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Purpose: To develop and evaluate an examination consisting of mag-
netic resonance (MR) fingerprinting–based T1, T2, and 
standard apparent diffusion coefficient (ADC) mapping 
for multiparametric characterization of prostate disease.

Materials and 
Methods:

This institutional review board–approved, HIPAA-compliant 
retrospective study of prospectively collected data included 
140 patients suspected of having prostate cancer. T1 and 
T2 mapping was performed with fast imaging with steady-
state precession–based MR fingerprinting with ADC map-
ping. Regions of interest were drawn by two independent 
readers in peripheral zone lesions and normal-appearing 
peripheral zone (NPZ) tissue identified on clinical images. 
T1, T2, and ADC were recorded for each region. Histo-
pathologic correlation was based on systematic transrectal 
biopsy or cognitively targeted biopsy results, if available. 
Generalized estimating equations logistic regression was 
used to assess T1, T2, and ADC in the differentiation of 
(a) cancer versus NPZ, (b) cancer versus prostatitis, (c) 
prostatitis versus NPZ, and (d) high- or intermediate-grade 
tumors versus low-grade tumors. Analysis was performed 
for all lesions and repeated in a targeted biopsy subset. 
Discriminating ability was evaluated by using the area un-
der the receiver operating characteristic curve (AUC).

Results: In this study, 109 lesions were analyzed, including 39 with 
cognitively targeted sampling. T1, T2, and ADC from can-
cer (mean, 1628 msec 6 344, 73 msec 6 27, and 0.773 
3 1023 mm2/sec 6 0.331, respectively) were significantly 
lower than those from NPZ (mean, 2247 msec 6 450, 
169 msec 6 61, and 1.711 3 1023 mm2/sec 6 0.269) (P 
, .0001 for each) and together produced the best sepa-
ration between these groups (AUC = 0.99). ADC and T2 
together produced the highest AUC of 0.83 for separating 
high- or intermediate-grade tumors from low-grade can-
cers. T1, T2, and ADC in prostatitis (mean, 1707 msec 6 
377, 79 msec 6 37, and 0.911 3 1023 mm2/sec 6 0.239) 
were significantly lower than those in NPZ (P , .0005 for 
each). Interreader agreement was excellent, with an in-
traclass correlation coefficient greater than 0.75 for both 
T1 and T2 measurements.

Conclusion: This study describes the development of a rapid MR fin-
gerprinting– and diffusion-based examination for quanti-
tative characterization of prostatic tissue.
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consent was obtained from all partic-
ipants. Subjects were included if there 
was clinical indication for prostate MR 
imaging for diagnosis or surveillance. 
Exclusion criteria included contraindi-
cations to 3.0-T MR imaging, history of 
pelvic radiation, systemic chemotherapy, 
hormonal therapy for cancer, or pros-
tate surgery. Two approaches were used 
for patient recruitment, and the patients 
recruited with these approaches were 
classified as group 1 and group 2.

Group 1 included patients who un-
derwent MR imaging for suspicion of 
prostate cancer and had undergone 
systematic 12-core transrectal ultraso-
nography (US)–guided biopsy before 
or after MR imaging. Patients were re-
cruited from February 2014 to January 
2015. These patients provided consent 
for an additional MR fingerprinting ex-
amination at the time of their clinical 
MR examination.

Group 2 consisted of biopsy-naive 
patients with a clinical suspicion of 
prostate cancer. Patients were recruit-
ed from September 2014 to April 2016. 
These patients were recruited for the 
study during prebiopsy urology con-
sultation and provided consent for a 

in a pseudorandom manner. With use 
of these known settings and assuming a 
wide range of possible T1 and T2 values, 
a dictionary of all possible signal evolu-
tion time courses is generated for the 
acquisition sequence by means of Bloch 
simulations. The closest dictionary 
match for the signal time course from 
each pixel is identified, and the T1 and 
T2 values used to construct the matched 
dictionary entry are assigned as the T1 
and T2 for that pixel. This technologic 
development has provided an opportu-
nity for rapid, simultaneous T1 and T2 
mapping in human tissues (12). On the 
basis of previous quantitative studies in 
prostate imaging, we hypothesized that 
three metrics (MR fingerprinting–gen-
erated T1 and T2 maps in combination 
with standard ADC maps) can be used 
together for the quantitative character-
ization of prostate tissue. The purpose 
of this study was to develop and evaluate 
an examination consisting of MR finger-
printing–based T1, T2, and standard 
ADC mapping for the multiparametric 
characterization of prostate disease.

