIM value at time point 2 (2 weeks after the initiation of CCRT) and 3 (4 weeks after the initiation of 
CCRT) (C,D) are useful in predicting the long-term prognosis.
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Predictive value of IVIM parameter changes during CCRT.  All the IVIM-derived parameters except 
D* values increased during the therapy (Figs 3 and 4). Further, the most dramatic change occurred in the f value 
(change rate, 42.25 ± 54.36%) at time point 2. The ADCIVIM and f values at time point 2, as well as the ADCIVIM, f, 
and D values at time point 3, differed significantly between patients with good and poor prognosis (all p < 0.05), 
and higher values were observed in patients with good prognosis (Table 3). Further ROC analysis showed the 
potential of ADCIVIM value at time point 2, as well as the ADCIVIM and f value at time point 3, in predicting 
long-term treatment outcome, with AUC values of 0.767, 0.857 and 0.820, respectively (Fig. 2), whereas no pre-
dictive value was found for f values at time point 2 (p = 0.248) or D values at time point 3 (p = 0.054). No change 
rate index of IVIM parameters during CCRT proved useful in prognostic prediction (Table 4).

Interobserver agreement in measurement of IVIM parameters.  The ICC of ADCIVIM, D, f and D* 
values between the two radiologists was 0.840 (95% confidence interval (CI), 0. 756∼0.894; p < 0.001), 0.802 
(95% CI, 0. 699∼0. 869; p < 0.001), 0.886 (95% CI, 0. 827∼0. 925; p < 0.001) and 0.291 (95% CI, −0.077∼0.533, 
p = 0.053), respectively.

Discussion
We demonstrated the feasibility of using IVIM parameters, especially the f and ADCIVIM values, to predict 
long-term prognosis in patients with advanced cervical cancer treated with CCRT, which has never been reported 
previously.

Predictive value of short-term outcomes evaluated with RECIST.  The long-term prognosis was 
quite different from the short-term outcome evaluated with RECIST, with a sensitivity of 71.43% and a specificity 
of 44.44% in our study. Vincens et al.17 have reported that conventional MR imaging after treatment (median 
interval: 35 days) shows a sensitivity of 80% and a specificity of 55% in predicting residual disease of cervi-
cal cancers treated with CCRT, a result in line with our findings. Therefore, the short-term outcome evaluated 
with RECIST had a high false positive rate and a moderate false negative rate in predicting long-term outcomes 
for patients with cervical cancers treated with CCRT. This might because the radiation changes (inflammation, 
edema, and capillary hypervascularity) during the therapy may misleading the accurate differentiation between 
residual tumor and therapy induced changes.

Predictive ability of tumour size.  Larger pretreatment tumour sizes are considered to be related to poorer 
prognosis in patients with cervical cancers5, 18. However, we did not detect any significant difference of baseline 
maximum diameter of the lesion between patients with good and poor prognoses in this study, possibly because 

Figure 3.  Therapy-induced changes in IVIM parameters along the concurrent chemo-radiotherapy (CCRT). 
The apparent diffusion coefficient (ADC), D values and f value of cervical cancer lesion continued to rise during 
the therapy course (A,B,C). Significant differences were confirmed in ADCIVIM and f values at time point 2, as 
well as in ADCIVIM, f and D values at time point 3.
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of the small sample size. Nevertheless, the pretreatment index contained little information regarding the thera-
peutic response; hence, its predictive value was compromised for evaluating patients undergoing treatment.

After the therapy started, the tumour size of the cervical cancer continued to decrease, and the good respond-
ers showed a greater rate of decrease than the poor responders. At time point 3 (4 weeks after the initiation of 

Figure 4.  MR images of a 39-year-old female receiving CCRT for advanced cervical cancer (FIGO stage IIB). 
(A,D,G) Axial T2-weighted images at different time points in therapy (before CCRT, two weeks after initiation 
of CCRT and one month after initiation of CCRT), showing continuous decrease of the maximum diameter, 
at 5.07 cm, 3.37 cm and 1.15 cm, respectively; no residual lesion was observed one month after CCRT. (B,E,H) 
ADCIVIM maps shows an increase in ADCIVIM value during CCRT, as 1.07 × 10−3 mm2/s; 1.34 × 10−3 mm2/s and 
1.50 × 10−3 mm2/s, respectively. (C,F,I) f maps shows an increasing value during CCRT, as 15.25%, 16.50%, and 
27.70%, respectively. After a 28-month follow-up, this patient ultimately had a good prognosis.

