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Objective: To evaluate the feasibility of a new three-dimensional (3D) MR fingerprinting (MRF) technique for the prostate
gland by conducting phantom and clinical studies.

Materials and Methods: The new 3D MRF technique used in this study enables quick data acquisition and has a high
resolution. For the phantom study, the MRF T1 and T2 values in an in-house phantom were compared with those of gold-
standard mapping methods using linear regression analysis. For the clinical study, we evaluated 90 patients who underwent
prostate imaging with MRF for suspected prostate cancer between September 2019 and February 2020. The mean T1 and T2
values were compared in the peripheral zone, transition zone, and focal lesions using paired t tests. The differences in the T1
and T2 values according to cancer aggressiveness were evaluated using one-way analysis of variance.

Results: In the phantom study, the MRF T1 and T2 values showed a perfect correlation with the gold-standard T1 and T2
values (R > 0.99). In the clinical study, the T1 and T2 values in the peripheral zone were significantly higher than those in
the transitional zone (p < 0.001, both). The T1 and T2 values in prostate cancer were significantly lower than those in the
peripheral and transitional zones. The higher the grade of cancer, the lower the T2 values.

Conclusion: The T1 and T2 values obtained from the 3D MRF showed a perfect correlation with the gold standard values in the
phantom study. Differences in the T1 and T2 values among the different zones of the prostate gland were identified using

3D MRF in patients.
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INTRODUCTION

The benefit of prostate MRI over transrectal ultrasound-
guided biopsy in the diagnosis of clinically significant
prostate cancer is well-established [1,2]. Prostate cancer
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shows hypointensity on T2-weighted images (T2WI)
compared to normal prostate tissue. However, the relatively
low signal intensity of prostate cancer cannot be measured
quantitatively. In conventional T1- and T2WI, signal
intensities may vary due to many factors, such as the
type of scanners or coils, and parameters. Therefore, T1 or
T2 mapping is necessary for the quantification of T1 and
T2 values to obtain the objective parameters. Previous
studies on T1 or T2 maps have shown promising results
in differentiating prostate cancer from normal tissue and
in determining the aggressiveness of prostate cancers [3-
9]. However, the length of time needed to acquire T1 and
T2 maps hinders their clinical use, and these maps cannot
replace the conventional T1- and T2WI.

MR fingerprinting (MRF) is a technique that utilizes
a completely different concept of data acquisition from
conventional MRI [8]. In conventional MRI, data are

Copyright © 2021 The Korean Society of Radiology
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acquired repeatedly with constant parameters. On the
other hand, signals are obtained in MRF by using various
acquisition parameters in a pseudorandom manner. The
acquired MRF data are highly undersampled compared with
conventional data, but the signals from different tissues
have unique patterns. A pattern recognition algorithm
is applied to match the unique signal, the so-called
fingerprint, to a predefined dictionary containing signal
evolutions from all possible combinations of parameters.
The T1 and T2 values of the corresponding signal from the
dictionary were assigned as T1 and T2 values of the pixel.
Therefore, T1 and T2 values can be simultaneously acquired
from MRF faster than from conventional T1 and T2 maps.

Several prostate MRF studies have shown that the T1
and T2 values are significantly different between prostate
cancer and normal prostate tissue. Additionally, T1 and
T2 MRF correlate well with the histological aggressiveness
of prostate cancer in both the peripheral and transition
zones [10-12]. In a recent study, significant associations
were found between MRF-based parameters and the tissue
compartment ratio (epithelium, stroma, and lumen)
based on histopathology [13]. MRF appears to have
great potential as a quantitative parameter in prostate
imaging. However, the MRF in previous studies used a two-
dimensional (2D) data acquisition method and obtained
images with moderate spatial resolution (1 x 1 mm) and a
large thickness (5 mm slice thickness) in a relatively long
acquisition time. Therefore, we applied the new three-
dimensional (3D) MRF technique to obtain MRF images with
better spatial resolution and shorter acquisition time.