Materials and Methods
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This retrospective study of prospectively 
collected data was approved by the in-
stitutional review board and compliant 
with the Health Insurance Portability 
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Advances in Knowledge

nn The combination of MR finger-
printing–derived T1 and T2 with 
standard apparent diffusion coef-
ficients (ADCs) creates data for 
three key parameters to charac-
terize prostate tissue.

nn T1, T2, and ADC from the 
normal peripheral zone (mean 6 
standard deviation, 2247 msec 6 
450, 169 msec 6 61, and 1.711 
3 1023 mm2/sec 6 0.269, re-
spectively) are significantly dif-
ferent from corresponding mea-
surements in prostate cancer 
(mean, 1628 msec 6 344, 73 
msec 6 27, 0.773 3 1023 mm2/
sec 6 0.311).

nn MR fingerprinting–derived T2 
and ADC applied as a bivariate 
model help differentiate high- or 
intermediate-grade prostate 
cancer from low-grade cancer, 
with an area under the receiver 
operating characteristic curve of 
0.83 (95% confidence interval: 
0.71, 0.94).

Implication for Patient Care

nn The MR fingerprinting–derived T1 
and T2 measurements with stan-
dard ADC acquisition may have a 
role in the quantitative character-
ization of prostate tissue, in-
cluding the separation of normal 
tissue from cancer and the sepa-
ration of low-grade from interme-
diate- or high-grade disease.

M agnetic resonance (MR) imag-
ing is an important tool for the 
diagnosis of prostate cancer, 

with a potential for noninvasively sep-
arating tumor grade, that is, Gleason 
score (1–4). Diffusion-weighted imaging 
and T2-weighted imaging form the basis 
of qualitative tissue characterization in 
the clinical setting, with a relatively mi-
nor role for T1-weighted imaging, which 
currently has application mainly in con-
trast material–enhanced imaging of the 
prostate. Several studies have demon-
strated the utility of apparent diffusion 
coefficient (ADC) and T2 mapping in the 
quantitative evaluation of prostate can-
cer (2,5–9). Currently, ADC mapping is 
the most widely used quantitative prop-
erty in the imaging-based diagnosis and 
characterization of prostate disease.

MR fingerprinting is a recently devel-
oped technique that allows rapid, simul-
taneous generation of quantitative maps 
of multiple physical properties (10,11). 
In MR fingerprinting, the user-set acqui-
sition parameters such as the repetition 
time and flip angle are allowed to vary 
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zone lesions at clinical imaging (n = 
6), patients in whom acquisition of MR 
fingerprinting data failed (n = 1), or 
patients with processing errors in MR 
fingerprinting data (n = 2). Specific le-
sions were excluded if there were no 
biopsy results at the time of analysis 
(n = 22), if there was an unclear pa-
thology report (n = 1), or if there was 
a final pathologic diagnosis other than 
cancer or prostatitis (n = 18) (Fig 1). 

and 72 biopsy-naive men from group 2 
(mean age, 61 years; age range, 42–79 
years). In group 1 patients with a his-
tory of biopsy before MR imaging (n = 
47), the time since biopsy ranged from 
1 week to more than 10 years (mean, 
24 months 6 33; median, 12 months).

After undergoing MR imaging, the 
following subsets of patients were ex-
cluded from region of interest (ROI) 
analysis: Patients without peripheral 

limited noncontrast MR examination, 
including MR fingerprinting. These pa-
tients subsequently underwent system-
atic 12-core transrectal US biopsy, with 
additional cognitively targeted sampling 
if focal lesions were seen at prebiopsy 
MR imaging.

