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 Purpose: To investigate whether apparent diffusion coefficients 
(ADCs) derived from diffusion-weighted (DW) magnetic 
resonance (MR) imaging at 3 T correlate with the clinical 
risk of prostate cancer in patients with tumors that are 
visible on MR images, with MR imaging/transrectal ultra-
sonography (US) fusion–guided biopsy as a reference.

 Materials and 

Methods: 

Forty-eight consecutive patients (median age, 60 years; me-
dian serum prostate-specifi c antigen value, 6.3 ng/mL) 
who underwent DW imaging during 3-T MR imaging with 
an endorectal coil were included in this retrospective in-
stitutional review board–approved study, and informed 
consent was obtained from each patient. Patients under-
went targeted MR imaging/transrectal US fusion–guided 
prostate biopsy. Mean ADCs of cancerous target tumors 
were correlated with Gleason and D’Amico clinical risk 
scores. The true risk group rate and predictive value of 
the mean ADC for classifying a tumor by its D’Amico clini-
cal risk score was determined by using linear discriminant 
and receiver operating characteristic analyses.

 Results: A signifi cant negative correlation was found between mean 
ADCs of tumors in the peripheral zone and their Gleason 
scores   ( P  = .003; Spearman  r  =  2 0.60) and D’Amico clini-
cal risk scores ( P   ,  .0001; Spearman  r  =  2 0.69). ADC 
was found to distinguish tumors in the peripheral zone 
with intermediate to high clinical risk from those with low 
clinical risk with a correct classifi cation rate of 0.73.

 Conclusion: There is a signifi cant negative correlation between ADCs 
and Gleason and D’Amico clinical risk scores. ADCs may 
therefore be useful in predicting the aggressiveness of 
prostate cancer.
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our study, the median age was 60 years 
(mean, 62.6 years; range, 48–81 years), 
and the median serum PSA value was 
6.3 ng/mL (mean, 8.28 ng/mL; range, 
1.8–45 ng/mL). 

 MR Imaging 

 MR imaging was performed by using 
a combination of an endorectal coil 
(BPX-30; Medrad, Pittsburgh, Pa) and 
a six-channel cardiac SENSE coil 
(Philips Healthcare) with a 3-T magnet 
(Achieva; Philips Healthcare) without 
prior bowel preparation. After digital 
rectal examination, the endorectal coil 
was inserted while the patient was in 
the left lateral decubitus position. A 
semianesthetic gel (lidocaine; AstraZen-
eca, Wilmington, Del) was used. The 
balloon surrounding the coil was dis-
tended with perfl uorocarbon (Fluori-
nert FC-770; 3M, St. Paul, Minn) to a 
volume of approximately 50 mL. Axial, 
coronal, and sagittal T2-weighted MR 
images and axial DW MR images with 
fi ve evenly spaced  b  values were ob-
tained with the parameters summarized 
in  Table 1  . Images were obtained with 

water in biologic tissues, it is sensitive 
to the restricted diffusion that occurs 
in tumors owing to increased cellularity 
and fi brosis ( 26 ). Thus, ADCs may be 
helpful in assessing the aggressiveness 
of prostate cancer lesions. In this study, 
we investigate whether ADCs derived 
from DW MR imaging at 3 T correlate 
with the clinical risk scores of prostate 
cancer in patients with tumors that are 
visible on MR images. 

 Materials and Methods 

 Y.P., S.X., and J.K. are employees   of 
Philips. B.J.W., P.A.P., and P.L.C. have 
a cooperative research and development 
agreement with Philips Healthcare 
(Best, the Netherlands). Philips holds 
intellectual property and has fi nancial 
interests in the technology presented in 
this article. S.X., J.K., B.J.W., P.A.P., 
and P.L.C. hold intellectual property in 
the fi eld of fusion biopsy. 

 Study Design and Patient Population 

 Our retrospective single-institution study 
was approved by the institutional   review 
board of the National Cancer Institute 
at the National Institutes of Health and 
was compliant with the Health Insur-
ance Portability and Accountability Act. 
Informed consent was obtained from 
each patient. Within a 2-year period, 
260 patients underwent prostate MR 
imaging at 3 T. Among these patients, 
48 consecutive patients underwent 
targeted MR imaging/transrectal ultra-
sonography (US) fusion–guided prostate 
biopsy with a positive result for tumor, 
and these patients were included in the 
study population. Patients who did not 
undergo MR imaging/transrectal US 
fusion–guided biopsy and patients who 
had a negative result for tumor were 
excluded from the study population. In 
the 48 patients who were included in 

