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 Purpose: To assess the incremental value of diffusion-weighted 
(DW) magnetic resonance (MR) imaging over T2-weighted 
MR imaging at 3 T for prostate cancer detection and to 
investigate the use of the apparent diffusion coeffi cient 
(ADC) to characterize tumor aggressiveness, with whole-
mount step-section pathologic analysis as the reference 
standard.

 Materials and 
Methods: 

The Internal Review Board approved this HIPAA-compliant 
retrospective study and waived informed consent. Fifty-
one patients with prostate cancer (median age, 58 years; 
range, 46–74 years) underwent T2-weighted MR imag-
ing and DW MR imaging ( b  values: 0 and 700 sec/mm 2  
[ n  = 20] or 0 and 1000 sec/mm 2  [ n  = 31]) followed by 
prostatectomy. The prostate was divided into 12 regions; 
two readers provided a score for each region according 
to their level of suspicion for the presence of cancer on a 
fi ve-point scale, fi rst using T2-weighted MR imaging alone 
and then using T2-weighted MR imaging and the ADC 
map in conjunction. Areas under the receiver operating 
characteristic curve (AUCs) were estimated to evaluate 
performance. Generalized estimating equations were used 
to test the ADC difference between benign and malignant 
prostate regions and the association between ADCs and 
tumor Gleason scores.

 Results: For tumor detection, the AUCs for readers 1 and 2 were 
0.79 and 0.76, respectively, for T2-weighted MR imaging 
and 0.79 and 0.78, respectively, for T2-weighted MR im-
aging plus the ADC map. Mean ADCs for both cancerous 
and healthy prostatic regions were lower when DW MR 
imaging was performed with a  b  value of 1000 sec/mm 2  
rather than 700 sec/mm 2 . Regardless of the  b  value used, 
there was a signifi cant difference in the mean ADC be-
tween malignant and benign prostate regions. A lower 
mean ADC was signifi cantly associated with a higher
tumor Gleason score (mean ADCs of [1.21, 1.10, 0.87, 
and 0.69]  3  10  2 3  mm 2 /sec were associated with Gleason 
score of 3 + 3, 3 + 4, 4 + 3, and 8 or higher, respectively; 
 P  = .017).

 Conclusion: Combined DW and T2-weighted MR imaging had similar 
performance to T2-weighted MR imaging alone for tumor 
detection; however, DW MR imaging provided additional 
quantitative information that signifi cantly correlated with 
prostate cancer aggressiveness.
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at 3 T for the assessment of prostate 
cancer between September 2008 and 
May 2009; (ii) radical prostatectomy 
performed at our institution within 6 
months after the MR imaging; and (iii) 
whole-mount step-section pathologic tu-
mor maps available. We excluded pa-
tients with (i) prior prostate cancer treat-
ment, including surgery, focal therapy, 
hormones, or radiation, and (ii) MR im-
ag ing artifacts that made the examina-
tion nondiagnostic. Through com put erized 
searches of our urology department da-
ta  base, we identifi ed 288 patients who 
had undergone radical prostatectomy 
during the study period and had whole-
mount step-section pathologic tumor 
maps available. Of these patients, 238 
had undergone prostate MR imaging 
within the 6 months preceding the pros-
tatectomy. For 175 of these patients, the 
MR imaging examination included DW 
MR imaging. In 55 of these patients, 
the examination was performed at 3 T. 
One of the 55 patients was excluded 
because he had received prior radiation 
therapy, and three were excluded be-
cause of marked distortion of DW MR 
imaging caused by motion or susceptibil-
ity artifacts. Thus, our study included a 

generating qualitative and quantitative 
parametric image maps based on the 
apparent diffusion coeffi cient (ADC) is 
straightforward by using commercially 
available software. 

 Recent advances in MR imaging tech-
nology, such as 3-T magnets, multichannel 
coils, and parallel imaging, have allowed 
higher signal-to-noise ratios that enhance 
the quality of anatomic as well as func-
tional MR imaging. Studies ( 8–11 ) have 
shown that adding DW MR imaging to 
conventional MR imaging at 3 T may 
improve the assessment of prostate can-
cer. While these preliminary reports are 
encouraging, DW MR imaging is still an 
evolving technique with several limitations 
to be overcome; these include intrinsic 
technical diffi culties that result in image 
distortions and susceptibility artifacts 
and a lack of standardized acquisition and 
image analysis methods. More impor-
tantly, the diagnostic performance of DW 
MR imaging in characterizing prostate 
cancer needs to be further studied. 

 Thus, the purpose of our study was 
to assess the incremental value of DW 
MR imaging over T2-weighted MR im-
aging at 3 T for prostate cancer detection 
and to investigate the use of the ADC to 
characterize tumor aggressiveness, with 
whole-mount step-section pathologic 
specimens as the reference standard. 

