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Abstract
This study aimed to evaluate the diagnostic performance of diffusion kurtosis imaging (DKI) and prostate-specific antigen (PSA)
biomarkers in differentiating prostate cancer (PCa) and benign prostatic hyperplasia (BPH).
A total of 43 cases of prostate diseases verified by pathology were enrolled in the present study. These cases were assigned to the

BPH group (n=20, 68.85±10.81years old) and PCa group (n=23, 74.13±7.37years old). All patients underwent routine prostate
magnetic resonance imaging and DKI examinations, and the mean diffusivity (MD), mean kurtosis (MK), and fractional anisotropy (FA)
values were calculated. Three serum indicators (PSA, free PSA [fPSA], and f/t PSA) were collected. We used univariate logistic
regression to analyze the above quantitative parameters between the 2 groups, and the independent factors were further
incorporated into the multivariate logistic regression model. The area under the receiver operating characteristic curve (AUC) was
used to evaluate the diagnostic efficacy of the single indicator and combined model.
The difference in PSA, f/t PSA, MK, and FA between PCa and BPHwas statistically significant (P< .05). The AUC for the combined

model (f/t PSA, MK, and FA) of 0.972 (95% confidence interval [CI]: 0.928, 1.000) was higher than the AUC of 0.902 (95% CI: 0.801,
1.000) for f/t PSA, 0.833 (95% CI: 0.707, 0.958) for MK, and 0.807 (95% CI: 0.679, 0.934) for FA.
The MK and FA values for DKI and f/t PSA effectively identify PCa and BPH, compared to the PSA indicators. Combining DKI and

PSA derivatives can further improve the diagnosis efficiency and might help in the clinical setting.

Abbreviations: ADC= apparent diffusion coefficient, AUC= area under the receiver operating characteristic curve, BPH= benign
prostatic hyperplasia, DKI= diffusion kurtosis imaging, DWI= diffusion-weighted image, FA= fractional anisotropy, fPSA= free PSA,
MD = mean diffusivity, MK = mean kurtosis, MRI = magnetic resonance imaging, PCa = prostate cancer, PSA= prostate-specific
antigen, ROI = region of interest, tPSA = total PSA, TRUS = transrectal ultrasonography.
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1. Introduction

Prostate cancer (PCa) is the second most frequent malignant
tumor worldwide, severely threatening people’s health.[1] The
epidemiological data of PCa revealed that there are approxi-
mately 1.6 million cases and 0.366 million deaths annually, and
themorbidity andmortality of PCa have gradually increasedwith
the aging population and lifestyles in recent years.[2,3] The
therapeutic method of PCa is mainly hormonotherapy, including
surgical castration, pharmacological blockage of androgen
production, and blockage of testosterone.[4,5] The PCa and
benign prostatic hyperplasia (BPH) have the same clinical
symptoms; however, the treatment and prognosis are different.
Hence, the accurate differential diagnosis of PCa and BPH is
crucial for patients.
The gold standard method for predicting PCa and BPH is the

histopathologic finding.[6] Nevertheless, a needle biopsy may be
biased due to tumor heterogeneity, and this may sometimes
induce bleeding and injury to the vital tissues and organs, such as
urinary retention and vasovagal response.[7] Serum prostate-
specific antigen (PSA) is the most common clinical test for PCa,
and is used to monitor the aggressiveness of tumors. Some
research has indicated that increasing serum PSA levels
corresponds to the advanced TNM stage and poor outcomes.[8]

PSA can be secreted by prostate and PCa cells. Normally, due to
the presence of the blood-epithelial barrier, only a small amount
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of PSA enters the blood, and serum PSA levels are stable at low
levels.When PCa occurs, serum PSA significantly increases. At the
same time, the patient’s age and prostate volume would also affect
the serum PSA levels. Given the low specificity and diagnostic
efficacy, many men without PCa also underwent unnecessary
biopsies.[9,10] A previous study demonstrated that only a quarter of
men suffered from PCa with PSA between 4 and 10ng/mL.[9]