             P
rostate cancer is the most com-
mon solid organ cancer among 
men in the western world, affect-

ing approximately one in every six men. 
It is the second leading cause of cancer-
related deaths in American men ( 1 ). 
Prostate cancer exists as a spectrum 
of disease that ranges from indolent to 
highly aggressive. Patients with indolent 
cancers may not require radical pros-
tatectomy or radiation therapy, from 
which they would be at risk for side 
effects. Various methods of stratify-
ing prostate cancers by risk categories 
have been devised, including pathologic 
stage, prognosis, and most notably, no-
mograms that incorporate laboratory 
fi ndings (eg, serum prostate-specifi c an-
tigen [PSA] values), demographics (eg, 
age), and physical fi ndings (eg, digital 
rectal examination) ( 2–5 ). Whole-gland 
treatments, such as radical prostatec-
tomy and radiation therapy, are offered 
for patients with intermediate to high 
clinical risk, whereas active surveillance 
is often suggested for patients with low 
volume and clinically low-risk disease ( 6 ). 

 Imaging offers a potentially impor-
tant personalized prognostic indicator 
for prostate cancer ( 7–17 ). Diffusion-
weighted (DW) magnetic resonance (MR) 
imaging and the calculated apparent 
diffusion coeffi cient (ADC), in partic-
ular, have been used to assess tumor 
aggressiveness in breast and brain can-
cers ( 18,19 ). The results of several tri-
als with MR imaging suggest that it may 
be used to subclassify tumors according 
to aggressiveness on the basis of cell 
density, proliferation index, and histo-
logic fi ndings; however, little emphasis 
has been placed on the correlation of 
the ADC with Gleason and clinical risk 
scores ( 20–25 ). Since DW MR imaging 
is dependent on Brownian motion of 

 Implication for Patient Care 

 ADCs derived from 3-T diffusion- n

weighted MR images can be 
useful in the assessment of the 
aggressiveness of prostate 
cancer, which is important for 
patient treatment. 

 Advance in Knowledge 

 A signifi cant negative correlation  n

was found between mean apparent 
diffusion coeffi cients (ADCs) of 
prostate cancers in the peripheral 
zone and their Gleason ( P  = .003; 
Spearman  r  =  2 0.60) and D’Amico 
clinical risk ( P   ,  .0001; Spearman 
 r  =  2 0.69) scores. 

  Published online before print  
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fusion–guided biopsies, as previously 
described ( 28,29 ), were performed in 
all patients. Two radiologists (B.T. and 
P.L.C., with 3 and 10 years experience 
in prostate MR imaging, respectively), 
who were blinded to the histologic fi nd-
ings, placed regions of interest that cov-
ered approximately 80% of each target 
lesion on a single image on each ADC 
map in consensus (median size, 14.5 
mm 2 ; mean size, 12.5 mm 2 ; range, 2.4–
41.5 mm 2 ). Analysis was performed by 
using a DW imaging toolkit developed 
in-house by using Interactive Data Lan-
guage (version 6.4) ( Fig 1  ). 

to separate the pseudodiffusion effects 
of random blood fl ow in microcapillar-
ies from the true diffusion processes. 
ADC maps were created by using soft-
ware developed in-house (IDL 6.4; 
ITTVIS, Boulder, Colo). 

 Target lesions for MR imaging/tran-
srectal US fusion–guided biopsies were 
identifi ed on T2-weighted MR images 
and ADC maps of DW MR images. The 
criterion for a positive lesion was a well-
circumscribed or irregularly contoured 
round- or ellipsoid-shaped low-signal-
intensity lesion within the prostate 
gland ( 27 ). MR imaging/transrectal US 

additional sequences (MR spectroscopy 
and dynamic contrast agent–enhanced 
MR imaging), but the results were not 
relevant to our study. 

 ADC maps were obtained by using 
linear least squares curve fi tting of pix-
els (in log scale) in the fi ve DW images 
against their corresponding  b  values fol-
lowing the simple monoexponential de-
cay model. The following equation was 
used:  S  =  S  

0
   3  exp( 2  b   3  ADC), where  S    

and  S  
0
  are the pixel value with DW gra-

dients applied and that without, respec-
tively, and  b  is the DW factor of the ap-
plied gradients. No attempt was made 

 Table 1 

 MR Imaging Parameters 

Sequence

Repetition Time 

(msec)

Echo Time 

(msec) Field of View (mm) Resolution (mm) Matrix

Flip Angle 

(degrees)

Section 

Thickness (mm)

T2-weighted turbo spin-echo

 Sagittal 2340 120 140 0.46  3  0.6  3  3.0 304  3  234 90 3

 Axial 8852 120 140 0.46  3  0.6  3  3.0 304  3  234 90 3

 Coronal 2340 120 140 0.46  3  0.58  3  3.0 304  3  242 90 3

Axial DW * 4140 57 160 1.25  3  1.29  3  3.0 112  3  108 90 3

* Twenty sections were obtained with fi ve evenly spaced  b  values (ie, 0, 188, 375, 563, and 750 sec/mm 2 ).

