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Abstract
Objective—To estimate and compare performance of diffusion weighted imaging (DWI) with
other MR imaging techniques including T2-weighted MR imaging (T2WI) for prostate cancer
(PC) detection.

Methods—The PubMed and Scopus electronic databases searches for “prostate”, “cancer”,
“diffusion weighted imaging”, “magnetic resonance imaging” were completed up to December
2010. All included studies had histopathological correlation. 2 × 2 contingency data were
constructed for each study. A Bayesian receiver operating characteristics (ROC) model was used
across studies to determine sensitivity, specificity, and area under full or partial receiver operator
curve (AUROC).

Results—Nineteen publications consisting of a total of 5,892 lesions were analysed. Based on a
95% CI, DWI alone yielded significantly better AUROC, sensitivity and specificity (0.85, 0.69,
0.89) than T2WI alone (0.75, 0.6, 0.76). DWI/T2WI (0.73, 0.7, 0.83) showed similar AUROC but
significantly better sensitivity and specificity than T2WI alone. DWI and DWI/T2WI yielded
similar overall sensitivity, but DWI alone showed better overall specificity than DWI/T2WI. At
specificities above 80%, DWI/T2WI yielded similar (partial) AUROC (0.138) to DWI alone
(0.129), and was significantly better than T2WI alone (0.07). DWI alone and DWI/T2WI appear
superior to dynamic contrast enhanced imaging alone (AUROC 0.79, sensitivity 0.58, specificity
0.82).

Conclusion—DWI appears to improve diagnostic performance and can be a useful adjunct to
conventional anatomic imaging for identifying tumour foci in PC.
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Introduction
High resolution T2-weighted imaging (T2WI) has been the mainstay of magnetic resonance
imaging (MRI) in view of its tissue contrast resolution and ability to aid staging, including
assessing extraprostatic extension of PC [1, 2]. In the meta-analysis by Sonnad et al, T2WI
with T1WI showed a maximum joint sensitivity and specificity rate of 74% for staging of
PC [3]. Engelbrecht et al [4] showed similar findings, with a joint sensitivity and specificity
rate of 71%. Hence, there exists a need for better ways to diagnose prostate cancer (PC) by
MRI, particularly in cases where prostate specific antigen is rising and random utrasound
guided needle biopsy (TRUS) is negative.

The introduction of non-surgical local ablative techniques (such as high intensity focused
ultrasound and cryotherapy [5]) and advances in radiotherapy (brachytherapy, intensity
modulated and proton radiotherapy) theoretically allows for escalation of radiation dose to
the dominant intraprostatic lesions without increasing dose to surrounding normal tissues
[6–8]. This further increases the need for accurate delineation of PC foci by non-invasive
techniques.

However, T2WI can be limited in differentiating between tumour and benign disease such as
inflammatory tissue. This has led to substantial interest in MRI techniques such as diffusion
weighted imaging (DWI), magnetic resonance spectroscopy (MRS), and dynamic contrast
enhanced (DCE) MRI that can be performed concurrently with anatomic imaging (primarily
T2WI) by MRI to improve detection of tumour foci in the local assessment of PC.

Compared to the other methodologies, DWI has the combined advantage of short acquisition
time, no need for intravenous contrast, and low technical demand for image post-processing.
DWI measures restriction of water diffusion in biological tissues, corresponding to
properties such as cellular density, membrane permeability, and space between cells [9]. For
example, the luminal space in benign human prostate tissue has been reported to average
several hundreds of microns wide; whereas, in PC, water molecules diffuse over tens of
microns [10]. This may be what makes it possible for DWI to distinguish malignant from
benign prostate tissues.

Typically, an ultrafast echoplanar T2-weighted sequence is used for DWI; this can be
performed with either an endorectal coil only, endorectal plus external phased array coils or
an external phased-array coil only. Diffusion-weighted images are postprocessed to obtain
apparent diffusion coefficients (ADCs). In clinical practice, this information is represented
in the image form (ADC map). Analysis of the ADCs has the advantages of eliminating the
effect of T2 shine-through that can be seen with DWI images, and of objectively measuring
tissue diffusivity [11].

A growing number of clinical studies in the recent years have evaluated the utility of DWI
either in combination with or in comparison to other MRI techniques for detection of PC and
these have reported various sensitivities and specificities. However, a meta-analysis has not
yet been performed and, given its widespread availability with most modern MRI scanners,
is appropriate. The purpose of this meta-analysis is to estimate and compare performance of
diffusion weighted imaging (DWI) with other MR imaging techniques, including T2WI, for
the detection of tumour foci in the local assessment of PC.