Magnetic resonance imaging (MRI) is a noninvasive imaging
technology widely used in prostate clinical practice and is the
preferred imaging strategy for diagnosing PCa.[11] This can not
only provide a highly defined anatomical image of the zonal
architecture of the prostate gland with excellent soft-tissue
contrast, but also provide more diagnostic information by multi-
modal MRI imaging, which is superior to other imaging
methods.[12] Nevertheless, significant differences exist between
different readers when facing PCa detection using the prostate
imaging reporting and data system (PI-RADS) v2 system on
conventional prostate MRI.[13] Due to its definition, PI-RADS
scoring can be affected by subjectivity and inter-/intra-operator
variability.[13] Recently, diffusion kurtosis imaging (DKI) has
been considered a key method to investigate the diffusion of
water molecules and detect the lesion microstructure. In general,
the diffusion of water molecules presents an abnormal distribu-
tion due to the differences in structures and functions.
Meanwhile, abnormal proliferation, necrocytosis, and fresh
angiogenesis result in the alteration of microstructure in
tumors.[14] Therefore, DKI was employed to study tumor
imaging phenotypes and biological behavior, directly correlated
to tissue physiological and pathological characteristics.[15] In the
present study, the DKI quantitative method and serum indicators
were combined to comprehensively evaluate PCa and BPH,
whichmay be helpful to provide more accurate diagnosis and risk
factor assessment information, and a reference for treatment.
2. Methods

2.1. Patient population

The present retrospective study was approved by the ethics
committee of the Yuyao People’s Hospita and the requirement for
informed consent was waived. A total of 78 prostate patients
confirmed by pathology at our hospital from December 2018 to
June 2020 were collected. The inclusion criteria were: complete
pretreatment prostate MRI DKI examination and laboratory
data; pathological results obtained through rectal ultrasound or
surgery; and 10-core prostate biopsy with pathological results
performed in the next 2 weeks after DKI examination. The
exclusion criteria were: poor DKI image quality, and malignant
tumors in other parts of the body. Finally, a total of 43 patients
were included in the present study. The serum indicators,
pathological results, andMRI images of each case were collected.
Based on pathological results, these patients were assigned to the
BPH group (n=20, 68.85±10.81years old) and PCa group (n=
23, 74.13±7.37years old).
2.2. MRI imaging

All MRI images of the selected patients were obtained using the
Siemens Aera 1.5T MR. Fat suppression T2-weighted imaging
(TR/TE: 5500ms/100ms; matrix: 320�320; section thickness: 3
mm; field of view: 240�240mm), T1-weighted imaging (TR/TE:
400 ms/8.6 ms; matrix: 256�256; section thickness: 3mm; field
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of view: 240�240mm), dynamic contrast-enhanced imaging
(dose 0.1 mmol/kg standard gadolinium-based contrast agent;
injection rate: 3mL/s), and diffusion-weighted imaging (DWI;
TR/TE: 4000/86; matrix: 180�180; section thickness: 4mm;
field of view: 240�240mm; with b-values of 0, 500s/mm2, 1500
s/mm2 and 2000s/mm2) were performed. DKI is a DW image,
and we used the two-dimensional spin-echo echoplanar imaging
sequence (TR/TE: 4500ms/92ms; matrix: 150�150pixels; slice
thickness: 4mm; acquisition voxel size: 0.9�0.9�4.0mm;
bandwidth: 1450Hz/pixel, spectral attenuated inversion recov-
ery fat suppression) in the axial plane. Five averages were chosen
for all b-values to maintain a sufficient signal-to-noise ratio. The
acquisition time was 6.8minutes. We used the diffusion gradients
in the 12 orthogonal directions, with b-values of 0, 400s/mm2,
800s/mm2, 1200s/mm2 and 2000s/mm2.
2.3. Image analysis