Parameters ADC (×10−3 mm²/s) D (×10−3 mm²/s) f (%) D* (×10−3 mm²/s)

Prognosis Good Poor Good Poor Good Poor Good Poor

Time point 1 1.03 ± 0.19 0.99 ± 0.16 0.87 ± 0.18 0.86 ± 0.13 12.48 ± 5.03 9.47 ± 3.11 29.00 ± 21.80 28.19 ± 20.08

Time point 2 1.40 ± 0.14 1.23 ± 0.18* 1.11 ± 0.17 1.07 ± 0.13 17.73 ± 9.11 12.59 ± 4.40* 36.54 ± 22.07 39.23 ± 20.08

Time point 3 1.64 ± 0.13 1.41 ± 0.22* 1.29 ± 0.14 1.16 ± 0.15* 22.30 ± 8.16 14.22 ± 4.35* 36.98 ± 24.49 25.40 ± 14.98

Table 3.  Intravoxel incoherent motion (IVIM)-derived parameters in patients with good and poor prognosis 
with concurrent chemo-radiotherapy (CCRT). Note: ADC, apparent diffusion coefficient; Time point 1, within 
2 weeks before CCRT; Time point 2, at the end of the 2nd week; Time point 3, at the end of 4th week during 
CCRT; *p < 0.05.
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CCRT), an atrophy rate of maximum diameter over 58.31% proved effective in predicting a good long-term 
prognosis with an AUC of 0.751. Mayr et al. have reported similar results, in that tumours with fast regression 
rate during mid-therapy have the best rates of local control and disease-free survival in patients with cervical 
cancers19. However, evaluation of the tumour size was less effective and provided less rapid results than the IVIM 
parameters, as discussed below.

Predictive ability of the f value.  At time point 3, a lower f value of cervical cancer predicted poor progno-
sis with an AUC of 0.820. The f value is known as the vascular volume fraction of the voxel. A lower f value might 
indicate lower blood supply and hypoxic status of the tumour tissues, which are involved in local treatment failure 
after radiation therapy, a high incidence of regional or distant metastases, and poor disease-free survival rates in 
multiple solid tumours, including cervical cancer20–23. However, Hauser et al.24 have reported that a high initial 
f value is related to poor prognosis in patients with head and neck squamous cell carcinomas treated with radi-
otherapy in combination with chemotherapy and/or immunotherapy, possibly because of the different tumour 
types included in our study. In addition, Christine et al. and Yuh et al. have reported that cervical cancers with low 
perfusion derived by DCE MR imaging are likely to be resistant to radiation treatment as well as to have a high 
probability of developing metastases25, 26; these results may indirectly support our findings.

Predictive value of diffusion related parameters.  The ADCIVIM, D and ADCDWI values of cervical 
cancer continued to increase during CCRT, possibly because of the decrease in cellular density and destruction of 
cellular membranes after effective treatment. At time points 2 and 3, a high ADCIVIM value of cervical cancer pre-
dicted a good prognosis, with an AUC of 0.767 and 0.857, respectively. Somoye et al. have reported similar results 
in a study of patients with cervical cancers, in which survivors had a higher mid-treatment value (2 weeks follow-
ing the therapy) (1.55 × 10−3 mm2/s) than non-survivors (1.36 × 10−3 mm2/s)14. Moreover, in the same study, a 
mid-treatment ADC value less than 1.40 × 10−3 mm2/s has been found to be associated with adverse outcomes, 
similarly to our results (cut-off value of ADCIVIM at time point 2, 1.29 × 10−3 mm2/s). However, the pure diffusion 
coefficient D value demonstrated no significant power, thus indicating that perfusion effects might be an essential 
part of predicting treatment response. Moreover, the ADCDWI value also was unable to predict long-term progno-
sis, probably because of the measurement error, owing to the limited number of b values.