A total of 140 patients (age range, 
42–89 years) underwent imaging, in-
cluding 68 patients from group 1 (mean 
age, 66 years; age range 47–87 years) 

Figure 1

Figure 1:  Flow diagram of patient and lesion selection. ASAP = atypical small acinar proliferation, MRF = MR finger-
printing, PZ = peripheral zone.
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was initiated (13). For MR fingerprinting 
data processing, a dictionary containing 
expected MR fingerprinting signals was 
calculated with a T1 of 20–3000 msec 
and a T2 of 9–245 msec. Quantitative T1 
and T2 maps were generated from raw 
MR fingerprinting data by using software 
(Matlab 2013a; MathWorks, Natick, 
Mass) as previously described (10,11) 
(Fig 2).

Clinical Interpretation and Quantitative 
ROI Analysis
Clinical interpretation of conventional 
MR images was performed by using PI-
RADS version 1 in patients recruited 

acquisition time for the quantitative se-
quences of the examination totaled 12 mi-
nutes (7.5 minutes for MR fingerprinting 
and 4.5 minutes for ADC). The acquisi-
tion time for clinical standard sequences 
at our institution was 21 minutes (7.5 
minutes for T2-weighted sequences, 9 
minutes for T1-weighted sequences with 
dynamic contrast-enhanced perfusion, 
and 4.5 minutes for ADC). The high-
est b values used for ADC examinations 
were different between groups 1 and 2 
owing to institutional adoption of Pros-
tate Imaging Reporting and Data System 
(PI-RADS) version 2 recommendations 
at the time data collection for group 2 

Statistical analysis was performed on 
the ROI measurements from peripheral 
zone lesions with histologic diagnosis of 
prostate cancer or prostatitis.

Image Acquisition and Processing
All patients underwent imaging with 
a 3.0-T unit (Verio or Skyra; Siemens 
Healthineers). MR fingerprinting with 
fast imaging with steady-state precession 
(11) and ADC mapping with clinical stan-
dard diffusion-weighted echo-planar ac-
quisitions were performed for patients in 
groups 1 and 2, with acquisition param-
eters and sequence durations detailed in 
Tables 1 and 2, respectively. The average 

Table 1

Imaging Parameters for Group 1

Sequence
TR (msec)/TE 
(msec)

Field of  
View (mm) Resolution (mm) Matrix

Flip  
Angle (degrees)

Section  
Thickness (mm) b Value (sec/mm2) Duration

Localizer 2000/95 380 3 285 1.2 3 1.2 320 3 240 150 5 … 2 sec
Three-plane single-shot  

fast spin-echo  
T2-weighted imaging

2000/92 305 3 244 1.2 3 1.2 384 3 308 150 5 … 32 sec

Two-plane turbo spin-echo  
T2-weighted imaging  
(transverse, sagittal)

7200/96 160 3 160 0.6 3 0.6 320 3 320 150 3 … 6 min 56 sec

Diffusion-weighted imaging 7900/88 240 3 240 1.2 3 1.2 198 3 198 … 3 50, 600, 1000 4 min
MR fingerprinting 13–15 400 1 3 1 400 3 400 5–75 6 … 50 sec per section
Precontrast T1-weighted  

imaging with DCE perfusion
3.34/1.02 240 3 240 1.9 3 1.9 128 3 128 15 3 … 4 min 31 sec

Postcontrast T1-weighted  
imaging with DCE perfusion

3.34/1.02 240 3 240 1.9 3 1.9 128 3 128 150 3 … 4 min 31 sec

Note.—DCE = dynamic contrast-enhanced, TE = echo time, TR = repetition time.