 Materials and Methods 

 The institutional review board approved 
our retrospective study and waived the 
informed consent requirement. Our study 
was compliant with the Health Insurance 
Portability and Accountability Act. 

 Eligibility Criteria and Patient 
Characteristics 
 The inclusion criteria for our study were 
as follows: (i) endorectal MR imaging, 
including DW MR imaging, performed 

             The prostate is the most common 
noncutaneous site of cancer among 
men in the United States ( 1 ). Ow-

ing to the increasing awareness of its 
variable biologic aggressiveness, the big-
gest challenge in managing patients 
with newly diagnosed prostate cancer 
is shifting from tumor detection alone 
to identifying patients with aggressive 
disease who would benefi t from more 
radical therapy, while sparing those with 
indolent cancers. There is an increasing 
need for translational research address-
ing this clinical challenge. Functional 
magnetic resonance (MR) imaging tech-
niques are garnering substantial interest 
as possible means to stratify patients 
with prostate cancer by risk ( 2–7 ). These 
techniques, which include MR spectro-
scopic imaging, diffusion-weighted (DW) 
MR imaging, and dynamic contrast 
material–enhanced MR imaging, can pro-
vide qualitative and quantitative infor-
mation regarding tumor biology. 

 In theory, combining multiple func-
tional MR imaging techniques with stan-
dard anatomic imaging sequences could 
make MR imaging a much more pow-
erful tool for noninvasively characteriz-
ing prostate cancer. However, practical 
methods to analyze, interpret, and inte-
grate the large amount of data generated 
by such a multiparametric approach are 
still lacking. Of all the available func-
tional MR imaging methods, DW MR 
imaging is the one most commonly in-
tegrated into clinical prostate MR im-
aging protocols because it possesses a 
number of advantages: Its acquisition 
time is short, it does not require the 
administration of contrast material, and 

 Implication for Patient Care 

 The ADC derived from diffusion- n

weighted MR imaging allows the 
identifi cation of patients with 
aggressive prostate cancer and 
may facilitate appropriate treat-
ment selection. 

 Advance in Knowledge 

 While T2-weighted MR imaging  n

alone performed similarly to 
combined DW and T2-weighted 
MR imaging for tumor detection, 
the addition of DW MR imaging 
was useful for the assessment of 
prostate cancer aggressiveness, 
as indicated by a signifi cant 
inverse correlation between 
apparent diffusion coeffi cients 
(ADCs) and Gleason scores 
( P  = .017). 

  Published online before print  
 10.1148/radiol.11102066 

Radiology 2011; 259:775–784

 Abbreviations: 
 ADC = apparent diffusion coeffi cient 
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assigned a new set of scores. For the 
purposes of image interpretation, tu-
mor was defi ned as a focal or nodular 
area that displayed (i) focal low signal 
intensity on T2-weighted images and/or   
(ii) focal restricted diffusion on the 
ADC map ( Fig 2  ). 

 Quantitative assessment.—  The read-
ers independently recorded the two-
dimensional measurements of each le-
sion with a diameter of at least 4 mm 
that they identifi ed on the T2-weighted 
images and/or ADC parametric maps. 
For the quantitative analysis of DW MR 
imaging parameters, one of the authors 
(H.A.V.) placed a region of interest 
(ROI) to cover each lesion detected by 
at least one reader. After all MR imag-
ing readings were completed, by using 
the whole-mount step-section pathology 
maps as a guide, additional ROIs were 
placed in noncancerous regions in the 
peripheral and transition zones in each 
patient as well as to cover any cancer 
foci missed by the readers but identifi ed 
on pathology maps. The ROIs were placed 
on the ADC map by using the freehand 
drawing tool on Advanced Workstation 
software to encompass as much of the 
inner aspect of the lesion as possible 

were aware that the patients had prostate 
cancer, but they were blinded to clinical, 
laboratory (including prostate-specifi c 
antigen values), biopsy results (including 
tumor locations and histologic fi ndings), 
and the original MR imaging reports. 

 Qualitative assessment.—  The readers 
evaluated twelve regions of the prostate 
by applying the sextant schema (right 
and left base, midgland, and apex) in 
both the peripheral and transition zones. 
For all regions, the readers indepen-
dently assigned scores for the likelihood 
of cancer on a fi ve-point index scale 
(1 = defi nitely absent, 2 = probably ab-
sent, 3 = indeterminate, 4 = probably 
present, 5 = definitely present). First 
they assigned scores based on the inter-
pretation of T2-weighted images alone. 
Then, they evaluated each region by 
using a combination of T2-weighted 
images and the parametric ADC map 
derived from the DW MR images and 

total of 51 patients. A summary fl ow-
chart of patient selection is presented in 
 Figure 1   and the patients’ characteris-
tics are presented in  Table 1  . 