All MRI images were randomly analyzed by a radiologist (10
years of experience in abdominal MRI diagnosis), blinded to the
clinical information and outcomes. The Diffusional kurtosis
Estimator (Medical University of South Carolina Charleston,
version 2.5.1, www.musc.edu/cbi) was used to obtain the mean
diffusivity (MD), mean kurtosis (MK), and fractional anisotropy
(FA) values from the DKI images. The radiologist reviewed the
T1-weighted imaging, T2-weighted imaging, diffusion-weighted
imaging, and dynamic contrast-enhanced imaging to determine
the location and border of each tumor. Furthermore, transrectal
ultrasonography (TRUS)-guided biopsy was combined with the
cognitive MRI fusion-guided targeted biopsy to make the one-to-
one comparison possible. For each case, the region of interest
(ROI) was placed in the largest layer of the lesion to avoid the
calcification, urethra and bleeding necrotic area. The ROI was
round, and had an area of 25 to 50 mm2. The nodular lesions
included the entire range, as much as possible, but it did not
extend beyond the lesion. If there were more than one lesion, the
lesion with the largest diameter was selected for measurement.
The diffuse lesions were placed at the maximum level of the ROI
in the central zone. Three ROIs were outlined for each lesion, and
the average values of the ROIs were calculated. Then, the ROIs
were examined by another experienced radiologist.
2.4. PSA test method

The fasting peripheral venous blood was collected for all patients,
and the serum was examined. The automatic immunofluores-
cence detection system (ARCHITECT I2000SR [Abbott Labora-
tories, USA]) was used to determine the fPSA and total PSA
(tPSA) using the fPSA kit and tPSA kit, and calculate the f/t PSA.
2.5. Histopathologic analysis

The histopathologic analysis served as the reference standard for
all lesions in the enrolled cohort. Two pathologists with more
than eight years of experience performed the analysis. A
consensus was resolved by discussion (which involved another
pathologist with 10years of experience) when there was a
disagreement. The automatic biopsy gun (GALLIN S.R.L. VPA
18/20) was performed through the 10-point needle biopsy of the
prostate, under the guidance of TRUS. Cognitive fusion was
employed to determine the exact location for biopsy sampling,
following patientMRI review. An urologist performed the biopsy
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Figure 1. The DKI images, and the corresponding MD, MK, and FAmapping of PCa and BPH in a patient. For the PCa in a 73-year-old male (Gleason score 3+3),
the PSA and f/tPSA were 8.15ng/mL and 0.16, respectively. A1: Axial FS-T2WI, a mixed-signal nodule in the posterior part of the left central zone with blurred
boundaries (white asterisks); B1: MD mapping of DKI, the average MD value of the lesion was 1.2177; C1: MK mapping of DKI, the average MK value of the lesion
was 1.2073; D1: FA mapping of DKI, the average FA value of the lesion was 0.1407. For the BPH in a 70-year-old male, the PSA and f/tPSA were 6.01ng/mL and
0.35, respectively. A2: Axial FS-T2WI, a mixed-signal nodule in the posterior part of the central zone, with slightly blurred boundaries (white asterisks); B2: MD
mapping of DKI, the average MD value of the lesion was 1.7161; C2: MK mapping of DKI, the average MK value of the lesion was 0.8603; D2: FA mapping of DKI,
the average FA value of the lesion was 0.1099. BPH = benign prostatic hyperplasia, DKI = diffusion kurtosis imaging, FA = fractional anisotropy, fPSA = free PSA,
MD = mean diffusivity, MK = mean kurtosis, PCa = prostate cancer, PSA= prostate-specific antigen, tPSA = total PSA.

Yao et al. Medicine (2021) 100:35 www.md-journal.com
with the assistance of an ultrasonic and radiologist. For patients
with no apparent lesion on MRI, a 10+X-G needle under
ultrasound guidance will be performed (5 in the peripheral zone,
5 in the transitional zone, X in the suspicious zone).
Table 1

Serum and DKI characteristics in BPH group and PCa group.

BPH group (N=20) PCa group (N=23) P

Age (yr) 68.85±10.81 74.13±7.37 .066
PSA (mg/L) 9.49±4.81 36.57±59.16 .04
fPSA (mg/L) 2.23±1.07 4.12±6.83 .204
2.6. Statistical analysis