Table 2

Imaging Parameters for Group 2

Sequence
TR (msec)/TE 
(msec)*

Field of  
View (mm) Resolution (mm) Matrix

Flip  
Angle (degrees)

Section  
Thickness (mm) b Value (sec/mm2) Duration

Localizer 2000/95 380 3 285 1.2 3 1.2 320 3 240 150 5 ... 2 sec
Three-plane single-shot  

fast spin-echo  
T2-weighted imaging

2000/92 305 3 244 1.2 3 1.2 384 3 308 150 5 ... 32 sec

Transverse turbo spin-echo  
T2-weighted imaging

8600/103 160 3 160 0.6 3 0.6 3 3 … 148 3 ... 3 min 30 sec

Diffusion-weighted imaging 7900/88 240 3 240 1.2 3 1.2 198 3 198 … 3 50, 600, 1000, 1400 4 min 46 sec
MR fingerprinting 13–15 400 1 3 1 400 3 400 5–75 6 … 50 sec per section

* TE = echo time, TR = repetition time.
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evaluation of interreader correlation 
of quantitative measurements. These 
measurements were not included in the 
analysis for lesion characterization.

The final histopathologic diagno-
sis was made by correlating the lesion 
locations on clinical images with the 
location descriptions on the standard 
12-core biopsy reports or with the cog-
nitively targeted core pathology reports 
when available (Fig 2b). Histopathologic 
correlation was performed by C.B. and 
V.G.. The tumor grade for each lesion 
(Gleason score) was also documented.

Statistical Analysis
All measurements of discernable NPZ as 
well as peripheral zone lesions proved 
at biopsy to be prostate cancer or pros-
tatitis were included for analysis. The 
statistical analysis described below was 
performed in all lesions from all patients 
from recruitment groups 1 and 2. This 
statistical set was labeled as dataset A 
(81 adenocarcinomas, 28 prostatitis le-
sions). A similar analysis was replicated 
in the subset of lesions from dataset A 
that were diagnosed with cognitively tar-
geted biopsy; this subset was labeled as 
dataset B (27 adenocarcinomas, 12 pros-
tatitis lesions). Of note, lesions identified 
in group 2 patients who underwent cog-
nitively targeted biopsy but which were 
diagnosed from positive systematic cores 
with negative cognitively targeted cores 
were included in dataset A only. The data 
were analyzed in two sets, A and B, to 
explore whether the cognitively targeted 
subset (dataset B) gave similar results as 
the overall dataset (dataset A).

Means of T1, T2, and ADC were 
compared between tissue types by us-
ing linear mixed models. Generalized 
estimating equations logistic regression 
analysis was used to assess the poten-
tial utility of MR fingerprinting–derived 
T1, T2, and ADC in the differentiation 
of (a) cancer versus NPZ, (b) cancer 
versus prostatitis, (c) prostatitis versus 
NPZ, and (d) high- and intermediate-
grade tumors versus low-grade tumors. 
High grade was defined as a Gleason 
score of at least 4+4 = 8; intermediate 
grade included a Gleason score of 3+4 
= 7 and 4+3 = 7; and low grade was 
defined as a Gleason score of 3+3 = 6. 

and (b) in normal-appearing peripheral 
zone (NPZ) (Fig 2a). The minimum ROI 
size was specified as 4 mm2. ROI sizes 
ranged from 7 to 174 mm2 (median, 26 
mm2). The mean T1 and T2 from each 
ROI was recorded. Similarly, reader 1 
redrew the ROIs to obtain ADC mea-
surements in the corresponding regions. 
The reader took care to best replicate 
the location, shape, and size of the anal-
ogous ROI drawn on MR fingerprinting 
maps. Thus, for each lesion and each 
NPZ of the prostate, average T1, T2, and 
ADC values were recorded.

Another radiologist (reader 2, S.P., 
with 7 years of radiology experience), 
who was blinded to the histopatho-
logic findings, redrew all ROIs on the 
same T1, T2, and ADC maps for the 

into group 1. For group 1 patients, all 
lesions were identified on the basis of the 
image interpretation and scores available 
in the clinical MR imaging reports. For 
patients recruited into group 2, PI-RADS 
version 2 was used owing to updated rec-
ommendations at the beginning of group 
2 recruitment (13,14). All lesions from 
group 2 were identified and scored by 
one fellowship-trained body radiologist 
(V.G., with 15 years of radiology experi-
ence). On the basis of the clinical reads, 
another radiologist (reader 1, C.B., a fel-
lowship-trained radiologist with 8 years 
of experience), who was blinded to the 
final pathologic diagnosis, drew ROIs 
on MR fingerprinting–based T2 maps 
for both groups (a) in peripheral zone 
lesions identified on clinical MR images 