 Figure 1 

  
  Figure 1:  Screen captures of the DW MR imaging tool used for analysis.  (a)  Region of interest (red) in a tumor in the right peripheral zone (PZ) with a Gleason score 

of 4+4 has a mean ADC of (670.5  6  103.1)  3  10  2 6  mm 2 /sec, whereas  (b)  that in a tumor in the anterior left of the prostate with a Gleason score of 3+3 has a 

mean ADC of (1505  6  212.4)  3  10  2 6  mm 2 /sec.   
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mm 2 /sec) was signifi cantly lower than 
that for tumors with negative biopsy 
fi ndings ([1293  6  191]  3  10  2 6  mm 2 /sec) 
( P   ,  .0001). The difference between 
mean ADC for low, intermediate, and 
high D’Amico clinical risk score tumors 
was signifi cant ( P   ,  .0001) for all tu-
mors (ie, those in PZ or CG) and tu-
mors in the PZ only ( Table 3  ;  Figs 2, 3  ). 
The correct classifi cation rate of ADC 
for D’Amico clinical risk score (low vs 
intermediate vs high) was 0.6 (Table E1 
[online]). When the intermediate and 
high D’Amico clinical risk scores (low vs 
intermediate and high) were combined, 
the correct classifi cation rate increased 
to 0.75 for all tumors; whereas the cor-
rect classifi cation rate for PZ tumors 
was 0.73 ( Table 4  ). Linear discriminant 
analysis results were not obtained for 
CG target lesions because the sample 
size ( n  = 12) was too small. On the ba-
sis of receiver operating characteristic 

ADC thresholds for differentiating low 
clinical risk tumors from intermediate 
and high clinical risk tumors. The 95% 
confi dence intervals for the estimates 
of true risk group rate, predicted val-
ue, and correct classifi cation rate were 
constructed by using the bootstrap per-
centile method (limits are 2.5 and 97.5 
percentiles of the bootstrap distribu-
tion) ( 33 ). 

 Results 

 In 48 patients before biopsy, MR imag-
ing revealed 124 target lesions (108 in 
PZ, 16 in CG) suspicious for prostate 
cancer. After MR imaging/transrectal 
US fusion–guided biopsy, 75 target le-
sions were histologically confi rmed as 
prostate cancer.  Table 2   summarizes 
the tumor characteristics. The mean 
ADC for targeted tumors with positive 
biopsy fi ndings ([1031  6  294]  3  10  2 6  

 Statistical Analysis 

 Mean ADCs of the target lesions that 
had positive tumor fi ndings were com-
pared with those of lesions with negative 
fi ndings. Then, mean ADCs of target le-
sions with positive tumor fi ndings were 
examined for correlation with Gleason 
scores. A clinical classifi cation of the 
tumors that accounts for both Gleason 
score and serum PSA, known as the 
D’Amico clinical risk score, was also 
performed for each tumor (low: Glea-
son score  �  6 and PSA  �  10 ng/mL; 
intermediate: Gleason score = 7 or PSA  .  
10 ng/mL, but    �  20 ng/mL; high: Glea-
son score  �  8 or PSA  .  20 ng/mL) 
( 2,4 ). To account for intrapatient cor-
relation between ADCs of multiple 
tumors, a linear mixed-effect model 
was used to estimate the differences of 
ADCs with respect to Gleason score 
and D’Amico clinical risk score. Analy-
sis was performed for all tumors regard-
less of location, as well as separately for 
tumors located in either the PZ or cen-
tral gland (CG). 