Materials and methods
This meta-analysis was written using the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement as reference [12, 13].
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Literature Search
A comprehensive systematic literature review was completed up to December 2010. The
PubMed and Scopus electronic databases were searched. The literature search was limited to
English publications and human subjects. The following Medical Subject Headings (MeSH)
terms and keywords were used in the search: “prostate”, “cancer”, “diffusion weighted
imaging”, and “magnetic resonance imaging”. The abstracts of all relevant articles available
on the database, prior to December 2010, were reviewed.

The inclusion criteria for articles were as follows: (a) patients with histologically proven PC,
(b) the diagnostic tests included DWI, with or without other methods of imaging such as
T2WI, MRS and DCE MRI, (c) the reference standard was histological diagnosis, and (d)
sufficient data were reported to allow for construction of 2 × 2 contingency tables. Only
papers that used histopathological results to directly reference independently derived DWI
findings were included in our study; those in which the DWI findings were retrospectively
obtained from prefabricated region of interest (ROI) maps using data from either
histopathology or T2WI were excluded. Study design inclusion criteria were broad and
included retrospective and prospective studies. Articles were excluded if they were
editorials, commentaries or case reports.

Data extraction
Using the search terms, the abstracts of a total of 150 publications from the PubMed and 244
publications from the Scopus electronic databases were retrieved. The combined records
identified 105 English language scientific publications after removal of duplicates. Of these,
26 articles were excluded: studies performed on extra-prostatic organs (9 publications), non-
DWI techniques (11 publications), normal subjects (5 publications), ex-vivo (1 publication).
Full text evaluation of the remaining 79 publications was performed. Among these, 60
publications had to be excluded for the following reasons: DWI data retrospectively
obtained using T2WI, DCE MRI or histological maps as a guide to draw DWI ROI’s (41
publications), insufficient data to construct 2 × 2 tables (15 publications), TRUS biopsies
based on MRI data (2 publications), local tumour stage rather than tumour location used as
endpoint (1 publication), raters not blinded from results of histology (1 publication).

Nineteen publications [14–32] in total were included in the meta-analysis, and each reported
one or more imaging sequences to classify prostate lesions into benign or malignant based
on imaging results. Data from the 19 selected articles were extracted for information on
study design, year of publication, number of patients, number of lesions studied (total
numbers and numbers positive for PC), number of raters, reference standard (whole mount
or step section histopathology, TRUS biopsy), imaging techniques (DWI, T2WI, DCE,
MRS), field strength, type of coil (torso surface phased array, endorectal, body coil),
imaging parameters (b-value), and criteria for diagnosis (e.g. hyperintensity on DWI images,
hypointensity on ADC maps, ADC cut-off values).

For all the 19 studies evaluated, the number of true positive, false positive, true negative,
and false negative lesions for each imaging technique had to be available for analysis.
AUCROC, sensitivity, specificity and accuracy data were recorded separately. All data for
which the 2×2 tables could be constructed was utilised for analysis. We did not exclude any
part of the studies included in the meta-analysis. Thereby, a total of 45 raters and 5,892
lesions were included in the meta-analysis. The recorded variables for all of the included
studies are presented in Table 1.
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Statistical Analysis
Because the majority of the studies included in our analysis reported only sensitivity and
specificity values for the modalities that they reported, we fitted a Bayesian receiver
operating characteristics (ROC) model to the sensitivity and specificity values reported in
the studies in order to compare sensitivity, specificity, and AUROC across studies and
modalities [33]. We assumed a binormal model for the generation of the classification of
lesions. In this model, a continuous latent trait is associated with the manifestation of
“disease” in each image. Because this model was used to construct ROC curves based only
on published sensitivity and specificity values, it was necessary to assume homogeneity of
the binormal model across studies. To better evaluate the use of DWI as an imaging
technique, partial AUROC for specificity more than 80% was performed, since at least this
degree of specificity is desirable in clinical practice (specifically for patients with PC, to
avoid unnecessary treatment).

We assumed that the latent outcome variable associated with normal lesions was drawn from
a standard normal distribution, whereas the latent outcome variable associated with
malignant lesions was assumed to follow a normal distribution with mean μd, and a standard
deviation of SD. We further assumed that the thresholds used in each study for each
threshold to determine positive and negative findings were drawn from a normal distribution
with a mean of μthreshold and a standard deviation of SDthreshold.