Figure 2

Figure 2:  Images in 72-year-old man referred for elevated prostate-specific antigen level of 9.87 ng/mL 
with minimal urinary symptoms. Patient underwent limited MR imaging and targeted biopsy of lesion in left 
mid prostate. Prostate adenocarcinoma with Gleason score 4+3 = 7 was diagnosed at cognitively targeted 
biopsy. (a) T2-weighted image, ADC map, MR fingerprinting (MRF)–T2 map, and MR fingerprinting–T1 map 
show corresponding hypointense lesion in left mid prostate (arrow) and NPZ in right hemiprostate (Fig 2 
continues).



734	 radiology.rsna.org  n  Radiology: Volume 283: Number 3—June 2017

GENITOURINARY IMAGING: Combined MR Fingerprinting and Diffusion Examination for Prostate Cancer	 Yu et al

interpreted according to the method 
used by Shrout and Fleiss (16). P , .05 
was considered indicative of a statisti-
cally significant difference. All statistical 
analyses were performed by using soft-
ware (SAS 9.4; SAS Institute, Cary, NC).

Results

In the 131 patients included for ROI 
analysis, NPZ was measured in 120 pa-
tients with MR fingerprinting (T1 and 
T2) and in 123 patients with ADC maps; 
NPZ measurements were not obtained 
in the remaining patients owing to un-
recognizable NPZ, lack of NPZ due to 
tumor infiltration, image artifacts on MR 
fingerprinting–derived T1 and T2 maps 
and/or ADC maps, or missing data. Fig-
ure 1 is a flow diagram of all patient and 
lesion inclusion and exclusion criteria.

Histologically proved peripheral zone 
adenocarcinoma of the prostate was 
identified in 55 patients (81 lesions to-
tal), and histologic evidence of prostatitis 
was documented in 22 patients (28 le-
sions total). MR fingerprinting measure-
ments were obtained in 73 cancers and 
27 prostatitis lesions, and ADC measure-
ments were obtained in 80 cancers and 
27 prostatitis lesions (Fig 1). MR finger-
printing or ADC measurements were not 
attempted when there were artifacts on 
MR fingerprinting–derived T1 and T2 
maps and/or ADC maps or poor cor-
relation of section positioning between 
quantitative maps and clinical sections 
owing to differences in section thickness 
between MR fingerprinting and high-
spatial-resolution MR imaging acquisi-
tions. T1, T2, and ADC measurements 
in NPZ, histologically proved prostate 
cancer, prostatitis, and low-, intermedi-
ate-, and high-grade prostate cancer are 
presented as boxplots for each histologic 
type for datasets A and B separately  
(Fig 3, Table E1 [online]). PI-RADS 
scores for each histologic type for data-
set B are presented in Table E2 (online).

Prostate Cancer versus NPZ
In the analysis of all lesions (dataset A), 
T1, T2, and ADC measurements were 
significant univariate predictors in the 
differentiation between histologically 
proved cancer and NPZ (P , .0001 for 

insufficient for reliable multivariable 
analysis. Receiver operating characteris-
tic curves and areas under the receiver 
operating characteristic curve (AUC) (C-
statistics) were obtained from ordinary 
logistic regressions by using the linear 
predictors obtained from the general-
ized estimating equations regressions.

Interreader reliability was examined 
by using paired t tests, Pearson corre-
lation coefficients, and intraclass corre-
lation coefficients. Pearson correlation 
coefficients were interpreted according 
to the method used by Evans (15), and 
intraclass correlation coefficients were 

For the purpose of analysis, high- and 
intermediate-grade tumors (ie, Glea-
son score of 3+4 = 7 and higher) were 
grouped together because of similar 
clinical management; low-grade can-
cers, however, are commonly followed 
up with surveillance. For comparison 
of parameters between prostate abnor-
malities, when both groups included at 
least 15 measurements, both univariable 
and multivariable models including all 
combinations of T1, T2, and ADC mea-
surements were evaluated. Otherwise, 
only univariable models were evaluated 
as the sample sizes were considered 