All statistical analyses were performed with the 0.7 R 3.5.1. The
serum and DKI parameters were compared by Student t test.
Then, the univariate logistic regression analysis was conducted.
Factors with a P-value of< .05 in the univariate logistic
regression analysis were selected to construct the multivariate
logistic regression model. This was called, the combined model.
The relationship among different parameters and Gleason scores
was analyzed by one-way ANOVA, and Kendall tau_b was used
to calculate the correlation between the DKI and PSA parameters
with the Gleason score. The receiver operating characteristic
curves were drawn to determine the performance of the factors
and combined model. Then, the accuracy (ACC), area under
the curve (AUC), sensitivity (SEN), and specificity (SPE) were
calculated. A two-tailed P-value of < .05 was considered
statistically significant.
f/t PSA 0.26±0.09 0.12±0.09 .001
MD (�10–3 s/mm2) 1.37±0.45 1.22±0.25 .22
MK 0.91±0.17 1.21±0.27 .001
FA 0.10±0.04 0.17±0.07 .001

BPH=benign prostatic hyperplasia, DKI=diffusion kurtosis imaging, FA= fractional anisotropy, fPSA
= free PSA, MD=mean diffusivity, MK=mean kurtosis, PCa=prostate cancer, PSA=prostate
specific antigen, tPSA = total PSA.
3. Results

3.1. General test of the DKI and PSA parameters

A total of 43 patients was enrolled, including 20 cases of BPH and
23 cases of PCa (26.1% (6/23) cases of transition zone PCa).
3

Among patients with PCa, 26.1% (6/23) had Gleason score 6,
8.7% (2/23) had Gleason score 3+4, 26.1% (6/23) had Gleason
score 4+3, and 39.1% (9/23) had Gleason score≥8. The average
size of tumor was 26.81±7.14mm (range: 8.51–40.60mm). The
examples of DKI parameters of BPH and PCa are shown in
Figure 1. The f/t PSAwas higher in the BPH group than in the PCa
group (0.26±0.09 vs 0.12±0.09, P= .001). The PSA value was
9.49±4.81 in the BPH group and 36.57±59.16 in the PCa
group, with P= .04. The MK value was 0.91±0.17 in the BPH
group and 1.21±0.27 in the PCa group, with P= .001.
Meanwhile, the FA value was 0.10±0.04 in the BPH group
and 0.17±0.07 in the PCa group (P= .001). There was no
significant difference between these two groups in terms of age,
fPSA and MD. The details are presented in Table 1.

http://www.md-journal.com


Table 2

Diagnostic performance of DKI and PSA parameters.

AUC ACC SEN SPE

Age (yr) 0.64 0.628 0.783 0.45
PSA (mg/L) 0.69 0.698 0.435 1.00
fPSA (mg/L) 0.454 0.581 0.304 0.90
f/t PSA 0.902 0.883 0.87 0.90
MD (�10�3 s/mm2) 0.696 0.767 0.913 0.55
MK 0.833 0.791 0.696 0.90
FA 0.807 0.767 0.915 0.55

ACC=Accuracy, AUC= area under the receiver operating characteristic curve, DKI=diffusion
kurtosis imaging, FA=gractional anisotropy, fPSA = free PSA, MD=mean diffusivity, MK=mean
kurtosis, PSA=prostate specific antigen, SEN= sensitivity, SPE= specificity, tPSA = total PSA.
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3.2. Diagnostic performance of DKI and PSA parameters

The diagnostic performance of the DKI and PSA parameters is
presented in detail in Table 2. The results show that the AUCs for
the f/t PSA, MK, and FA values for diagnosing PCa were 0.902
(95% confidence interval [CI]: 0.801, 1.000), 0.833 (95% CI:
0.707, 0.958), and 0.807 (95% CI: 0.679, 0.934), respectively.
The AUC values for the other indicators were <0.7.
3.3. The correlation of DKI and PSA parameters with the
Gleason score

There was no statistical difference between the PSA and Gleason
score (P= .186), and between the D and Gleason score (P= .548).
However, there were significant differences between the MK and
Gleason score (P= .001), and between the FA and Gleason score
(P= .006). The mean value of MK for the different Gleason score
groups (0, 6, 7, 8, and 9) was 0.91, 1.25, 1.12, 1.25, and 1.47,
respectively. The mean value of D for the different Gleason score
groups was 0.10, 0.15, 0.19, 0.15, and 0.16, respectively. In the
nonparametric correlations, the coefficient was 0.270 (P= .022)
between thePSAandGleason score,�0.271 (P=0.021)between the
D and Gleason score, 0.384 (P= .001) between the FA and Gleason
score, and 0.420 (P< .001) between the MK and Gleason score.
3.4. Multivariate logistic regression results