Using a Metropolis-Hasting algorithm to perform Markov chain Monte Carlo (MCMC)
sampling, we obtained the posterior distribution of the parameters specified above. This
model allowed us to compute the posterior distribution on the total AUROC and partial
AUROC (cut-off point based on specificity) for each image modality across the population
of studies considered. Comparisons between modalities were based on 95% credible
intervals (CI) for the AUROC and partial AUROC values.

Among the various studies, only a total of 4 imaging techniques could be successfully
analyzed: 6 with DCE alone, 10 with DWI alone, 14 with T2WI alone, and 11 with joint
T2WI / DWI (henceforth referred to as DWI/T2WI) (Table 2). Four studies reported results
for each of the multiple raters. Inexperienced raters were identified by reviewing the original
papers, and a sensitivity analysis was carried out to assess the effect of these raters (3 in
total) on DWI/T2WI.

Analysis of MRS alone or in combination with DCE, DWI and T2WI could not be made due
to the small number of publications and sample populations (Table 2). Due to the relatively
small amount of data, further analysis of the selected studies regarding the use of DWI for
the detection of disease in the central zone versus the peripheral zone; the optimal b-value,
use of DWI images versus ADC maps and 3T scanners versus 1.5T scanners as factors
influencing lesion detection could not be made.

Results
Figure 1 shows the estimated ROC curve for each methodology. Table 3 summarizes the p
distributions of all of the parameters.

T2WI vs DWI and DWI/T2WI
Based on a posterior 95% confidence interval (CI), the AUROC for T2WI alone is
significantly less than DWI alone, but is not significantly different for joint DWI/T2WI
(T2WI: 0.71–0.77; DWI: 0.82–0.87, DWI/T2WI: 0.71–0.75). The overall sensitivity,
specificity and partial AUROC (specificities above 80%) of DWI alone and of DWI/T2WI
are superior to T2WI alone (sensitivity T2WI: 0.57–0.62, DWI: 0.67–0.72, DWI/T2WI:
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0.69–0.72; specificity T2WI: 0.74–0.78, DWI: 0.87–0.90, DWI/T2WI: 0.80–0.85; partial
AUROC T2WI: 0.06–0.09, DWI: 0.121–0.136, DWI/T2WI: 0.134–0.140).

DWI vs DWI/T2WI
At extremely low specificity (the right part of the ROC graphs), the unusual shape of the
ROC curves for DWI/T2 (all raters) and DWI/T2 (experienced raters) is due to the fact that
the 80% sensitivity was relatively constant and little data was available to very low
specificity, therefore, the behaviour at extreme values was uncertain.

The overall AUROC for DWI/T2WI is significantly lower than DWI alone. However, when
comparing at specificities above 80%, DWI/T2WI yielded similar partial AUROC to DWI
alone.

DCE vs T2WI, DWI and DWI/T2WI
Based on the studies, AUROC (0.75–0.83) and overall sensitivity (0.53–0.62) for DCE were
not significantly different from T2WI, even though there is increased specificity (DCE:
0.80–0.85). In contrast, DCE was less sensitive than DWI or DWI/T2WI and less specific
than DWI; however, the specificity is not significantly different from DWI/T2WI. The
partial AUROC of DCE (0.07–0.09) is not significantly different from T2WI, but is
significantly less than DWI and DWI/T2WI.

Discussion
DWI for imaging of the prostate is commonplace in most institutions. An understanding of
the utility of this sequence is important since it is being used to affect clinical care. A
number of clinical studies have evaluated the utility of DWI alone or in combination with
other sequences for the assessment of prostate cancers with the majority of the scientific
articles published in the last five years. Hence it is both important and appropriate to
validate the efficacy of DWI in PC at this point in time.

Our meta-analysis has revealed several important findings that pertain to clinical use of DWI
for detection of PC. Firstly, DWI alone yields significantly better AUROC than T2WI alone.
This is in line with various published studies at both 1.5T [6, 19, 21, 26, 34, 35] and at 3T
[14, 20, 36] that demonstrate both increased sensitivity and specificity of DWI. This appears
to represent an inherent advantage of DWI over conventional anatomic imaging alone,
consistent with DWI assessing parameters different from T2WI.