 MR Imaging Acquisition 
 MR imaging studies were performed 
by using a 3-T whole-body unit (Signa 
HDX; GE   Medical Systems, Milwaukee, 
Wis). A body coil was used for excita-
tion; a pelvic four-channel phased-array 
coil and a balloon-covered expandable 
endorectal coil (Medrad, Warrendale, Pa) 
fi lled with air were used for signal recep-
tion. The anatomic images were ob-
tained by using transverse T1-weighted 
(repetition time msec/echo time msec, 
600–750/10–14; section thickness, 5 mm; 
intersection gap, 1 mm; fi eld of view, 
28–36 cm; matrix, 256  3  192) and 
transverse, coronal, and sagittal T2-
weighted fast spin-echo (3500/120; 
echo train length, 12–16; section thick-
ness, 3 mm; no intersection gap; fi eld of 
view, 14–16 cm; matrix, 256  3  192) se-
quences. DW MR imaging was obtained 
in the transverse plane with orientation 
and location identical to those pre-
scribed for the transverse T2-weighted 
MR imaging by using a spin-echo echo-
planar imaging sequence with ramp 
sampling by using a pair of rectangular 
gradient pulses along with three orthogo-
nal axes (repetition time msec/effective 
echo time msec, 3500/63.5–108.4 [median 
82 msec]; fi eld of view, 14 cm; section 
thickness, 3 mm; no intersection gap; in-
plane resolution, 1.9  3  1.9 mm;  b  val-
ues, 0 and 700 sec/mm 2  [ n  = 20] or 0 
and 1000 sec/mm 2  [ n  = 31]). Paramet-
ric image maps based on ADCs were 
generated by using Advanced Worksta-
tion software (GE Medical Systems). 

 MR Imaging Interpretation 
 Two radiologists retrospectively and in-
dependently interpreted the MR imag-
ing studies, which were archived in a 
picture archiving and communication 
system (Centricity; GE Medical Systems). 
At the time of the study, reader 1 (H.A.V.) 
was a body imaging fellow with a special 
interest and 2 years experience in prostate 
MR imaging, and reader 2 (T.F.) was a 
radiologist with 4 years experience inter-
preting prostate MR imaging. The readers 

 Figure 1 

  
  Figure 1:  Flowchart summarizing patient selec-
tion.  DW-MRI  = DW MR imaging.   

 Table 1 

 Patient Characteristics 

Characteristic Value

Age (y) 58 (46–74) * 
Initial prostate-specifi c 
   antigen (ng/mL)

5.3 (0.4–62.2) * 

Time between MR imaging 
   and prostatectomy (d)

25 (1–181) * 

Gleason score
 Biopsy 
  3 + 3 18 (35)
  3 + 4 19 (37)
  4 + 3 9 (18)
   � 4 + 4 5 (10)
 Prostatectomy 
  3 + 3 10 (20)
  3 + 4 26 (51)
  4 + 3 13 (25)
   � 4 + 4 2 (4)

Note.—Unless otherwise specified, data are number 
of patients, with percentage of 51 total patients in 
parentheses.

* Data are median, with range in parentheses.



778 radiology.rsna.org n Radiology: Volume 259: Number 3—June 2011

 GENITOURINARY IMAGING:  Diffusion-weighted MR Imaging: Assessment of Prostate Cancer Aggressiveness Vargas et al

(specifi city of T2-weighted MR imag-
ing alone) under the null hypothesis. 
Interreader agreement was evaluated 
by using the weighted  k  statistic with 
quadratic weights (16), which   was in-
terpreted based on the table provided 
by Landis and Koch ( 17 ). 

 For the quantitative analysis of DW 
MR imaging, score statistics from gen-
eralized estimating equations with an 
independent working correlation matrix 
accounting for the correlated data were 
used to test the ADC mean difference 
between the ROIs in each region as 
categorized by MR imaging and whole-
mount step-section pathology correla-
tion. The mean ADCs, ADC ratios, 
standard errors, and corresponding 
 P  values were calculated for the score 
statistics. The same methods were 
used to perform a subgroup analysis 
for patients in whom the DW MR im-
aging was acquired with  b  values of 0 
and 700 sec/mm 2  versus those in whom 
the  b  values used were 0 and 1000 sec/
mm 2 . To assess the degree of overlap 
between the distribution of ADCs in 
prostate cancer lesions and those in 
healthy prostate tissue at the different 
 b  values, taking into account the vari-
ability in the data, we fi t a regression 
model that included an interaction term 
between tissue type (cancer lesions and 
healthy prostate) and subgroup ( b  = 
700 sec/mm 2  and  b  = 1000 sec/mm 2 ). 