According to our results, the IVIM sequence provided more diversified as well as more powerful parameters 
in predicting the long-term prognosis of advanced cervical cancer at early stages of CCRT. The IVIM parame-
ters allow for earlier (two weeks after the initiation of CCRT) and more accurate (AUC of 0.857) prediction of 
long-term prognosis. The greater performance of IVIM may be a result of the multifunctional information that it 
provides. Furthermore, the IVIM parameters showed a significant positive relationship with different follow-up 
time points, but the age and FIGO stage of patients had weak associations with the parameters. Thus, IVIM 
parameters provide a good indication of the therapy-induced changes in tissue, which is more related to the treat-
ment outcome than to the baseline clinical characteristics of the tumour.

Limitations
There are several limitations in this study. First, the sample size was relatively small, and the pathological type of 
cervical cancers was simple (all squamous cell carcinomas) and hence might not be broadly representative. But 
every patient in our study received 3 MR examinations leading to a triple data size, which can help reduce the 
bias. Second, the follow-up time was relatively short, and longer follow ups are needed for confirmation. Third, 
multiple b values (14, 0∼1000 s/mm2) were arbitrarily selected for IVIM imaging, which required some technical 
optimization. Fourth, for several good responders, there was distinct size shrinkage, which made it difficult to 
exactly define the ROI. All the above issues require further investigation.

Conclusion
IVIM-derived parameters have great potential for predicting long-term outcomes in patients with cervical can-
cers treated with CCRT. These parameters were superior to tumour morphologic information in predictive value. 
As a noninvasive technology that does not use exogenous contrast agents, IVIM MR imaging may be used as a 
routine radiologic procedure in clinical practice. If the patients at higher risk can be identified early, they could be 
offered treatment intensification, thus improving long-term survival.

Change rate ADCIVIM (%) D (%) f (%) D*(%)

Prognosis Good Poor Good Poor Good Poor Good Poor

Time point 
1 vs 2 43.74 ± 37.67 25.26 ± 21.61 32.91 ± 43.78 24.47 ± 20.85 46.04 ± 28.13 33.39 ± 28.13 84.08 ± 132.48 100.58 ± 201.97

Time point 
1 vs 3 66.56 ± 32.45 45.10 ± 29.36 53.92 ± 34.99 36.61 ± 31.65 90.99 ± 74.94 53.04 ± 31.76 114.05 ± 219.12 23.00 ± 87.63

Time point 
2 vs 3 17.51 ± 13.21 16.28 ± 15.94 20.30 ± 28.61 9.39 ± 11.99 44.01 ± 70.79 16.01 ± 20.09 42.29 ± 146.56 −22.60 ± 44.47

Table 4.  Change rate of Intravoxel incoherent motion (IVIM)-derived parameters in patients with good and 
poor prognosis. Note: ADC, apparent diffusion coefficient; Time point 1, within 2 weeks before CCRT; Time 
point 2, at the end of the 2nd week; Time point 3, at the end of 4th week during CCRT; *p < 0.05.



www.nature.com/scientificreports/

7Scientific REPOrTS | 7: 11635  | DOI:10.1038/s41598-017-11988-2

Materials and Methods
Patients.  This study was approved by the ethics committee of the Institutional Review Board of Nanjing 
Drum Tower Hospital, and written informed consent was obtained from all patients. All experiments were per-
formed in accordance with relevant guidelines and regulations. Patients with histologically proven untreated 
cervical cancer (FIGO IIA ∼ IVB) who were scheduled to undergo CCRT, were prospectively included. The exclu-
sion criteria were age below 18 years and contraindications for MR scanning (such as pacemaker implantation, 
artificial cochlea, or claustrophobia disorder) or CCRT (such as pregnancy, severe hepatic and renal dysfunction, 
or drug allergy).

From January 2014 to August 2016, 30 consecutive female patients with histologically confirmed uterine cer-
vical cancers (all squamous cell carcinomas) were prospectively included. The median age was 51.1 years (range: 
24∼76 years), and detailed characteristics of the patients are listed in Table 2.

All patients were treated with CCRT consisting of five weeks of external beam radiotherapy (EBRT) at a dose 
of 1.8∼2.0 Gy daily to a total dose of approximately 45 Gy and 3 weeks’ intracavitary brachytherapy with a total 
dose of 30∼40 Gy at point A. The definition of point A followed the American Brachytherapy Society consensus 
guidelines for locally advanced carcinoma of the cervix27. In addition, weekly nedaplatin or bi-weekly nedaplatin 
plus paclitaxel/docetaxel was concomitantly administered. The therapeutic regimens were adjusted according to 
the health conditions of individual patients.