Secondly, at a defined specificity greater than 80% (partial AUROC), DWI/T2WI is
superior to T2WI alone and DCE alone (Table 3), but is similar to DWI alone. This suggests
that to achieve high specificity, DWI should be added as an adjunct to T2WI. Currently
T2WI is the principal sequence used for evaluation of extraprostatic involvement in clinical
practice.

Thirdly, the total AUROC of DWI/T2WI appears to be worse than DWI alone. A review of
the publications indicate the only two comprised direct comparison between DWI and DWI/
T2WI [19, 24]. In both studies, the sensitivity of combining DWI with T2WI were higher
than that of DWI, even though the specificity rates did not improve. More studies
performing such head-to-head experiments are needed.

As the data extraction for this meta-analysis was focused on DWI, results assessing T2WI
and DCE are not fully inclusive and need to be considered in relation to the results of DWI
for meaningful analysis. Based on our meta-analysis, DCE alone appears to show specificity
similar to DWI/T2WI, but is less specific than DWI alone. It is also less sensitive than both
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DWI alone and DWI/T2WI. This suggests that DWI outperforms DCE. This also raises the
question of whether adding more parameters, such as DCE, to multiparametric imaging
already including DWI and T2WI, increases diagnostic performance.

Limitations of the Literature
Technical parameters—As the number of publications that met the inclusion criteria was
relatively small, there was insufficient data to compare several important DWI parameters,
namely: magnet field strength (1.5T vs 3T), type of coil (endorectal vs surface phased array)
and b-value. As many as 9 out of 19 studies were performed using a surface phased array
coil on a 1.5T scanner, a condition that would be considered suboptimal to the use of
endorectal coil imaging [37–39]. Of 19 studies included in the meta-analysis, 5 studies used
endorectal coil for imaging on 1.5T scanners [19, 23, 24, 27, 40]; another 5 studies used
surface phased array coils for imaging on 3T scanners [14, 17, 20, 25, 32]. While the magnet
field strength (1.5T vs 3T) and type of coil are subject to the resources of each institution,
the b-value parameter is not. Even so, there has been no consensus on the optimal b-value to
date, and the b-value used varies greatly among studies (Table 1). Although higher b-values
have been shown to provide better characterisation of PC and treatment response in
experimental mouse models [41], they also lead to increased motion and susceptibility
artefacts, as well as decreased signal to noise ratio [42]. Studies directly comparing the
results of DWI using different technical parameters are needed.

Methods of interpretation—We excluded studies which retrospectively analysed the
ADC value of lesions using ROIs drawn from other diagnostic tests (T2WI, DCE MRI or
histological maps) because these methods could skew the data and do not allow for proper
evaluation of DWI as a diagnostic tool. While this meant that we had to exclude 60 out of 79
studies that were initially considered for full-text evaluation, this allowed us to better
analyze the true clinical value of DWI as an imaging test for PC detection. The selection
process was thus designed to remove bias and create a more robust data set.

In terms of lesion diagnosis, more than half of the studies utilized ADC maps for
interpretation (13 out of 19) either alone or in combination with DWI images, while the
remainder relied on DWI images alone. In our experience with prostate DWI, use of ADC
maps can be more easily interpreted than DWI images. This is because both tumour and
normal tissue can be T2-hyperintense on DWI due to T2 shine-through effects whereas T2
shine-through effects are removed with ADC maps; hence tumour will appear hypointense
compared to normal prostatic tissue.

A limitation in the evaluation of the publications pertained to joint DWI/T2WI; it was not
explicitly mentioned in most studies what constituted a positive finding, that is, whether
DWI detects disease in areas of normal T2 signal or whether it increases diagnostic
confidence in areas with low T2 signal. The increased sensitivity of DWI alone compared to
T2WI suggests that it does detect disease in areas of T2 signal considered normal when read
in isolation. Likely, when read together, diagnostic confidence can also be increased. The
results of the meta-analysis seems to suggest that DWI alone is superior to combined T2WI/
DWI. However, because only one study [24] directly compared between them, we were not
able to come to such a conclusion reasonably.