performance in qualitative interpreta-
tion of MR imaging studies was analyzed 
at the prostate region level. The sensi-
tivity and specifi city were estimated by 
treating those regions with a score of 
3 or greater as positive for cancer. The 
corresponding 95% confi dence inter-
vals (CIs) for these estimated measures 
of accuracy were calculated by using vari-
ance estimates that take into account 
the correlated data owing to the multi-
ple regions within a patient ( 12 ). Score 
statistics based on the generalized es-
timating equations method with an in-
dependent working correlation matrix 
were used to test the equality of the 
measurement of accuracy ( 13 ). Receiver 
operating characteristic curves and the 
areas under these curves (AUCs) were 
estimated nonparametrically for the or-
dinal score assessments. The AUCs for 
T2-weighted MR imaging alone versus 
the combination of T2-weighted and DW 
MR imaging were compared by using 
a nonparametric method proposed by 
Obuchowski ( 14 ). Post hoc power cal-
culation for measures of accuracy was 
performed by using published sample 
size equations ( 15 ). The estimation of 
the power was based on a two-sided 
test with 5% type I error rate under 
the following assumptions: the sensitiv-
ity was 0.65 (sensitivity of T2-weighted 
MR imaging alone) under the null hy-
pothesis and the specifi city was 0.88 

without contacting the edges. There 
were between zero and four ROIs per 
patient with a mean area of 33 mm 2  
(range, 8–159 mm 2 ). The mean ADC 
within each ROI was recorded. The 
ADC ratio was obtained by dividing the 
ADC of a cancer ROI by the ADC of an 
area of noncancerous tissue in the same 
prostate zone (ie, peripheral or transi-
tion) as the cancer focus. 

 Histopathologic Analysis and Image 
Correlation 
 Prostatectomy specimens were sliced 
from apex to base at 3–4-mm intervals. 
The distal 5-mm portion of the apex 
was amputated and coned. The seminal 
vesicles were amputated and submitted 
separately. After paraffi n embedding, 
microslices were placed on glass slides 
and stained with hematoxylin-eosin. 
Each lesion was measured in size and 
assigned a Gleason score by a pathol-
ogy fellow (K.U.) with 3 years experi-
ence in genitourinary pathology, whose 
fi ndings were verifi ed by one of the 
staff genitourinary pathologists at our 
institution. The Gleason scores for the 
biopsy and prostatectomy specimens were 
recorded. MR imaging fi ndings were 
correlated with the whole-mount pros-
tatectomy fi ndings approximately 4 weeks 
after the MR imaging readings were 
performed. This was done in consensus by 
three of the authors (K.U., H.A.V., and 
T.F.) in a single session, where the whole-
mount pathology maps were evaluated in 
conjunction with the MR imaging to es-
tablish the location of tumors with re-
spect to the prostatic urethra (anterior, 
posterior, right, and/or left) and other 
anatomic landmarks (eg, prostate zones, 
ejaculatory ducts, and verumontanum), 
subjectively allowing for distortions in 
the prostate size and shape caused in 
vivo by the presence of the endorectal 
coil and ex vivo by the preparation of 
the whole-mount pathology specimen 
(eg, tissue shrinkage during fi xation). 

 Statistical Analysis 
 The pathologic fi ndings from prostate 
biopsy and radical prostatectomy (eg, 
Gleason scores, tumor sizes and lo-
cations) were summarized by using 
frequencies and percentages. Reader 

 Figure 2 

  
  Figure 2:  Gleason score 7 (4 + 3) tumor of the left prostatic apex in a 65-year-old patient is seen as  (a)  
a homogeneous focus of low signal intensity on   a transverse T2-weighted MR image (3516/122) and  (b)  a 
focus of restricted diffusion on the ADC map (3500/76.3;  b  value, 700 sec/mm 2 ).   



Radiology: Volume 259: Number 3—June 2011 n radiology.rsna.org 779

 GENITOURINARY IMAGING:  Diffusion-weighted MR Imaging: Assessment of Prostate Cancer Aggressiveness Vargas et al

ing alone and remained 0.79 (95% CI: 
0.72, 0.85) with the combination of T2-
weighted and DW MR imaging ( P  = 
.099), while the AUCs for reader 2 
were 0.76 (95% CI: 0.70, 0.82) with 
T2-weighted MR imaging alone and im-
proved to 0.78 (95% CI: 0.72, 0.84) with 
the addition of DW MR imaging ( P   ,  
.001) ( Fig 3  ). The latter  P  value, although 
signifi cant, was considered clinically un-
important given the considerable overlap 
in 95% CIs and the small difference in 
AUC of 0.02 (refl ecting an improvement 
of only about 2.6%). The small  P  value 
may be explained by the relatively large 
number of observations derived from re-
gion analysis (12 regions per patient in 
51 patients = 612 regions) ( 18 ). 