MR examination.  All patients underwent MR examination three times: within 2 weeks before CCRT (time 
point 1), 2 weeks after the initiation of CCRT (time point 2), and 4 weeks after the initiation of CCRT (time 
point 3). All MR examinations were performed on a 3.0 T MR scanner (Achieva 3.0 T, Philips Healthcare, Best, 
the Netherlands) with a 16-channel phased array torso coil. The MR scan protocol was kept identical each time 
as follows: axial T2-weighted turbo spin-echo sequence (TR = 4,500 ms, TE = 90 ms, matrix size = 308 × 402, 
field of view = 30 cm × 40 cm, slice thickness = 5 mm, intersection gap = 0.5 mm, number of signal averages 
(NSA) = 1), sagittal T2-weighted turbo spin-echo sequence (TR = 4,500 ms, TE = 90 ms, matrix size = 212 × 209, 
field of view = 30 cm × 40 cm, slice thickness = 5 mm, intersection gap = 0.5 mm, NSA = 1), axial DW imag-
ing sequence (TR = 4000 ms, TE = 238 ms, matrix size = 140 × 140, field of view = 25 cm × 25 cm, slice thick-
ness = 5 mm, intersection gap = 0.5 mm, NSA = 1) with two b values of 0 and 800 s /mm2, axial IVIM sequence 
(TR = 2,834 ms, TE = 105 ms, matrix size = 152 × 120, field of view = 30 cm × 40 cm, slice thickness = 6 mm, 
intersection gap = 0.5 mm, NSA = 1, 14 b values = 0, 10, 20, 30, 40, 50,100, 150, 200, 350, 500, 650, 800, 1000 s/
mm2), and axial contrast enhanced-T1 high resolution isotropic volume examination (e-THRIVE) (TR = 3.0 ms, 
TE = 1.42 ms, matrix size = 256 × 194, field of view = 30 cm × 40 cm, slice thickness = 1.5 mm, intersection 
gap = 0 mm, NSA = 1). Injection of 0.2 mL/kg bodyweight Gadodiamide (Omniscan, GE Healthcare, Shanghai, 
China) at a rate of 3.0 mL/s was followed by a 15 mL saline flush with a high pressure injector (Medrad Spectris 
Solaris EP MR Injector System; One Medrad Drive Indianola, PA, US). All MR examinations were performed 
with free breathing covering the whole pelvis. The scan time of IVIM sequence was approximately 10 min, and 
the total MR scan time was approximately 35 min. All the patients underwent three MR examinations successfully 
without any discomfort or side effects.

Post-process and image analysis.  Two radiologists (J.H. and ZY.Z) with 8 and 12 years’ experience in 
gynaecologic imaging independently performed post-process and image analysis. Cervical cancers showed 
hyperintense on T2 weighted, DW and IVIM images with high contrast enhancement. The maximum diameter 
of cervical cancer was measured with an axial T2 weighted image showing the largest area of the tumour referring 
to other MR sequences. The separate measurements of two radiologists were averaged to obtain the final results.

The axial DW imaging sequence, obtained with 2 b values (0 and 800 s/mm2), was loaded into the software 
(Extended MR Workspace 2.6.3.4; Philips Medical Systems, Best, the Netherlands). A mono-exponential model 
using two b values was used to calculate the ADCDWI value28:

⁎= −bS/S exp( ADC) (1)0

where S0 represents the signal without diffusion weighting, and S represents the signal with diffusion weighting.
The IVIM sequence was loaded into the software DWI-TOOL developed on the basis of IDL 6.3 (ITT Visual 

Information Solutions, Boulder, CO). A mono-exponential model using all 14 b values was used to calculate 
ADCIVIM value by using the same equation as above28.