According to the P-value in Table 1, PSA, f/t PSA, MK, and FA
were incorporated into the multivariate logistic regression to
construct the combined model, in which PSA was not an
independent predictor, and the coefficient for f/t PSA, MK, and
FA were �24.11, 9.13, and 25.44 (P< .05), respectively. The
expression of the combined model can be expressed, as follows:
Combined model= -24.11� f/t PSA+9.13�MK+25.44�FA

– 8.63.
The AUC, ACC, SEN, and SPE of the combined model, with a

cut-off value of 0.475, was 0.972 (95%CI: 0.928, 1.000), 0.930,
0.957, and 0.900, respectively. The receiver operating character-
istic curve for f/t PSA, MK, FA, and the combined model are
presented in Figure 2. The Delong test revealed that the diagnosis
of the combined model was significantly superior to the f/t PSA,
MK, and FA model (P< .05).

4. Discussion

The present study assessed the potential added value of DKI to
serum indicators (PSA, fPSA, and f/t PSA) to distinguish PCa and
4

BPH using the pathological results of the biopsy guided by TRUS,
as reference standards. The DKI parameters (MD, MK, and FA)
and f/t PSA can differentiate PCa from BPH. The combinedmodel
based on f/tPSA, MK, and FA was developed to quantify the
probability of the differential diagnosis of PCa and BPH. The
combined model yielded an optimal AUC of 0.972, SEN of
0.957, and SPE of 0.90, which were higher than using f/t PSA,
MK, and FA.
Invasive procedures, such as needle biopsy, may be biased due

to tumor heterogeneity, and may induce bleeding, and lead to
organs injury. Thus, a noninvasive biomarker that can be
preoperatively obtained to diagnose PCa and BPH would be
valuable in clinical practice. An increasing number of studies have
revealed that DKI had good diagnostic performance in
differentiating PCa and BPH.[16–18] DKI is an extension of
DWI and diffusion tensor image, which uses a higher b value and
multiple diffusion gradient directions, and introduces the 4-order
tensor for curve fitting to obtain more accurate quantitative
parameters.[19] Several studies have revealed that DKI findings
may be more useful and effective than conventional DWI in
detecting PCa, especially MK.[17,20] The theoretical analysis is
that organism water molecules present the gaussian distribution.
However, due to the intracellular environment, water molecules
tend to a more complex non-Gaussian diffusion mode.[21]

Therefore, conventional DWI evaluation may deviate from the
actual state. Furthermore, due to multiple factors, such as
necrosis, inflammation, vigorous cell proliferation, and blood
vessels, tissue diffusion is more restricted.[22,23] DKI diffusion
coefficientMK reflects the extent of water molecule diffusion that
deviates from the Gaussian distribution. Hence, it can effectively
reflect the real situation of the diffusion of water molecules in
organisms.
Quentin et al[24] designed the DKI scanning, which was

performed in 14 PCa patients and 10 healthy volunteers. The
results revealed that theMK value in PCa was significantly higher
than that in the normal peripheral and central zones. Meanwhile,
DKI parameters were weakly correlated with the Gleason
score.[24] Suo et al[25] enrolled a total of 19 PCa patients, and
performed multi-b-value DWI scanning. The DKI model and
single exponential model were used to calculate the MD,
apparent diffusion coefficient (ADC), and MK. This revealed
that the ADC and MD values of PCa were lower than the benign
area, and that the MK value was higher than that in the benign
area. The current results are in well agreement with previous
studies. The possible reason is that the organization structure of
PCa is more complex, which includes the small intercellular
space, cell membrane integrity and microcirculation, and real
water diffusion is districted by these factors.[26] Therefore, the
MK and FA values were greater, and theMD value was smaller in
the PCa group than the BPH group. In the present study, there
were statistical differences between these two groups, in terms of
MK and FA values. However, there was no statistical difference
in MD. The possible reason is the differences in enrolled samples
and machines. However, further studies and more samples are
needed to verify these results. The present results show that MK
and FA in DKI can distinguish PCa from BPH, with an AUC of
>0.7. Although some studies have demonstrated that DKI did not
improve the PCa detection, because there was no significant
difference in the area under the curve of ADC andMK, indicating
that MK has a higher sensitivity than ADC.[17,27]

