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TARGET AUDIENCE: Physicists and clinicians using Diffusion-Weighted Magnetic Resonance Imaging (DW-MRI) in oncology.  
BACKGROUND: Apparent Diffusion Coefficients (ADC) measured using DW-MRI have been shown to be lower in poorly differentiated cervical tumours than 
in well/moderately differentiated tumours. 1,2 The difference in ADC between types of tumour is less clear, however, with one study showing lower ADC in 
squamous cell carcinoma (SCC) compared with adenocarcinoma while another study showed no difference in ADC between tumour types. 1,2 It also has been 
shown that the decay of the DW-MRI signal with increasing diffusion-weighting (b-value) may be better described by a multi-exponential model than a mono-
exponential model. 3 However, the use of alternative models, which may provide a better description of the data and additional information to distinguish between 
cervical tumour types and grades has not been explored.  
PURPOSE: To compare goodness-of-fit of mono-exponential, stretched exponential and bi-exponential models of DW-MRI data in cervical cancer and to assess 
whether parameters from stretched exponential (DDC and α) or bi-exponential (D, f and D*) models can be used to distinguish between types (squamous cell 
carcinoma or adenocarcinoma) and grades (well/moderately differentiated or poorly differentiated) of cervical tumours.  
METHODS: Study protocol: Patients with cervical cancer were scanned after informed consent as part of a prospective single-centre study. Twenty consecutive 
patients with lesions larger than 0.5 cm3 were analysed in this exploratory study. Imaging protocol: Hyoscine butylbromide (20 mg) i.m. was administered before 
scanning to reduce image artefacts due to peristalsis. Patients were scanned on a Philips Achieva 3 T MR scanner using an endovaginal coil, as described 
previously, engineered for imaging at 3 T. 4 Following T2-weighted and DW images acquired transversely, coronally and sagitally through the cervix, a sequence 
with 9 b-values between 0 and 800 s mm-2 was acquired coronally through the cervix for assessment of DW-MRI models. The protocol for this sequence was as 
follows:  single-shot EPI; FOV = 100 mm x 100 mm; PE direction = RL; acquired matrix (read) = 80; reconstructed matrix (read) = 224; acquired pixel 
size = 1.25 mm x 1.25 mm; slice thickness = 2 mm; slice gap = 0.1 mm; 24 slices; TE = 52 ms; TR = 6500 ms; b = 0, 20, 40, 60, 80, 100, 300, 500, 800 s mm-2; 
Δ/δ = 25.5/7.5 ms; SPIR fat suppression; NSA = 1 (b<500 s mm-2) or NSA = 2 (b≥500 s mm-2); total acquisition time = 7 minutes, 9 seconds. Analysis: Regions of 
Interest (ROIs) were drawn on computed DW images (b = 800 s mm-2) using in-house software, with reference to T2-weighted images. 5 ROIs were drawn on all 
slices on which the tumour appeared. Mono-exponential [ S(b) = S0exp(-bADC) ], stretched exponential [ S(b) = S0exp(-[bDDC]α) ] and bi-exponential 
[ S(b) = S0(f exp(-bD*) + (1-f)exp(-bD)) ] models were fitted to the data at each pixel using all 9 b-values using least-squares fits (Matlab 2014, MathWorks Inc., 
Natick, MA). When fitting the stretched exponential model, the ‘stretching parameter’, α, was constrained to lie between 0 and 1. When fitting the bi-exponential 
model, starting values of D, f and D* were determined from a least-squares fit of a mono-exponential curve to the signal at the highest three b-values and another 
mono-exponential curve fitted to the remaining signal at the lower b-values; these starting values were used for the least-squares fit of the bi-exponential curve to 
the data at all 9 b-values. The median value of the fitted parameters was calculated for the whole tumour volume. Pixels where the signal did not decay 
montonically with increasing b-value were excluded from the analysis. Pixels with a fitted S0 below a threshold value in mono-exponential fits were also excluded; 
a threshold of 20 was chosen as this was the mean pixel value in background regions at the edges of the images far from the coil. Two-way analysis of variance 
(ANOVA, Matlab 2014) was used to assess differences between types and grades of tumours for each of the fitted parameters. The goodness-of-fit of the three 
models were compared using the Bayesian Information Criterion (BIC), which penalises additional parameters in the models. The preferred model for each lesion 
was defined as the model preferred by the largest number of pixels in the lesion. Tumour grade and type were determined from histopathological analysis of post-
surgery samples (n = 7), or pre-imaging biopsy data (n = 13). 
RESULTS: 11 tumors were squamous cell carcinomas (5 well or moderately 
differentiated, 6 poorly differentiated) and 8 were adenocarcinomas (6 well or 
moderately differentiated, 2 poorly differentiated). One patient with clear cell 
carcinoma was included in the assessment of preferred models but excluded from 
analysis of grades and types. The median values of ADC and D were significantly 
lower in poorly differentiated tumours than in well/moderately differentiated tumours; 
the difference in median DDC, however, was not significant. The median values of α 
were significantly lower in squamous cell carcinomas than adenocarcinomas; the 
difference in median values of f between tumour types was also significant. There was 
no difference in median ADC, DDC or D between tumour types. Median values of D* 
showed no significant difference between types or grades. Comparison of models using 
BIC showed 2 lesions preferred the mono-exponential model, 9 preferred the stretched 
exponential model and 9 preferred the bi-exponential model.   
DISCUSSION: DW-MRI data from these cervical tumours are best described by a 
non-mono-exponential model. The observed differences in alpha between tumour types 
may reflect differences in lesional heterogeneity at a cellular level.6 
CONCLUSION: Stretched exponential and bi-exponential models are preferred over 
the mono-exponential model in DW-MRI data from cervical tumours. The extra 
parameters, α or f, can be used to help distinguish between squamous cell carcinoma 
and adenocarcinoma, while ADC or D distinguish between grades of tumours. 
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Model Parameter p (type) p (grade) 
Mono-exponential ADC 0.152 0.046 * 

Stretched 
exponential 

DDC 0.132 0.055 
α 0.014 * 0.260 

Bi-exponential 
D 0.537 0.020 * 
f 0.030 * 0.929 

D* 0.065 0.415 

Table 1: Results of two-way analysis of variance (ANOVA) for each of 
the fitted parameters. * p<0.05. 

Figure 1: Box-and-whisker plots showing parameters which showed 
significant differences in ANOVA (denoted by * in Table 1) 
separated by grade or type (a) ADC, (b) alpha, (c) D, (d) f. 
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