The purpose of this study was to evaluate the feasibility
of the new 3D MRF technique in the prostate gland using

Table 1. Image Acquisition Parameters
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phantom and clinical studies.

MATERIALS AND METHODS

MRF and MRI Protocol

We used 3D MRF with hybrid radial-echo-planar imaging
(EPI) trajectory for both phantom and clinical studies. The
3D MREF collects k-space data using radial acquisition in
the kxy domain while applying EPI acquisition in the slice
encoding direction (k,). Furthermore, the k-t acceleration
was applied through the slice encoding direction similar
to the acceleration with previous 3D MRF [14], to reduce
the scan time. Iterative reconstruction using conjugate
gradient sensitivity encoding (CG-SENSE) was also applied
to improve the image quality. Therefore, this method allows
acquisition of high-resolution 3D quantitative maps within
practical scan times. MRF parameters are summarized in the
Supplement.

Multiparametric (mp) MRI was performed for the
clinical study, which included three-plane T2WI, axial
T1WI, diffusion-weighted images, and dynamic contrast-
enhanced images. Endorectal coils were not used in any
patient. Detailed parameters are listed in Table 1. The total
acquisition time for mpMRI and MRF was approximately 23
minutes. All examinations were performed using a 3T system
(Magnetom Vida, Siemens Healthineers) with a 30-channel
surface coil and a 64-channel or 128-channel spine coil.

Phantom Study

We created an in-house phantom to compare the T1
and T2 values between MRF-derived T1 and T2 maps and
conventional T1 and T2 maps. The phantom was made

T2WI (TSE) TAWI (TSE) DWI MRF DCEI (GRASP)

TR, ms 2500-3000 500-700 5200-6000 16 4

TE, ms 103 9 76 4 2
Field of views, mm 180 x 180 180 x 180 200 x 180 160 x 160 200 x 200
Matrix 320 x 320 320 x 320 120 x 108 224 x 224
Resolution, mm 0.6 x 0.6 0.6 x 0.6 1.7x 1.7 0.6 x 0.6 0.9x0.9
Flip angle, ° 136 120 90 12
Slice thickness, mm 3 3 3 3 3
Gap 0 0 0 0
NEX 2 2 2,2,9,9 1

b values, s/mm? - - 0, 100, 1000, 1500 - -
Acquisition time, min:sec 3:32 3:35 6:18 3:48 5:40

DCEI = dynamic contrast-enhanced image, DWI = diffusion-weighted image, GRASP = Golden-angle RAdial Sparse Parallel MRI, MRF = MR
fingerprinting, NEX = number of excitation, TE = echo time, TR = repetition time, TSE = turbo spin echo, TIWI = T1-weighted image, T2WI =

T2-weighted image
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of nine tubes with varying concentrations of manganese
chloride (MnCl;) mixed with distilled water (10, 20, 30, 40,
50, 60, 70, 100, 150, and 200 pM).

A gold-standard T1 map was obtained with 2D multiple
inversion recovery spin echo (SE) MRI (inversion time [TI]
set: [50, 100, 200, 400, 800, 1200, 1600, 2400, 4800] ms,
repetition time [TR] = 10 seconds, resolution: 1 x 1 mm? (2
x interpolated), slice thickness = 2 mm, field of view (FOV)
= 128 x 128 mm?, scan time for each SE: 10 minutes 52
seconds, total scan time for nine different TI SEs: 1 hour
38 minutes). For a gold-standard T2 map, 2D multiple echo
time (TE) SE MRI was acquired (TE set: [10, 20, 40, 60,
100, 150, 200, 400, 800] ms, TR = 10 seconds, resolution:
1 x 1 mm? (2 x interpolated), slice thickness = 2 mm, FOV
=128 x 128 mm?, scan time for each SE: 10 minutes 52
seconds, total scan time (9 different TI SEs): 1 hour 38
minutes. Mono-exponential fitting was performed for the
gold standard T1 and T2 maps.