A bi-exponential model was applied to calculate D, f, and D* values with the following function introduced 
by Le Bihan et al.15:

= − × − × + × − × ⁎f b f bS /S (1 ) exp( D) exp( D ) (2)b 0

where Sb represents the mean signal intensity with diffusion gradient b, and S0 represents the mean signal inten-
sity in pixels without diffusion gradient. f is the microvascular volume fraction, D is the pure diffusion coefficient, 
and D* is the perfusion-related incoherent microcirculation. Considering that D* is much greater than D, the 
effects of D* on the signal decay at large b values (>200 s/mm2) can be ignored. Thus, at higher b values, Eq. (2) 
can be simplified into a Linear fit equation by which D can be estimated:

⁎= −bS /S exp( D) (3)b 0

Based on the value of D calculated using Eq. (3), f and D* values can then be calculated by using a partially con-
strained nonlinear regression algorithm based on Eq. (2).

With reference to other MR sequences, the axial DW or IVIM image that manifested the largest area of 
the tumour was selected, as well as the two adjacent slices above and below it. Regions of interest (ROIs) were 
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manually drawn to cover as large an area of the solid part of the tumour as possible (mean: 934.12 mm2, range: 
86.52∼2489.30 mm2), carefully excluding the macroscopic necroses, large vessels and areas with motion or 
magnetic susceptibility artefacts. The ROIs were copied to exactly the same locations on the ADCDWI, ADCIVIM, 
D, f and D* maps and the mean value from each ROI was obtained. The average value of the three slices and 
mean values from the two radiologists were calculated as the final results. If no residual tumour was observed 
after the treatment, ROIs were placed in the region where the lesion was initially located, and the maximum 
diameter was recorded as 0 cm. The change rate of a certain parameter was determined as: (time point A vs. 
B) = (valueB − valueA)/valueA × 100%.

Short-term and long-term outcome assessment.  The short-term outcome was assessed one month 
after conclusion of the entire course of therapy by using morphological MR scanning according to RECIST as 
follows: (1) complete response (CR) was concluded if no residual tumour could be seen on the MR images; (2) 
partial response (PR) was concluded if the largest diameter of the residual tumour was 30% less than the original 
size or more; (3) progress of disease (PD) was concluded if there was an at least 20% increase in the longest diam-
eter of the tumour compared with the pretreatment size; (4) the disease was considered as stable (SD) if there was 
neither a decrease sufficient to qualify for PR nor an increase sufficient to qualify for PD. According to the above 
criteria, 20 patients were classified as CR, and the remaining 10 were classified as PR; no PD or SD were defined.

Follow up was performed 1 month and 3 months after conclusion of CCRT and every 6 months thereafter 
until tumour recurrence or death. The long-term treatment outcome depended on the nearest follow-up with 
clinical (physical examination or pap smear) or imaging (CT and/or MR imaging) evidence: patients with com-
plete remission was defined as having good prognosis, and patients whose outcomes were death, recurrence 
or sustained disease (patients classified as PR both after short-term and long-term follow-up) were defined as 
having poor prognosis. During a median follow up of 24 months (range: 10∼34 months), 21 patients had a good 
prognosis whereas the remaining 9 patients had a poor prognosis (5 deaths, 3 local recurrences, and 1 sustained 
disease) (Table 2).

Statistical analyses.  Statistical analyses were performed with SPSS 16.0 (SPSS Inc., Chicago, IL). All 
quantitative values in normal distribution are presented as the mean ± standard deviation (SD). Multiple linear 
regression was used to assess interactions between clinical characteristics and the IVIM parameters. Repeated 
measurements analysis of variance (ANOVA) was used for the overall differences of each parameter between 
different time points as well as different groups. A paired samples t-test was performed to detect significant 
changes in IVIM-related parameters and tumour size changes during CCRT. A chi-square test was performed to 
determine the relationship between the short-term outcome and the long-term treatment outcome, and the rela-
tionship between different FIGO stages and the long-term treatment outcome. Receiver operating characteristic 
(ROC) analysis was performed for the predictive value of parameters with significant differences between differ-
ent prognoses. The intraclass correlation coefficient (ICC) was calculated to evaluate interobserver agreement 
in the measurement of IVIM-related parameters. Two-tailed p values less than 0.05 were considered statistically 
significant.

Data Availability.  The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.