 For reader 1, specifi city and posi-
tive predictive value for tumor detec-
tion increased signifi cantly from 0.88 to 
0.94 ( P  = .01) and from 0.79 to 0.87 
( P  = .02), respectively, with the addi-
tion of DW MR imaging to T2-weighted 
MR imaging. However, no signifi cant dif-
ference in sensitivity or negative pre-
dictive value was observed. For reader 
2, the addition of DW MR imaging did 
not produce any signifi cant difference 
in sensitivity, specifi city, or positive or 
negative predictive value for the detec-
tion of prostate cancer foci ( Table 2  ). 
Post hoc power calculation resulted in 
approximately 84% power to detect a 
specifi city difference of 0.10 between 
T2-weighted MR imaging alone and T2-
weighted MR imaging in combination 
with DW MR imaging and 45% power to 
detect a sensitivity difference of 0.10. 

 Interreader agreement for the detec-
tion of prostate cancer was moderate 
to substantial, with weighted  k  statistics 

di  mension of the cancer foci at histo-
pathologic analysis ranged from 3 to 
35 mm, with a median of 11 mm. Glea-
son scores for biopsy versus prostatec-
tomy specimens ( Table 1 ) differed in 22 
patients (43%). In 14 patients (27%), 
the surgicopathologic Gleason score 
was higher and in eight (16%) it was 
lower than the biopsy Gleason score. 
Among the 89 cancer foci found in 
the prostatectomy specimens, 32 were 
Gleason 3 + 3, 38 were Gleason 3 + 4, 
15 were Gleason 4 + 3, and four were 
Gleason 4 + 4 or higher. 

 MR Imaging Results 
 Qualitative assessment.—  For prostate 
cancer detection at the region level, the 
AUCs for reader 1 were 0.79 (95% CI: 
0.73, 0.85) with T2-weighted MR imag-

The associations between the mean 
ADC, ADC ratio, and tumor Gleason 
score were assessed separately by us-
ing the generalized estimating equa-
tions method. A  P  value of less than .05 
was considered to indicate a signifi cant 
difference. All statistical analyses were 
performed with SAS 9.2 software (SAS 
Institute, Cary, NC). 

 Results 

 Histopathologic Results 
 At histopathologic analysis, a total of 89 
cancer foci were found in the prostate-
ctomy specimens of the 51 patients (pe-
ripheral zone,  n  = 77; transition zone, 
 n  = 8; both peripheral and transition 
zones,  n  = 4). The largest transverse 

 Figure 3 

  
  Figure 3:  Receiver operating characteristic curves and AUCs for readers  (a)  1 and  (b)  2 for detection and local-
ization of prostate cancer by using T2-weighted MR imaging  (T2WI)  with or without DW MR imaging  (DW-MRI) .   

 Table 2 

 Qualitative Assessment of Diagnostic Performance 

Reader 1 Reader 2

Statistic
T2-weighted 
MR Imaging

T2-weighted and 
DW MR Imaging  P  Value

T2-weighted 
MR Imaging

T2-weighted and 
DW MR Imaging  P  Value

Sensitivity 0.65 (0.56, 0.74) 0.61 (0.52, 0.71) .27 0.61 (0.51, 0.70) 0.62 (0.53, 0.72) .67
Specifi city 0.88 (0.84, 0.93) 0.94 (0.91, 0.97) .01 0.85 (0.80, 0.90) 0.86 (0.82, 0.90)  . .99
Positive predictive value 0.79 (0.73, 0.85) 0.87 (0.82, 0.93) .02 0.73 (0.66, 0.81) 0.75 (0.68, 0.82) .12
Negative predictive value 0.79 (0.72, 0.86) 0.78 (0.72, 0.85) .67 0.76 (0.69, 0.83) 0.77 (0.70, 0.84) .52

Note.—Data in parentheses are 95% CIs  .
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(1.59  6  0.04)  3  10  2 3  mm 2 /sec, respec-
tively, for reader 1 and (0.90  6  0.05) 
 3  10  2 3  mm 2 /sec and (1.59  6  0.04)  3  
10  2 3  mm 2 /sec, respectively, for reader 
2 in patients in whom  b  values of 0 and 
1000 sec/mm 2  were used ( Table 3  ,  Fig 5  ). 
Based on a regression model that in-
cluded an interaction term between 
tissue type (cancer lesions and healthy 
prostate) and subgroup ( b  = 700 sec/
mm 2  and  b  = 1000 sec/mm 2 ), the dif-
ference in the ADC overlap between 
patients imaged at the two different 
 b  values was not signifi cant ( P  = .23). 
The number of lesions in the transition 
zone was too small for analysis. 