Patient

This retrospective study was approved by our Institutional
Review Board, and the requirement for informed consent
was waived (IRB No. PC20RISI0059).

Patients who underwent prostate MRI between September
2019 and February 2020 were eligible for the study. The
exclusion criteria were 1) no MRF done, 2) prostatectomy
before MRI examination, 3) transurethral resection of the
prostate gland before MRI, 4) no normal prostate gland
tissue, and 5) previously diagnosed prostate cancer. A
total of 90 patients were included in this study. The
inclusion process is summarized in Figure 1. The age, level
of prostate-specific antigen (PSA), prostate biopsy, or
prostatectomy results were collected from the electronic
medical records.

127 patients who underwent prostate MRI
between September 2019 and February 2020

> No MRF (n = 16)

‘ 111 pz:tients ‘

- Patient underwent prostatectomy before
MRI (n = 8)

- Patient underwent transurethral resection

» of prostate before MRI (n = 8)

- No normal prostate tissue (n = 2)

- Previously diagnosed prostate cancer
(n=3)

90 patients

Fig. 1. Flowchart of patient inclusion. MRF = MR fingerprinting
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Image Analysis

A radiologist with 10 years of experience in prostate MRI
reviewed the mpMRI examinations and assigned the Prostate
Imaging-Reporting and Data System v2.1 classification. If
there were multiple prostate cancers detected, each lesion
was classified according to PI-RADS v2.1. The radiologist
recorded the location and size of the lesions, and captured
the image containing the largest area of each lesion.

The same radiologist analyzed the MRF images using
ITK-SNAP version 3.8.0 (www.itksnap.org) [15]. The
radiologist loaded the T1 and T2 maps into the software
simultaneously, selected the section with the largest area
of normal-appearing prostate gland tissue and drew regions
of interest (ROIs) that covered the entire peripheral zone
and transition zone, respectively, in all cases. For patients
with focal lesion with a PI-RADS score of 3 or higher, an
ROI is drawn on the section in which the largest area of the
tumor was seen. ROIs were drawn with reference to mpMRI.
If there were multiple lesions in a patient, the lesion with
the highest PI-RADS score or the largest lesion with the
same PI-RADS score was chosen for analysis. We obtained
the averages and standard deviations (SDs) of the T1 and
T2 values from the ROIs on both maps. Figure 2 shows the
images of a representative case.

Biopsy and Pathology Correlation

Biopsy was performed in patients with focal lesions on
mpMRI or who had high risk of prostate cancer even with
negative prostate MRI results. Four patients with focal
lesions with PI-RADS score of 4 or higher did not undergo
prostate biopsy. Transrectal ultrasound-guided biopsy
was performed by one of two genitourinary radiologists
with 6 and 18 years of experience in prostate biopsy MRI-
ultrasound fusion. The prostate cancer was classified
according to the Gleason grade. Pathology results correlated
with focal lesions detected on MRI. If radical prostatectomy
was performed in a patient, prostatectomy results, rather
than biopsy results, were used for analysis. If prostate
cancer was not pathologically confirmed by targeted
biopsy of the focal lesion, the lesion was classified as non-
cancerous.

Statistical Analysis

In the phantom study, the similarity in the T1 and
T2 values between 3D MRF, and the gold standards was
compared using linear regression analysis and Pearson’s
correlation coefficient.

https://doi.org/10.3348/kjr.2020.1362 kjronline.org
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The patients’ characteristics were summarized using normally distributed. In all cases, the T1 and T2 values
the mean and SD, range for continuous values, and were compared between the peripheral and transitional
the proportion for categorical values. The Kolmogorov- zones using paired t tests. In patients who had focal lesion
Smirnov test was used to evaluate whether the data were on MRI and underwent biopsy, the T1 and T2 values were