Reference standard for histological assessment—In 12 of the 19 studies included
in this meta-analysis, only TRUS biopsy results were used to correlate with imaging
findings (Table 1). Needle biopsies can result in sampling error and false negatives; if taken
to be the reference standard, these may result in under-estimation of the sensitivities of the
imaging modalities. Furthermore, a per nodule analysis, which requires direct
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histopathological correlation in all cases with step-section or whole mount techniques,
would be the optimal approach. This was performed in 7 of the included studies (including
one study that used either TRUS with step section histopathology to correlate with imaging).
However, such an approach can be both cost- and labour-intensive, hence routine
application of these techniques may not be possible in many studies. Indeed, if we had
restricted to only these gold standards, only 6 studies would have qualified, yielding very
few studies for a meta-analysis. Such studies that used step-section or whole mount
techniques as reference standard revealed findings similar to the overall findings in our
meta-analysis: (1) DWI is more specific but less sensitive than DWI/T2WI [19]; (2) DWI/T2
is more sensitive and specific than T2WI [15, 19, 21, 24, 28, 29]; and (3) DWI is more
specific than DCE [27] while combined DWI/T2WI is more sensitive and specific than
DCE/T2WI [28].

Study end-points—In this meta-analysis, outcomes considered were detection of tumour
foci; evaluating the use of DWI for assessing extracapsular extension was not an aim of the
majority of the studies. Traditionally, anatomic delineation with T2WI has been considered
to be the optimal technique for the local extent of disease. Given the lower spatial resolution
of DWI compared to T2WI, it may theoretically fare poorer in assessment for extracapsular
extension. In comparison, literature suggests that invasion of other structures such as
seminal vesicles [36, 43] and bladder [44] can be detected better on DWI/T2WI than T2WI
alone this requires further study. The results of this meta-analysis cannot be used to suggest
that DWI is sufficient to replace T2WI and be read in isolation for PC staging assessment.

Comparison of various imaging techniques: DWI, DCE, MRS—As
multiparametric MRI assessment of the prostate becomes more widely available,
comparison of the use of DWI against or joint with other MRI imaging techniques (such as
DCE MRI and MRS) needs to be studied in order to address the issue of MRI protocol
optimization.

Based on our meta-analysis, it would appear that DCE MRI is inferior to DWI (either alone
or in combination with T2WI), in terms of overall sensitivity and partial AUROC. However,
the data did not allow for additional comparisons, such as between MRS and joint T2WI/
DCE MRI. To achieve adequate comparison between techniques, it is necessary to include
studies that evaluate DCE or MRS without DWI, however, this would be beyond the scope
of the current review. The role of multiparametric MRI could not be fully addressed in this
study due to the small number studies combining the various imaging techniques.
Potentially, more may not be better because there may not be significant test characteristics
benefit of three-parameter (DWI, DCE and T2WI) over two-parameter (DWI/T2WI)
analysis, as suggested in the recent study by Vilanova et al [45], and because of additional
study time and cost.

Potential for future research
Potentially important uses of DWI, such as, improving diagnosis of PC in the central zone
and in post-treatment states, could not be evaluated in the meta-analysis due to limited data.
A few individual studies suggest that there may be a role. Shimofusa et al found that DWI
detected tumour in the central zone in 5 out of 8 (63%) patients, compared with one out of 8
(13%) using T2WI [21]. In patients who underwent high intensity focused ultrasound for
PC, DWI/T2WI has been shown to be more specific than DCE (74%–78% vs 63%–68%) in
detecting post-treatment tumour progression, although sensitivity may be lower (63–70% vs
80–87%) [14]. Given the relatively longer survival times in PC as compared to other
common adult cancers, and the acceptable practice of watchful waiting in patients with early
PC and greater than 10 year life expectancy, there is a constant need to avoid over-diagnosis
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of PC. Currently, how the results of DWI impacts the overall management of PC, for
example, in terms of patient morbidity and survival, remains unanswered.

In conclusion, the results of this meta-analysis suggests that DWI is a useful adjunct to
conventional anatomic imaging with T2WI, for detecting cancer within the prostate gland.

Table 1. List of papers selected for meta-analysis and the various data recorded.
(*=consensus, TRUS = transrectal ultrasound biopsy, ER = endorectal coil, PA = torso
phased array coil, ADC = apparent diffusion coefficient, WM = whole mount
histopathology, SS = step-section histopathology)
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Figure 1.
Estimated ROC curve for each methodology (T2WI, DCE MRI, DWI and DWI/T2WI).
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Table 2

Summary of papers reviewed by modality. Papers that could be included in the meta-analysis are highlighted
in bold.

Modality Number of Papers Number of Raters Number of Lesions

T2 14 18 3045

DWI/T2 11 17 2230

DWI 10 13 4593

DCE 6 7 2570

T2/DWI/DCE 3 3 786

DWI/MRS 2 2 234

T2/DCE 2 2 466

MRS 1 1 408

T2/DWI/MRS 1 1 201
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