 In the 73 cancer foci that could be 
visualized on DW MR images, a higher 
Gleason score was significantly asso-
ciated with both a lower mean ADC 

peripheral zone, the mean ADC of true-
positive cancer lesions was signifi cantly 
lower than that of healthy tissue for 
both readers (both  P   ,  .001). The 
mean ADC of the false-positive lesions 
did not differ signifi cantly from the 
mean ADC of the true-positive lesions 
for either reader ( P  = .95 for reader 1, 
 P  = .86 for reader 2). Mean ADCs for 
both cancerous and healhty prostatic 
regions were lower when DW MR im-
aging was performed with a  b  value of 
1000 sec/mm 2  rather than 700 sec/mm 2 . 
The mean ADCs for cancer lesions 
and healthy tissue were (1.33  6  0.10 
[standard error])  3  10  2 3  mm 2 /sec and 
(2.14  6  0.10)  3  10  2 3  mm 2 /sec for both 
readers in patients   in whom  b  values 
of 0 and 700 sec/mm 2  were used and 
(0.92  6  0.05)  3  10  2 3  mm 2 /sec and 

of 0.60 for T2-weighted MR imaging 
alone and 0.64 for the combination of 
T2-weighted MR imaging and DW MR 
imaging. 

 Lesion detection.—  Reader 1 cor-
rectly identified 65 (73%) of the 89 
cancer foci, including 20 (63%) of 32 
Gleason 3 + 3 lesions, 30 (79%) of 38 
Gleason 3 + 4 lesions, 11 (73%) of 15 
Gleason 4 + 3 lesions, and four (100%) 
of four Gleason 4 + 4 or higher lesions. 
Reader 2 correctly identifi ed 61 (69%) 
of 89 lesions, including 17 (53%) of 32 
Gleason 3 + 3 lesions, 27 (71%) of 38 
Gleason 3 + 4 lesions, 13 (87%) of 15 
Gleason 4 + 3 lesions, and four (100%) 
of four Gleason 4 + 4 or higher lesions. 
Of the 75 lesions that reader 1 identi-
fi ed as cancer by using T2-weighted and 
DW MR imaging, 10 (13%) were false-
positive fi ndings. Of the 74 lesions that 
reader 2 identifi ed as cancer, 13   (18%) 
were false-positive fi ndings. 

 Sixteen (18%) of the 89 cancer foci 
identifi ed at step-section pathologic anal-
ysis were not visible at DW MR imaging 
( Fig 4  ). Of these 16 cancer foci, nine 
had a Gleason score of 3 + 3, and seven 
had a Gleason score of 3 + 4. The larg-
est histopathologic transverse dimen-
sion of the tumor foci undetected on 
DW MR images ranged from 3 to 21 mm, 
with a median of 7 mm. Reader 1 de-
tected one of these 16 cancer foci by 
using T2-weighted MR imaging alone, 
and reader 2 detected two. 

 Correlation of ADC with step-
section histopathologic fi ndings.—  In the 

 Figure 4 

  
  Figure 4:  Images from a 67-year-old patient with prostate cancer. No defi nite abnormality was seen on either the  (a)  T2-weighted MR image (3500/118) or  (b)  
ADC map (3500/87.5;  b  = 700 sec/mm 2 ).  (c)  A representative image from step-section pathologic analysis shows tumor foci (outlined in green, Gleason 3 + 3) in 
right and left peripheral zones. (Hematoxylin-eosin stain; original magnifi cation  ,  3 1.05.)   

 Table 3 

 Mean ADCs of Cancerous Regions and Healthy Prostatic Tissue in the Peripheral Zone 

Mean ADC ( 3  10 3  mm 2 /sec) * 

Group No. of Lesions Healthy Tissue Cancerous Lesion  P  Value

Reader 1
All DW MR studies 58 1.81   6   0.06 1.09   6   0.06  , .001
  b  value of 700 sec/mm 2 24 2.14   6   0.10 1.33   6   0.10  , .001
  b  value of 1000 sec/mm 2 34 1.59   6   0.04 0.92   6   0.05  , .001

Reader 2
All DW MR studies 55 1.81   6   0.06 1.08   6   0.06  , .001
  b  value of 700 sec/mm 2 23 2.14   6   0.10 1.33   6   0.10  , .001
  b  value of 1000 sec/mm 2 32 1.59   6   0.04 0.90   6   0.05  , .001

* Data are means  6  standard errors.
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cancer detection could be decreased 
when there is a preponderance of lower 
Gleason score tumors ( 22 ), which is 
relevant given the trend toward less ag-
gressive prostate cancer reported in the 
United States in the recent literature 
( 23 ), although this trend varies world-
wide ( 24 ). In our study, readers detected 
only 53%–63% of Gleason 3 + 3 tumors 
but detected all tumors that had a Glea-
son score of 8 or higher, although the 
latter represented only 4% of the total 
number of tumors in our study popu-
lation. Furthermore, 18% (16 of 89) 
of cancer foci identifi ed at step-section 
pathologic analysis were not visible on 
DW MR images, even after retrospective 
unblinded review. Demographic changes 
may have also led to a shift in the propor-
tion of sparse cancer foci (ie, foci of which 
more than 50% of the cross-sectional 
area is primarily healthy glandular tis-
sue), which may affect detection on MR 
images, particularly in less aggressive 
(ie, Gleason score 3 + 3) tumors ( 25 ). 