Fig. 2. A 69-year-old male with elevated prostate-specific antigen (7.31 ng/mL) underwent prostate MRI.
A-F. Two lesions in the Rt transition zone and Lt peripheral zone show low signal intensity on T2-weighted images (A), iso-signal intensity on
T1-weighted images (B), high signal intensity on diffusion-weighted images (C), and low values on apparent diffusion coefficient maps (D).
They show lower values on both the MR fingerprinting-derived T2 map (E) and T1 map (F). The lesions (arrows) were confirmed as prostate
cancer: right lesion Gleason 9 (4 + 5) and left lesion Gleason 7 (3 + 4).

kjronline.org https://doi.org,/10.3348/kjr.2020.1362 1335
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compared among the peripheral zone, transition zone, and
focal lesion using paired t tests. The parameters measured
in the focal lesion of patients who did not undergo biopsy
were discarded. Pearson correlation tests were applied

to investigate the correlation between T1 or T2 values

and Gleason grade groups. One-way ANOVA was used to
compare the T1 and T2 values among the pathology results
(noncancer, Gleason grade groups 1, 2-3, and 4-5) because
the T1 and T2 values were normally distributed. Statistical
analysis was performed using SPSS software (version 24.0;
IBM Corp.).

RESULTS

Phantom Study

The relationship between the T1 value from MRF and the
gold standard is summarized in the fitted regression line
(Fig. 3A) with the following equation: gold-standard T1
value = 0.98 x MRF T1 value - 57. The regression equation
for the T2 value was as follows: gold-standard T2 relaxation
time = 1 x MRF T2 value + 13 (Fig. 3B). The correlation
coefficients between MRF and the gold standard were
0.99979 and 0.99810 for the T1 and T2 values, respectively.

Clinical Study
Among the 90 patients (mean age + SD, 69 + 8.5 years;

Han et al.

range, 43-89 years), 45 underwent biopsy and 25 (27.8%)
were diagnosed with prostate cancer. The mean PSA

level was 19.3 ng/mL. Seven patients underwent radical
prostatectomy. The patient characteristics are summarized
in Table 2.

In all cases, the T1 and T2 values in the peripheral zone
were significantly higher than those in the transitional
zone (p < 0.001, both) (Table 3). In patients with
pathologically confirmed prostate cancer, the mean + SD of
T1 value in prostate cancer was 1557.8 + 289.1 ms, which
was significantly lower than that in the peripheral and
transition zones (p = 0.002 and p = 0.030, respectively). The
mean + SD of T2 value in prostate cancer (98.4 + 16.8) was
also significantly lower than the values in the peripheral
and transition zones (p < 0.001, both).

Among the 90 patients, there were focal lesions with
biopsy results in 29 patients. Prostate cancer was not seen
in 4 out of the 29 patients. The T2 value was significantly
correlated with the Gleason grade group (r=-0.443, p =
0.034), and the T1 values were not correlated with the
Gleason grade group (r=-0.168, p = 0.444). The T2 values
were lower in cancers with higher Gleason grade (Fig. 4A).
The mean + SD of T2 values in the non-cancers (140.7
18.5 ms) were significantly higher than that in the Gleason
grade groups 2-3 lesions (97.7 + 17.2 ms) and groups
4-5 lesions (90.7 + 9.5 msec). Although the T2 values in

R =0.99979
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Fig. 3. Results of the phantom study.

A, B. The MRI-derived T1 value (A) and T2 value (B) show perfect correlation with the target values obtained from the gold-standard mapping

methods. MRF = MR fingerprinting
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Gleason grade group 1 lesions (117.7 + 14.9 ms) were lower
than that in the non-cancers, no significant difference was
found (p = 0.347). The T1 values were not significantly
different according to pathology results (Fig. 4B).