Figure 2 (continued)

Figure 2 (continued). (b) Sector maps with PI-RADS. Although this patient underwent cognitively targeted 
biopsy, if only systematic biopsy cores were available this lesion would correspond to 9p–10p with PI-RADS 
version 1 and left mid PZpm–PZpl with PI-RADS version 2 and correlate to left mid medial to lateral prostate 
cores. a = anterior, CZ = central zone, p = posterior, pl = posterior lateral, pm = posterior medial, PZ = 
posterior zone.
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combination of T1 and ADC offered the 
best discrimination (AUC = 0.99) in da-
taset A. In dataset B, all three variables 
were significant univariate predictors, 
where ADC alone had the highest AUC 
of 0.99. Sample sizes did not permit fit-
ting multivariable models (Table 3).

Prostate Cancer versus Prostatitis
ADC offered minimal separation be-
tween cancer and prostatitis, with 
AUCs of 0.66 in dataset A and 0.68 in 
dataset B. T1 and T2, however, did not 
enable the differentiation between can-
cer and prostatitis in either group (Fig 
3). In dataset A, the best discriminating 

differentiating between histologically 
proved high- or intermediate-grade tu-
mors and low-grade tumors, with the 
ADC and T2 combination producing 
the highest AUC of 0.83 (Table 3). In 
dataset B, sample sizes were too small 
in the low-grade group for multivariable 
analysis but demonstrated similar trends 
to those seen in dataset A (Figs 3, 4b).

Prostatitis versus NPZ
T1, T2, and ADC were significant uni-
variate predictors in the differentiation 
between histologically proved prosta-
titis and NPZ (P , .0001 for T1 and 
T2; P = .0004 for ADC), where the 

all parameters). T1, T2, and ADC were 
all significant independent predictors 
in a multivariable logistic model in the 
differentiation between prostate cancer 
and NPZ, where the estimated AUC for 
this model was 0.99 (Table 3). In the 
subset of lesions for which targeted bi-
opsy was performed (dataset B), T1,, 
T2, and ADC differed significantly be-
tween prostate cancer and NPZ, and 
there was complete separation between 
groups with use of ADC alone (Fig 4b).

Correlation with Grade
In dataset A, ADC and T2 were sig-
nificant univariate predictors for 

Figure 3

Figure 3:  Box plots of T1, T2, and ADC measurements according to histologic subtype. Boxes represent 25th–75th 
percentiles; lines within represent median. Error bars extend from minimum to maximum of each distribution. + = 
outliers. For details on datasets used for each box plot, see Table E1 (online).
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measurements were repeated in 135 
lesions. Paired t tests showed no dif-
ference between measurements by the 
two readers. Pearson correlation coeffi-
cients and intraclass correlation coeffi-
cients for T1 and T2 were excellent (r 
= 0.81 and 0.79, respectively; intraclass 
correlation coefficient = 0.80 and 0.78).

Discussion

In this study, we demonstrated the fea-
sibility of using MR fingerprinting in the 
characterization of prostate abnormal-
ities and found that MR fingerprinting–
derived T1 and T2 with standard ADC 
can help differentiate peripheral zone 
cancer from normal prostate tissue and 
has the potential to help separate high- 
and intermediate-grade tumors from 
low-grade malignancy. Here, T1, T2, 
and ADC were all individually signifi-
cantly lower in cancer compared with 
NPZ. The MR fingerprinting–derived T2 
values found in this study are within the 
range of those in the literature, whereas 
the ADC in cancer is slightly lower than 
that previously reported with 3.0-T 
units. The low ADC and T2 in cancer 
compared with NPZ are consistent with 

Interreader Variability
In the analysis of interreader agreement, 
MR fingerprinting–based T1 and T2 

model included only ADC (Table 3). 
Sample sizes did not permit fitting mul-
tivariable models in dataset B.