 Linear   discriminant analysis was 
performed to assess the true risk group 
rate and the predictive value of ADC in 
classifying a tumor by its D’Amico clini-
cal risk score, where true risk group 
rate was defi ned as correct assessment 
of the clinical risk score by ADC value. 
An additional linear discriminant anal-
ysis was performed after combining 
lesions with intermediate and high 
D’Amico clinical risk scores into one 
subgroup (eg, low vs intermediate and 
high). The linear discriminant analysis 
we used is an extension of traditional 
discriminant analysis that allows the 
number of classes to be greater than 
two. With a single predictor, it con-
structs a linear function based on the 
frequency of a class in log scale and 
squared  z  score for the difference of the 
value from the class mean. It assigns a 
case to a class if the squared  z  score 
minus twice the log frequency in that 
class is minimized ( 30,31 ). The leave-
one-out cross-validation procedure was 
used to determine the true risk group 
rate and predictive value of the ADC 
for determining different subgroups 
( 32 ). Receiver operating characteristic 
technique was used to assess different 

 Table 3 

 Mean ADCs According to Gleason and D’Amico Clinical Risk Scores 

Mean ADC ( 3  10  2 6  mm 2 /sec)

Group  All Tumors Tumors in PZ Tumors in CG

Gleason score

 6 1217.8  6  306.3 1254.0  6  286.3 765.5  6  175.9 

 7 980.4  6  259.6 996.2  6  284.5 919.7  6  124.8 

 8 897.5  6  117.5 908.9  6  124.0 870.8  6  120.4 

 9 804.7  6  149.4 801.5  6  161.0 826.6 

 10 599.7 599.7 …

  P  value .0015 .003 .56

D’Amico clinical risk score

 Low 1233.0  6  320.7 1275.6  6  297.4 765.5  6  175.9 

 Intermediate 1080.5  6  230.6 1095.6  6  240.4 980.3  6  136.3 

 High 817.0  6  142.0 802.9  6  154.6 859.4  6  90.5 

  P  value  ,  .0001  ,  .0001 .43

Note.—Data are means  6  standard deviations.

 Table 2 

 Tumor Characteristics 

Gleason Score D’Amico Clinical Risk Score

Site 6 7 8 9 10 Low Intermediate High Total

PZ 25 23 7 7 1 22 20 21 63

CG 2 6 3 1 0 2 3 7 12

 Total 27 29 10 8 1 24 23 28 75

Note.—Data are numbers of tumors.
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 Figure 2 

  

  Figure 2:  Box and whisker plots of ADCs for tumors with different 

Gleason scores in  (a)  whole prostate and  (b)  PZ only. Center line = 

median, top of box = 75th percentile, bottom of box = 25th percen-

tile, whiskers = data within 1.5 interquartile ranges,  �  = outliers, 

 ∗  = signifi cant difference ( P   ,  .001) between ADCs for different 

Gleason scores ( a : Spearman  r  =  2 0.55;  b : Spearman  r  =  2 0.60).   

 Figure 3 

  

  Figure 3:  Box and whisker plots of ADCs for tumors with different 

D’Amico clinical risk scores in  (a)  whole prostate and  (b)  PZ only. 

Center line = median, top of box = 75th percentile, bottom of 

box = 25th percentile, whiskers = data within 1.5 interquartile ranges, 

 �  = outliers,  ∗  = signifi cant difference ( P   ,  .0001) between ADCs 

for different D’Amico clinical risk scores ( a : Spearman  r  =  2 0.64; 

 b : Spearman  r  =  2 0.69).   
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score has been introduced to provide a 
more accurate assessment of tumor ag-
gressiveness by combining the Gleason 
score with the serum PSA value ( 2,4 ). 

 In our study, the mean ADC of tu-
mors had a signifi cant negative correla-
tion with tumor Gleason scores. Possible 
explanations to this could be increased 
tumor cellularity, structural change of 
gland stroma that becomes more fi brous, 
and a more disorganized texture result-
ing in a relatively more restricted motion 
of water molecules within high Gleason 
score tumors. Moreover, a signifi cant 
difference was also observed between 
mean ADCs of low, intermediate, and 
high clinical risk tumors ( 2,4 ). This is 
consistent with the results of Tamada 
et al ( 23 ) who reported a negative cor-
relation between ADCs and Gleason 
scores of PZ tumors in 90 patients with 
prostate cancer who underwent 1.5-T 
MR imaging. Mazaheri et al (34) and 
deSouza et al (25) compared ADCs for 
low- versus high-risk prostate cancers 
and similarly demonstrated signifi cant 
differences between the two groups at 
1.5 T. Van As et al (35) reported that 
the ADC of a single Gleason 4+5 tumor 
was signifi cantly lower than that of 10 
other tumors in the study that were 
graded as either Gleason 6 or 7. Addi-
tionally, several studies have reported 
a correlation between ADCs and tu-
mor cellular density and proliferation; 
however, the majority of these studies 
focused on differentiating tumors from 
normal prostate for diagnostic purposes 
( 22,24,36,37 ). 