DISCUSSION

Several studies have shown meaningful results of MRF
in providing objective parameters to differentiate prostate
cancer from normal prostate tissue [10-13]. The MRF
protocol used in previous studies can take approximately 7-8
minutes to acquire images from the entire prostate gland.
Our study shows that a new 3D MRF technique is feasible

Table 2. Patients’ Characteristics

Characteristic Value
Number of patients 90
Age, year, mean + SD 69.9 + 8.5 (range, 43-89)
Prostate specific antigen, ng/mL, 19.3 +59.2

mean + SD (range, 1.38-421.3)

Number of focal lesions/patient

No lesion 56 (62.2)
One 25 (27.8)
Two 6 (6.7)
Three 3 (3.3)
PI-RADS score of the index lesion
PI-RADS 1 56 (62.2)
PI-RADS 2 2 (2.2)
PI-RADS 3 1(1.1)
PI-RADS 4 15 (16.7)
PI-RADS 5 16 (17.8)
Patients who underwent biopsy 45
Lesions < PI-RADS 2 on MRI 16 (35.6)
Lesions > PI-RADS 3 on MRI 29 (64.4)
Prostate cancer 25
Gleason grade group 1 3 (12.0)
Gleason grade group 2 15 (60.0)
Gleason grade group 3 1 (4.0)
Gleason grade group 4 3 (12.0)
Gleason grade group 5 3 (12.0)

Data are number of patients with % in each characteristic in
parentheses unless specified otherwise. PI-RADS = Prostate
Imaging-Reporting and Data System, SD = standard deviation

Table 3. MR Fingerprinting-Derived T1 and T2 Values in PZ and TZ

Korean Journal of Radiology

for the prostate gland. The new 3D MRF technique allowed
us to obtain prostate images with a shorter acquisition time
(3 minutes 48 seconds) than the protocol used in previous
studies. The accuracy of the T1 and T2 values from the MRF
was verified the values from the conventional mapping
methods in the phantom study. Additionally, the results from
the clinical study showed different values for the peripheral
zone, transition zone, and focal lesion.

The T1 and T2 values from the MRF of the peripheral
zone were significantly higher than those in the transition
zone. In patients who underwent biopsy, prostate cancer
had significantly lower T1 and T2 values in both the
peripheral and transition zones. In our study, the higher the
aggressiveness of prostate cancer, the lower the T2 value.
The mean T2 value in the non-cancer areas was significantly
higher than that in prostate cancers with Gleason grades
2-3 and 4-5. Similar results have been observed in the
transition zone and peripheral zone separately in previous
studies [10-12]. Although a previous study using the
transition zone showed the usefulness of T1 values in
differentiating prostate cancer from non-cancer areas, there
was no significant difference seen in the T1 value between
non-cancer and prostate cancer or among prostate cancers
with different Gleason grade groups in this study. The
differences in the results may be caused by the location of
the prostate focal lesions or the small number of patients
who underwent biopsy in our study.

In this study, the average T1 values in the peripheral
zone and transition zone were 1875.7 msec and 1689.4
msec, respectively. In a study that used inversion recovery
sequence at 3T MRI, the T1 values in the peripheral zone
and transition zone in the mid-gland were 1756 and 1503
ms, respectively [3]. MRF studies reported T1 values of
2240 and 1800 ms in the peripheral zone and transition
zone, respectively [10,11]. In our study, the average T2
values in the peripheral and transition zones were 173.4
and 121.4 ms, respectively. On the other hand, the T2
values in the peripheral zone in previous studies varies from
149 ms to 211 ms by conventional T2 mapping techniques
on 3T MRI [5,16,17]. In previous MRF studies, the T2

P
Pz TZ Prostate Cancer
PZ vs. TZ PZ vs. Cancer TZ vs. Cancer
T1 value, msec 1875.7 + 323.2 1689.4 + 220.6 1557.8 + 289.1 < 0.001 0.002 0.030
T2 value, msec 173.4 + 50.7 121.4 + 19.7 98.4 + 16.8 < 0.001 < 0.001 < 0.001
Data are mean + standard deviation. PZ = peripheral zone, TZ = transition zone
kjronline.org https://doi.org,/10.3348/kjr.2020.1362 1337
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Fig. 4. Differences in MRF-derived T1 and T2 values according to the pathology results.
A, B. The graph shows that the higher the cancer grade, the lower the T2 value (A). The T2 value in non-cancerous lesions was significantly
higher than that in Gleason grades 2-3 and 4-5 lesions. There was no significant difference in T1 values according to the pathology results (B).