References
	 1.	 Kirwan, J. M. et al. A Systematic Review of Acute and Late Toxicity of Concomitant Chemoradiation for Cervical Cancer. Radiother 

Oncol. 68, 217–226 (2003).
	 2.	 Eifel, P. 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. 22, 872–880 (2004).
	 3.	 Thoeny, H. C. & Ross, B. D. Predicting and Monitoring Cancer Treatment Response with Diffusion-Weighted Mri. J Magn Reson 

Imaging. 32, 2–16 (2010).
	 4.	 Watanabe, H. et al. [New Response Evaluation Criteria in Solid Tumours-Revised Recist Guideline (Version 1.1)]. Gan to kagaku 

ryoho. Cancer & chemotherapy. 36, 2495–2501 (2009).
	 5.	 Piver, M. S. & Chung, W. S. Prognostic Significance of Cervical Lesion Size and Pelvic Node Metastases in Cervical Carcinoma. 

Obstet Gynecol. 46, 507–510 (1975).
	 6.	 Eifel, P. J. et al. The Influence of Tumor Size and Morphology On the Outcome of Patients with Figo Stage Ib Squamous-Cell 

Carcinoma of the Uterine Cervix. Int J Radiat Oncol. 29, 9–16 (1994).
	 7.	 Kristensen, G. B. et al. Tumor Size, Depth of Invasion, and Grading of the Invasive Tumor Front are the Main Prognostic Factors in 

Early Squamous Cell Cervical Carcinoma. Gynecol Oncol. 74, 245–251 (1999).
	 8.	 Horn, L. C. et al. Tumor Size is of Prognostic Value in Surgically Treated Figo Stage Ii Cervical Cancer. Gynecol Oncol. 107, 310–315 

(2007).
	 9.	 Harry, V. N. et al. Predicting the Response of Advanced Cervical and Ovarian Tumors to Therapy. Obstet Gynecol Surv. 64, 548–560 

(2009).
	10.	 Hricak, H. et al. Irradiation of the Cervix Uteri - Value of Unenhanced and Contrast-Enhanced Mr-Imaging. Radiology. 189, 

381–388 (1993).
	11.	 Yamashita, Y. et al. Dynamic Contrast-Enhanced Mr Imaging of Uterine Cervical Cancer: Pharmacokinetic Analysis with 

Histopathologic Correlation and its Importance in Predicting the Outcome of Radiation Therapy. Radiology. 216, 803–809 (2000).
	12.	 Harry, V. N. et al. Diffusion-Weighted Magnetic Resonance Imaging in the Early Detection of Response to Chemoradiation in 

Cervical Cancer. Gynecol Oncol. 111, 213–220 (2008).
	13.	 Zhang, Y. et al. Diffusion-Weighted Magnetic Resonance Imaging for Prediction of Response of Advanced Cervical Cancer to 

Chemoradiation. J Comput Assist Tomogr. 35, 102–107 (2011).
	14.	 Somoye, G. et al. Early Diffusion Weighted Magnetic Resonance Imaging Can Predict Survival in Women with Locally Advanced 

Cancer of the Cervix Treated with Combined Chemo-Radiation. Eur Radiol. 22, 2319–2327 (2012).
	15.	 Le Bihan, D. The “wet mind”: water and functional neuroimaging. Phys Med Biol. 52, R57–R90 (2007).
	16.	 Zhu, L. et al. Evaluating Early Response of Cervical Cancer Under Concurrent Chemo-Radiotherapy by Intravoxel Incoherent 

Motion Mr Imaging. Bmc Cancer. 16, 79 (2015).



www.nature.com/scientificreports/

9Scientific REPOrTS | 7: 11635  | DOI:10.1038/s41598-017-11988-2

	17.	 Vincens, E. et al. Accuracy of Magnetic Resonance Imaging in Predicting Residual Disease in Patients Treated for Stage Ib2/Ii 
Cervical Carcinoma with Chemoradiation Therapy. Cancer. 113, 2158–2165 (2008).

	18.	 Eifel, P. J. et al. Predictive Value of a Proposed Subclassification of Stages I and Ii Cervical Cancer Based On Clinical Tumor 
Diameter. Int J Gynecol Cancer. 19, 2–7 (2009).

	19.	 Mayr, N. A. et al. Method and Timing of Tumor Volume Measurement for Outcome Prediction in Cervical Cancer Using Magnetic 
Resonance Imaging. Int J Radiat Oncol. 52, 14–22 (2002).

	20.	 Brown, J. M. & Giaccia, A. J. The Unique Physiology of Solid Tumors: Opportunities (and Problems) for Cancer Therapy. Cancer Res. 
58, 1408–1416 (1998).