PSA is a glycoprotein that was first isolated from prostate tissue
by immunoprecipitation by Wang et al[28] in 1979, which



Figure 2. The ROC curve for f/t PSA (A), MK (B), FA (C), and the combined model (D). FA = fractional anisotropy, fPSA = free PSA, MK = mean kurtosis, ROC =
receiver operating characteristic, tPSA = total PSA.
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remains the best and most widely used tumor marker in
urology.[29] However, PSA is affected by many factors, including
age, diet, inflammation, and so on.[30] PSA is specific for prostate
tissues, but not for PCa. PCa, prostatitis, and BPH can all cause
the PSA to increase, and there is an overlap between these 3. If the
serum tPSA is greater than 4ng/mL, as the prostate biopsy
threshold, this will lead to several unnecessary prostate
biopsies,[31] limiting its clinical application. In addition to
PSA, other serum indexes should be considered, such as fPSA
and f/t PSA, which are often used to improve diagnostic
accuracy.[10] Compared to PSA alone, the f/t PSA combination
can increase the specificity of the early detection of PCa.[32] With
the increase in PSA, low f/t PSA is associated with the risk of
PCa.[10] However, the diagnostic performance of f/t PSA is most
effective within the PSA range of 4 to 10ng/mL.[33] The present
5

study enrolled 23 PCa cases and 20 cases of BPH, we found that
the PSA and fPSA in PCawere higher, when compared to the BPH
group, and that the f/t PSA in PCa was lower than BPH.
However, there was no statistical difference in fPSA level between
these 2 groups. The area under curve for f/tPSA was 0.902, with a
sensitivity of 0.87 and a specificity of 0.90.
In the present study, there was no statistical significance

between PSA and D in the different Gleason groups, but there
were significant differences between MK and FA in the different
Gleason groups. These findings suggest that MK and FA can be
used as quantitative parameters to detect and evaluate the
invasiveness of PCa. PCa tissue is characterized by glandular
structural destruction and cell proliferation, increased nucleo-
cytoplasmic ratios, and intercellular shrinkage. These microscop-
ic changes represent an increase in organizational complexity.

http://www.md-journal.com
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The non-Gaussian model DKI may be more useful to describe the
nuclear inhomogeneity and complexity of the PCa microstruc-
ture.
In the present study, at a cutoff of 18.96mg/L for PSA, the

specificity was 1 and the sensitivity was 0.435, which was quite
low. A previous study indicated that the combination of PSA,
clinical staging, and the Gleason score could predict the
pathological stage of PCa.[34] Since the treatment methods are
always selected after comprehensively evaluating the findings of
different examinations, the investigators combined different DKI
parameters with PSA to further evaluate its predictive value. The
combined model of f/t PSA, MK, and FA for generating the
highest diagnostic performance (AUC=0.972, Accuracy=0.93,
Sensitivity=0.957, and Specificity=0.9) indicates that the
combination of DKI and serum indicators can improve the
diagnostic accuracy of PCa, and decrease unnecessary invasive
biopsies. If patients perform DKI and PSA, we can place f/t PSA,
MK and FA into the combined model formula:
Combined model= -24.11� f/t PSA+9.13�MK+25.44�FA

– 8.63
If the value of the combined model is greater than the cutoff

value (0.475), indicating that the patient has PCa, with an
accuracy of 0.93.
There are some limitations to the present study. First, this was a

single-center study with a small sample of data, and the results
need to be verified through a larger number of data sets. Second,
the proportion of PCa and BPH was unbalanced, mainly affected
by the actual proportion. Finally, the investigators only used the
DKI images. A combination of conventional MRI sequences and
DKI should be performed to improve the accuracy of diagnosis
performance in future studies.
5. Conclusion

These preliminary results demonstrate that the parameters of DKI
may contribute to the diagnosis of PCa and BPH, especially MK
and FA. Higher values of MK and FA suggest higher possibilities
of PCa. The combination of DKI and serum indicators can further
improve the diagnostic capabilities, which may be helpful in
distinguishing PCa and BPH earlier, and improved the prognosis
of prostate patients.
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