 Our results indicate that the greatest 
added value of DW MR imaging may lie 
in its ability to be used to quantitatively 
assess prostate cancer aggressiveness. 
By using whole-mount step-section patho-
logic analysis as the standard of ref-
erence, we found a signifi cant inverse 
correlation between lower ADCs and 
higher Gleason scores: Mean ADCs 
were (1.21, 1.10, 0.87 and 0.69)  3  10  2 3  
mm 2 /sec for prostate cancers with Glea-
son scores of 3 + 3, 3 + 4, 4 + 3, and 8 
or higher, respectively ( P  = .017). 

 While DW MR imaging is attracting 
research and clinical interest as a quan-
titative method to assess prostate can-
cer aggressiveness, it is still an evolving 
technique that needs comprehensive 
investigation and standardization of its 
acquisition and image analysis methods. 
Previous studies have reported mean 
ADCs ranging from 0.93  3  10  2 3  mm 2 /
sec to 1.58  3  10  2 3  mm 2 /sec for cancer-
ous regions and from 1.61  3  10  2 3  mm 2 /
sec to 2.61  3  10  2 3  mm 2 /sec for healthy 
peripheral zone tissue ( 10,26–33 ). This 
wide variation in ADCs is owing, at least 
partly, to technical factors involving the 
DW MR imaging sequence acquisition. 
ADCs are dependent on many factors, 
in particular the magnetic fi eld strength; 

compared with T2-weighted MR imaging 
alone ( Table 4  ) ( 10,11,19–21 ). In our 
study, the accuracy of prostate cancer 
detection with T2-weighted MR imag-
ing (AUC of about 0.80) was within the 
range reported in the prior studies 
( 10,11,19–21 ). However, we did not ob-
serve clinically important incremental 
value with the addition of DW MR imag-
ing (the AUC for one reader remained 
at 0.79, while the AUC for the other 
reader increased from 0.76 to 0.78). It 
has been suggested that the diagnostic 
performance of MR imaging in prostate 

( P  = .017) and a lower mean ADC ratio 
( P  = .016) ( Fig 6  ). The mean ADCs and 
mean ADC ratios of lesions with Gleason 
scores 6, 7, and 8 or higher differed 
signifi cantly, with lower ADCs observed 
with increasing Gleason scores ( Fig 6 ). 

 Discussion 

 A number of studies, using various image 
acquisition methods and reference stan-
dards, have reported improved prostate 
cancer detection by using combined 
T2-weighted and DW MR imaging as 

 Figure 5 

  
  Figure 5:  Box and   whisker plots show ADCs (in mm 2 /sec  [mm 2 /s]  ) of prostate cancer lesions  (Lesion)  and 
healthy prostate tissue  (Normal)  at  b  values of 700 and 1000 sec/mm 2   (s/mm 2 )  for readers  (a)  1 and  (b)  2. 
Center line = median, top of box = 75th percentile, bottom of box = 25th percentile, whiskers = 10th and 
90th percentiles,  �  = outlier.   
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mm 2  found signifi cantly different mean 
ADCs for lesions with biopsy Gleason 
scores of 6, 7, and 8 (mean ADCs of 
[0.86, 0.70, and 0.67]  3  10  2 3  mm 2 /sec, 
respectively;  P   ,  .05). However, both 

high-risk (biopsy Gleason score of  � 7 
or prostate-specifi c antigen level of  � 10 
ng/mL) groups. Another study ( 37 ) of 
57 men undergoing 1.5-T DW MR im-
aging using  b  values of 0 and 1000 sec/

the amplitudes, lengths, and intervals 
between the diffusion gradients (indi-
cated by the  b  values); and the math-
ematic model used for fi tting the sig-
nal decay data observed at different 
 b  values ( 34 ). In theory, larger  b  values 
are more sensitive to slower motion of 
water molecules and smaller diffusion 
distances and, therefore, provide bet-
ter contrast and less T2 shine-through 
effect ( 35 ). The signal-to-noise ratio, 
however, decreases as the  b  values in-
crease, affecting the imaging quality. 
The ADCs also decrease as the  b  values 
increase. As expected, the mean ADCs 
for both cancerous and noncancerous 
regions were lower when DW MR im-
aging was performed by using a  b  value 
of 1000 sec/mm 2  than when a  b  value 
of 700 sec/mm 2  was used. Owing to 
the lack of standardized equipment and 
protocols, it is not possible at this time 
to establish a threshold ADC to deter-
mine the presence of malignancy. 