Table 3

Differentiation of Histologic Findings with T1, T2, and ADC

Dataset and Groups Compared 

AUC*

Highest AUC† T1 T2 ADC

Dataset A: PCa (n = 81) vs NPZ (n = 128) 0.87 (0.81, 0.92) [,.0001] 0.94 (0.90, 0.96) [,.0001] 0.98 (0.96, 0.99) [,.0001] 0.99 (0.98, 0.99) [ADC, T1, T2]
Dataset B: PCa (n = 27) vs NPZ (n = 44) 0.98 (0.95, 1.00) [,.0001] 0.95 (0.89, 0.99) [,.0001] 1.0‡ 1.0‡ [ADC]
Dataset A: high grade (n = 59) vs low  

grade (n = 22)§ 
0.55 (0.37, 0.71) [.45] 0.77 (0.64, 0.89) [.005] 0.77 (0.64, 0.89) [.001] 0.83 (0.71, 0.94) [ADC, T2]

Dataset B: high grade (n = 23) vs low  
grade (n = 4)§|| 

… … … …

Dataset A: PCa (n = 81) vs prostatitis (n = 28) 0.53 (0.39, 0.66) [.44] 0.52 (0.38, 0.66) [.87] 0.66 (0.54, 0.76) [.02] 0.66 (0.54, 0.76) [ADC]
Dataset B: PCa (n = 27) vs prostatitis (n = 12) 0.60 (0.37, 0.83) [.75] 0.60 (0.39, 0.80) [.49] 0.68 (0.49, 0.86) [.05] 0.68 (0.49, 0.86) [ADC]
Dataset A: prostatitis (n = 28) vs NPZ (n = 128) 0.82 (0.74, 0.90) [,.0001] 0.92 (0.85, 0.97) [,.0001] 0.99 (0.97, 1.00) [.0004] 0.99 (0.97, 1.00) [ADC,T1]
Dataset B: prostatitis (n =12) vs NPZ (n = 44) 0.94 (0.85, 1.00) [,.0001] 0.91 (0.81, 1.00) [.002] 0.99 (0.98, 1.00) [.0006] 1.0‡ [T1, ADC]

Note.—Dataset A = all lesions, dataset B = cognitively targeted biopsy lesions. PCa = prostate cancer.

* AUC obtained by using a single variable and P value from univariable generalized estimating equation logistic regression. Numbers in parentheses are 95% confidence intervals. Number in brackets 
are P values.
† The highest AUC is for the generalized estimating equation logistic regression model with the highest AUC, where all variables included in the model were statistically significant (P < .05). Numbers 
in parentheses are the 95% confidence intervals. Variables in model are given in brackets.
‡ Logistic regression could not be fit because of nonoverlapping distributions.
§ The high-grade group includes high- and intermediate-grade lesions (Gleason score ≥7). Low-grade lesions had a Gleason score of 6.
|| Sample sizes were too small to allow fitting the generalized estimating equation logistic regressions.

Figure 4

Figure 4:  Scatterplots of ADC versus T2 in NPZ and histologically proved low-grade or high- or intermedi-
ate (Int)–grade prostate cancer. Data are shown for (a) all patients (n = 120, 19 low-grade and 54 high- or 
intermediate-grade lesions) and (b) patients in whom lesions measured on MR images were cognitively 
targeted during prostate biopsy (n = 43, four low-grade and 22 high- or intermediate-grade lesions). All NPZ 
regions were measured in NPZ on clinical images and were not sampled for biopsy.
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those in the literature, whereas T1 differ-
ences have not previously been reported 
(2,5–9,17–20). On the basis of the lit-
erature, low T2 in prostate cancer has 
been predominantly attributed to loss of 
glandular architecture and thus secretory 
function, as demonstrated by a concor-
dant decrease in the concentration of ci-
trate—a normal secretory product of the 
prostate (21). Lower ADC in cancer is a 
well-documented phenomenon related to 
the diminished water self-diffusivity. The 
increase in cellular density that occurs in 
neoplastic tissue has been shown to re-
strict movement of water protons by both 
reducing extracellular space and creating 
a more proteinaceous and viscous intra-
cellular environment (22,23). Low T1 
in prostate cancer compared with NPZ 
has not been previously reported, possi-
bly because the change in T1 might be 
difficult to detect on weighted images. 
It is known that postbiopsy hemorrhage 
shortens T1 relaxation time. However, 
in the subset of patients with no history 
of biopsy (dataset B), the T1 difference 
between cancer and NPZ remained sig-
nificant. The T1 differences may relate 
to the cellularity and protein content of 
tissue, which affect energy exchange be-
tween water and its surroundings (24).  
Further work is needed to elucidate the 
cause of the T1 changes in prostate can-
cer and prostatitis.