 Determining biologic aggressiveness 
has implications for patient treatment. 
The decision to undergo active surveil-
lance is based on several factors, includ-
ing serum PSA, PSA velocity, PSA den-
sity, Gleason score, and percentage or 
number of positive cores. Active sur-
veillance is most appropriate in patients 
with low clinical risk, although some 
intermediate clinical risk patients elect 
this strategy ( 38–42 ). We observed that 
ADC maps can be used to assess the 
aggressiveness of a prostate cancer le-
sion, potentially as an adjunct to infor-
mation from other clinical sources (eg, 
Gleason score, PSA, lesion size, lesion 
stage) to help select patients who are 

 Discussion 

 Gleason score is the most commonly 
accepted and widely used system for 
evaluating the aggressiveness of pros-
tate cancer. The D’Amico clinical risk 

analysis, a threshold of 1067.4  3  10  2 6  
mm 2 /sec for ADC was found to result 
in a 78% chance of correctly detecting 
a tumor as intermediate or high clinical 
risk for overall tumors and a 76% chance 
of the same for PZ tumors ( Fig 4  ). 

 Figure 4 

  
  Figure 4:  True risk group rate  (Sensitivity)  of different threshold ADCs for determining low versus inter mediate to 

high  (Intermediate-High)  D’Amico clinical risk scores in all tumors  (PZ+CG)  and tumors only in the PZ.   

 Table 4 

 Predictive Value of ADC for D’Amico Clinical Risk Subgroups by Tumor Location 

D’Amico Clinical Risk Score

Parameter Low Risk Intermediate and High Risk Predictive Value * 

All Tumors

ADC

 Low risk 10 5 0.67 (0.36, 0.92)

 Intermediate and high risk 14 46 0.77 (0.60, 0.90)

True risk group rate * 0.42 (0.13, 0.68) 0.90 (0.82, 0.98)

Tumors in PZ

ADC

 Low risk 10 5 0.67 (0.38, 0.91)

 Intermediate and high risk 12 36 0.75 (0.57, 0.90)

True risk group rate * 0.45 (0.21, 0.75) 0.88 (0.77, 0.96)

Note.—Unless otherwise   specifi ed, data are numbers of tumors. Overall mean correct classifi cation rates are 0.75 (95% 

confi dence interval: 0.61, 0.87) and 0.73 (95% confi dence interval: 0.59, 0.87) for all tumors and tumors in PZ, respectively.

* Data are means, with 95% confi dence intervals in parentheses.
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most appropriate for active surveillance. 
Moreover, ADC maps can be used to 
follow changes in tumor aggressiveness 
in patients undergoing active surveil-
lance in the interval, since ADC maps 
are repeatable and reproducible ( 43 ). 
This can provide a noninvasive way to 
follow these patients as compared with 
repeated biopsy. 

 Our study had several limitations. 
First, our analysis was retrospective and 
only abnormal areas depicted on T2-
weighted MR images and ADC maps 
were evaluated. Thus, there may have 
been a selection bias against lesions 
that were not depicted on T2-weighted 
MR images and ADC maps. Second, re-
sults from MR imaging-transrectal US 
fusion–guided biopsy were used as the 
reference standard for validation in-
stead of whole-mount histopathologic 
maps; however, this system has been 
found to be accurate (2.4 mm    6  1.2) in 
phantom and canine studies ( 29 ). Ad-
ditionally, although the box and whis-
ker plots demonstrate a substantial 
overlap in ADCs of different Gleason 
scores and D’Amico clinical risk scores, 
our statistical analysis indicates that 
ADCs can be used to differentiate tu-
mors with higher Gleason scores and 
intermediate to high clinical risk scores 
from those with lower scores. Finally, 
our study population, the number of 
tumors analyzed, and the number of tu-
mors with higher ( � 8) Gleason scores 
are relatively small, refl ecting the distri-
bution of Gleason score in a screened 
population in the United States. Larger 
prospectively studied patient popula-
tions will be needed to refi ne the cut-
off values and the relationship between 
ADCs and tumor aggressiveness. 

 In conclusion, ADCs obtained from 
DW MR imaging at 3 T were signifi -
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intermediate and high clinical risk 
scores and higher Gleason scores. This 
fi nding may be useful in the noninva-
sive assessment of the aggressiveness of 
prostate cancers that are visible on MR 
images, which is an important predic-
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and may aid in selecting and following 
up patients who are most appropriate 
for active surveillance. 
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