 By using multiple  b  values (0, 100, 
300, 500, and 800 sec/mm 2 ), deSouza 
et al ( 36 ) examined 44 patients at 1.5 
T and fi tted the DW MR imaging data 
at  b  values of 0–100 sec/mm 2  to refl ect 
a fast diffusion component (microcapil-
lary perfusion) and data at  b  values of 
100–800 sec/mm 2  to refl ect a slow diffu-
sion component (intra- and extracellular 
water movement over a short diffusion 
length). They found that mean fast and 
slow ADCs from prostate cancer dif-
fered signifi cantly between low-risk   (bi-
opsy Gleason score of  � 6 and prostate-
specifi c antigen level of  , 10 ng/mL) and 

 Table 4 

 Summary of Previous Studies of DW MR Imaging for Prostate Cancer Detection 

Performance * 

Study No. of Patients Magnet (T) Endorectal Coil  b  Value or Values (sec/mm 2 ) T2-weighted MR Imaging DW MR Imaging Reference Standard

Lim et al ( 19 ) 52 1.5 Yes 1000 0.66–0.79  †  0.76–0.90  †  Whole-mount
Haider et al ( 20 ) 49 1.5 Yes 600 0.81 0.89 Whole-mount
Miao et al ( 11 ) 37 3.0 No 300, 600 0.84 0.89 Biopsy
Kitajima et al ( 21 ) 53 3.0 No 300, 600 0.82 0.89 Biopsy
Kim et al ( 10 )  ‡  37 3.0 No 1000 0.66, 0.63  §  0.84, 0.86  §  Whole-mount

* Unless otherwise indicated, data are AUCs.

 †  AUC range for three   independent readers.

 ‡  Lesion-by-lesion analysis; therefore, specifi city, negative predictive value, and accuracy could not be calculated.

 §  Data are sensitivity, followed by positive predictive value.

 Figure 6 

  
  Figure 6:  Box and whisker plots show  (a)  ADCs (in mm 2 /sec  [mm 2 /s]  ) and  (b)  ADC ratios of lesions detected on 
ADC maps stratifi ed by Gleason score. Center line = median, + = mean, top of box = 75th percentile, bottom of 
box = 25th percentile, whiskers = 10th and 90th percentiles,  �  = outlier.  Ref  = reference   value,  SE  = standard error.   
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sons of predictive values of binary medical 
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rics   2000 ; 56 ( 2 ): 345 – 351 .  

    14 .  Obuchowski   NA .  Nonparametric analysis of 
clustered ROC curve data .  Biometrics   1997 ;
 53 ( 2 ): 567 – 578 .  

    15 .  Obuchowski   NA ,  Mazzone   PJ ,  Dachman   AH . 
 Bias, underestimation of risk, and loss of sta-
tistical power in patient-level analyses of le sion 
detection .  Eur Radiol   2010 ; 20 ( 3 ): 584 – 594 .  
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 70 ( 4 ): 213 – 220 .  
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observer agreement for categorical data . 
 Biometrics   1977 ; 33 ( 1 ): 159 – 174 .  

    18 .  Feinstein   AR .  Invidious comparisons and 
unmet clinical challenges .  Am J Med   1992 ;
 92 ( 2 ): 117 – 120 .  

    19 .  Lim   HK ,  Kim   JK ,  Kim   KA ,  Cho   KS .  Prostate 
cancer: apparent diffusion coeffi cient map 
with T2-weighted images for detection—a 
multireader study .  Radiology   2009 ; 250 ( 1 ):
 145 – 151 .  

    20 .  Haider   MA ,  van der Kwast   TH ,  Tanguay   J , 
 et al .  Combined T2-weighted and diffusion-
weighted MRI for localization of prostate 
cancer .  AJR Am J Roentgenol   2007 ; 189 ( 2 ):
 323 – 328 .  

since the ADC is not considered a func-
tion of echo time, its variability should 
not affect the quantitative aspect of our 
study. In the future, improved technol-
ogy (eg, better coils and/or parallel im-
aging with increased acceleration fac-
tors) should allow shorter echo times, 
which should reduce the amount of dis-
tortion and potentially improve overall 
interpretation. 

 In summary, we believe that the 
added clinical value of DW MR imaging 
lies in its potential to assess prostate 
cancer aggressiveness. As quantitative 
ADCs correlated signifi cantly with tumor 
Gleason scores, DW MR imaging may 
serve as an important clinical tool by 
adding information about prostate can-
cer aggressiveness to the morphologic 
information provided by T2-weighted MR 
imaging. Further studies are necessary 
to determine the prognostic and predic-
tive effect of DW MR imaging in various 
patient populations by using clinical out-
comes as the reference standard. 
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