Although all three parameters en-
abled differentiation between cancer and 
NPZ independently, differentiation was 
better when the three parameters were 
used together. These results are based on 
an initial test dataset, and confirmation 
of these findings in an independent val-
idation dataset is necessary. A possible 
explanation for this synergistic effect may 
be that each property is affected variably 
by different tissue changes that may not 
all be reflected in one property. Further 
radiologic-pathologic correlation studies 
are needed to conclusively elucidate how 
physiologic or pathologic differences are 
reflected quantitatively in each property.

The differentiation of low-grade 
disease from more aggressive inter-
mediate- and high-grade variants is an 
important clinical goal in prostate im-
aging. Multiple studies have reported 
that ADC is helpful for assessing tumor 

aggressiveness (25–27). T2* and T2 map-
ping have also demonstrated measurable 
differences among cancer grades (28,29). 
In this study, we showed that ADC and 
T2 together have potential in differenti-
ating high- and intermediate-grade tu-
mors from low-grade disease. Insufficient 
numbers of low-grade lesions preclude 
statistical conclusions in the targeted bi-
opsy group, although the scatterplot data 
produce intriguing separations. Further 
investigation with targeted biopsies in 
large patient groups is needed.

Prostatitis is not well differentiated 
from cancer on clinical MR images 
(30). Diffusion imaging has been used 
to differentiate prostatitis from pros-
tate cancer with minimal success; our 
results with ADC were similar to those 
in the literature (9,22). The sample 
size was too small to determine if MR 
fingerprinting has a conclusive role in 
improving the differentiation between 
prostatitis and cancer.

This study has several limitations. 
Our data show the utility of MR finger-
printing for the purpose of objective 
and/or quantitative lesion characteriza-
tion but not for lesion detection. For use 
in detection, map resolution would have 
to be improved to match the high spatial 
resolutions routinely used for structural 
T2-weighted imaging. Second, standard 
ADC maps and MR fingerprinting maps 
were acquired separately, which intro-
duces the risk of misalignment between 
the ADC maps and MR fingerprinting–
derived T1 and T2 maps. Simultaneous 
mapping of T1, T2, and ADC with per-
fect coregistration would be a desired 
technical innovation and is an active 
area of research (31). Another potential 
limitation of the described method is 
manual delineation of ROIs for sampling 
lesions and NPZ. Although this approach 
has been applied in previous studies on 
ADC mapping in prostate cancer and is 
commonly used in clinical practice to 
characterize lesions (2,4–8), a possible 
drawback of this method is that the full 
range of values that occur in pathologic 
and healthy tissue will not be captured. 
Another limitation is that the targeted 
validation was performed with cognitive 
guidance rather than US–MR imaging 
fusion or direct in-gantry biopsy, both of 

which have been shown to have higher 
detection rates of cancer (32,33). In 
addition to improved targeting, future 
studies that include segmentation of 
whole lesions and NPZ with correlation 
to whole-mount prostatectomy slices 
could conclusively address these limi-
tations. Such a study design could help 
validate these initial results and also bet-
ter establish ranges of expected values 
in each tissue type and/or abnormality. 
Finally, to better understand generaliz-
ability, future studies are needed to fully 
explore inter- and intrareader variability 
in using a multiparametric quantitative 
approach such as that studied herein. 
With use of a radiomics approach, MR 
fingerprinting measures in combination 
with individual patient characteristics 
may create decision support tools that 
could be used for diagnosis, prognostica-
tion, and outcomes prediction (34).

In conclusion, in this study we de-
scribed the initial development and ini-
tial application of a combined MR fin-
gerprinting and diffusion examination 
for the quantitative characterization of 
prostate tissue.
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