MRF = MR fingerprinting

values were 169 and 65 ms in the peripheral and transition
zones, respectively [10,12]. Although other studies have
reported T1 and T2 values in the prostate gland, the values
in the peripheral and transition zones were not separately
analyzed [18-20]. Therefore, the similarity of the values
between studies is difficult to evaluate. The differences in
results may be due to the differences in the image analysis
method; most studies used a small circular ROI to measure
the values in normal prostate tissues. We selected a section
and drew an ROI to cover the entire visually normal tissue
in that section. Different MRI techniques may also cause
differences in T1 and T2 values. However, higher T1 and T2
values in the peripheral zone than in the transitional zone
were commonly reported in all studies.

We conducted a phantom study to verify the accuracy
of MRF-derived T1 and T2 values. For the gold standard,
conventional T1 and T2 mapping methods were obtained
for more than 3 hours, and their values were set as target
values. Even though there was a small, constant difference
between the target and measured T1 and T2 values, the
measured T1 and T2 values were significantly correlated with
the target values (R =0.99979 and 0.99810, respectively).
Therefore, the phantom study proved the reliability of the
MRF results. We believe that MRF would also be reliable in
a clinical study, since the same MRF protocols were used in
both the phantom and clinical studies [10-13].

In this study, we used a new 3D MRF technique that can
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obtain images in less than 4 minutes. The advantages of
the new MRF technique, along with the short acquisition
time, include higher spatial resolution (0.6 x 0.6 mm) and
smaller thickness (3 mm) than the previously used MRF
technique (1 x 1 x 5 mm) [10-13]. The margin of the focal
lesion was well-defined on high-resolution images. The
resolution and thickness of the MRF and T2WI were equally
set in our study. Therefore, evaluating MRF with reference
to T2WI is easy, since the same section is obtained with
the same thickness. Using a 3D image acquisition technique
has several benefits in conventional MRI such as: 1) smaller
slice thickness, 2) the signal-to-noise ratio is higher than
that in 2D acquisition, and 3) additional acceleration in
the z direction is possible. 3D MRF in a small organ like the
prostate gland, may be advantageous due to the reduction
of slice thickness and reconstruction of multiplanar images.
This study has several limitations. First, only a small
number of patients were diagnosed with prostate cancer
hence, the differences in T1 and T2 values between normal
tissue and prostate focal lesions were analyzed in only 29
patients. The main purpose of this study was to explore the
feasibility of the new 3D MRF technique in clinical practice.
We showed the preliminary results of prostate cancer on
MRF images, and further study is recommended. Second, we
did not divide the prostate cancer lesions according to their
location in the peripheral or transition zone. In previous
studies of prostate MRF, some differences were found in the

https://doi.org/10.3348/kjr.2020.1362 kjronline.org
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results according to cancer location. Studies that evaluate
the differences between transition zone and peripheral zone
cancers should be conducted. Third, volumetric analysis was
not performed. Volumetric analysis can correct the bias by
selecting specific areas for small ROIs. Instead, we used
ROIs that covered the entire area of the selected section.
Although this technique is limited compared to volumetric
analysis, we believe that it is a more objective method than
the small ROI method.

In conclusion, the T1 and T2 values obtained from 3D
MRF showed a perfect correlation with the gold standard
values in the phantom study. Differences in the T1 and T2
values among the different zones of the prostate gland were
identified using 3D MRF in patients.

Supplement

The Supplement is available with this article at
https://doi.org/10.3348/kjr.2020.1362.
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