	21.	 Hockel, M. & Vaupel, P. Tumor Hypoxia: Definitions and Current Clinical, Biologic, and Molecular Aspects. J Natl Cancer Inst. 93, 
266–276 (2001).

	22.	 Vaupel, P. Tumor Microenvironmental Physiology and its Implications for Radiation Oncology. Semin Radiat Oncol. 14, 198–206 
(2004).

	23.	 Gatenby, R. A. et al. Oxygen Distribution in Squamous-Cell Carcinoma Metastases and its Relationship to Outcome of Radiation-
Therapy. Int J Radiat Oncol. 14, 831–838 (1988).

	24.	 Hauser, T. et al. Prediction of Treatment Response in Head and Neck Carcinomas Using Ivim-Dwi: Evaluation of Lymph Node 
Metastasis. Eur J Radiol. 83, 783–787 (2014).

	25.	 Ellingsen, C. et al. Dce-Mri of the Hypoxic Fraction, Radioresponsiveness, and Metastatic Propensity of Cervical Carcinoma 
Xenografts. Radiother Oncol. 110, 335–341 (2014).

	26.	 Yuh, W. T. C. et al. Predicting Control of Primary Tumor and Survival by Dce Mri During Early Therapy in Cervical Cancer. Invest 
Radiol. 44, 343–350 (2009).

	27.	 Viswanathan, A. N. & Thomadsen, B. American Brachytherapy Society Consensus Guidelines for Locally Advanced Carcinoma of 
the Cervix. Part I: General Principles. BRACHYTHERAPY. 11, 33–46 (2012).

	28.	 Lemke, A. et al. An in Vivo Verification of the Intravoxel Incoherent Motion Effect in Diffusion-Weighted Imaging of the Abdomen. 
Magn Reson Med. 64, 1580–1585 (2010).

Author Contributions
L.Z. collected data, carried out the data analysis and drafted the manuscript; Y.X. carried out the quality control 
of data and algorithms; H.H.W. and J.M. had significant roles in the data acquisition; L.J.Z. and B.R.L. were the 
oncologists responsible for all oncological support; J.H. had significant roles in the study design and manuscript 
review; W.B.C. was the engineer of the MR scanner; Z.Y.Z. and X.F.Y. formulated the research question, supervised 
the research programme and edited the manuscript. All authors read and approved the final manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Predictive and prognostic value of intravoxel incoherent motion (IVIM) MR imaging in patients with advanced cervical cancer ...
	Results

	Predictive value of clinical characteristics of patients and their correlation with IVIM parameters. 
	Predictive value of short-term outcome evaluated with RECIST. 
	Predictive values of morphological changes during the CCRT. 
	Predictive value of IVIM parameter changes during CCRT. 
	Interobserver agreement in measurement of IVIM parameters. 

	Discussion

	Predictive value of short-term outcomes evaluated with RECIST. 
	Predictive ability of tumour size. 
	Predictive ability of the f value. 
	Predictive value of diffusion related parameters. 

	Limitations

	Conclusion

	Materials and Methods

	Patients. 
	MR examination. 
	Post-process and image analysis. 
	Short-term and long-term outcome assessment. 
	Statistical analyses. 
	Data Availability. 

	Figure 1 Dynamic changes in maximum diameters of cervical cancers treated with concurrent chemo-radiotherapy (CCRT) in patients with good and poor prognosis, respectively.
	Figure 2 Receiver operating characteristic (ROC) curve of morphological changes, as well as IVIM parameters during CCRT.
	Figure 3 Therapy-induced changes in IVIM parameters along the concurrent chemo-radiotherapy (CCRT).
	Figure 4 MR images of a 39-year-old female receiving CCRT for advanced cervical cancer (FIGO stage IIB).
	Table 1 Correlation between the clinical characteristics and correlated IVIM parameters in advanced cervical cancer patients.
	Table 2 Patient characteristics.
	Table 3 Intravoxel incoherent motion (IVIM)-derived parameters in patients with good and poor prognosis with concurrent chemo-radiotherapy (CCRT).
	Table 4 Change rate of Intravoxel incoherent motion (IVIM)-derived parameters in patients with good and poor prognosis.




