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Abstract
Objective  To implement an advanced spatial penalty-based reconstruction to constrain the intravoxel incoherent motion 
(IVIM)–diffusion kurtosis imaging (DKI) model and investigate whether it provides a suitable alternative at 1.5 T to the tradi-
tional IVIM–DKI model at 3 T for clinical characterization of prostate cancer (PCa) and benign prostatic hyperplasia (BPH).
Materials and methods  Thirty-two patients with biopsy-proven PCa were recruited for MRI examination (n = 16 scanned 
at 1.5 T, n = 16 scanned at 3 T). Diffusion-weighted imaging (DWI) with 13 b values (b = 0 to 2000 s/mm2 up to 3 averages, 
1.5 T: TR = 5.774 s, TE = 81 ms and 3 T: TR = 4.899 s, TE = 100 ms), T2-weighted, and T1-weighted imaging were used on 
the 1.5 T and 3 T MRI scanner, respectively. The IVIM–DKI signal was modeled using the traditional IVIM–DKI model 
and a novel model in which the total variation (TV) penalty function was combined with the traditional model to optimize 
non-physiological variations. Paired and unpaired t-tests were used to compare intra-scanner and scanner group differences 
in IVIM–DKI parameters obtained using the novel and the traditional models. Analysis of variance with post hoc test and 
receiver operating characteristic (ROC) curve analysis were used to assess the ability of parameters obtained using the novel 
model (at 1.5 T) and the traditional model (at 3 T) to characterize prostate lesions.
Results  IVIM–DKI modeled using novel model with TV spatial penalty function at 1.5 T, produced parameter maps with 
50–78% lower coefficient of variation (CV) than traditional model at 3 T. Novel model estimated higher D with lower D*, f 
and k values at both field strengths compared to traditional model. For scanner differences, the novel model at 1.5 T estimated 
lower D* and f values as compared to traditional model at 3 T. At 1.5 T, D and f values were significantly lower with k values 
significantly higher in tumor than BPH and healthy tissue. D (AUC: 0.98), f (AUC: 0.82), and k (AUC: 0.91) parameters 
estimated using novel model showed high diagnostic performance in cancer lesion detection at 1.5 T.
Discussion  In comparison with the IVIM–DKI model at 3 T, IVIM–DKI signal modeled with the TV penalty function at 
1.5 T showed lower estimation errors. The proposed novel model can be utilized for improved detection of prostate lesions.
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Introduction

Prostate cancer (PCa) and benign prostatic hyperplasia 
(BPH) are the two most common diseases of prostate gland. 
Serum prostate-specific antigen (PSA) test and digital rec-
tal examination (DRE) are used for screening of PCa [1]. 
Patients with elevated PSA levels (> 4 ng/mL) and/or abnor-
mal findings on DRE are advised to undergo transrectal 
ultrasound (TRUS) guided biopsy of prostate for diagnosis 
of PCa [2]. However, it has a low specificity for localiza-
tion and characterization of small lesions and might cause 
bleeding and inflammation in patients [3]. In contrast, MRI-
guided biopsies have shown potential in detecting missed 
regions of cancer from previous negative biopsies and 
persistent cancer concerns. Thus, it is currently the recom-
mended procedure wherever possible [3, 4].

Current clinical standards follow a combination of sys-
temic and targeted biopsy with a higher detection rate for 
prostate lesions [4]. In targeted biopsy, multi-parametric 
MRI (mp-MRI) is now widely accepted for the prostate 
lesion localization and characterization with an improved 
specificity [5]. Diffusion-weighted imaging (DWI) is a non-
invasive imaging method that measures microscopic tran-
sitional motion of water molecules in extracellular space. 
DWI can be quantified by monoexponential model (ME) 
using gradient b-factor > 200 s/mm2 based on free water dif-
fusion to quantify the apparent diffusion coefficient (ADC). 
Cancerous lesions commonly manifest with a higher water 
restriction, i.e., lower ADC value, associated with an uncon-
trolled cell growth; commonly observed in PCa also [6, 7]. 
However, water diffusion around tumor tissue deviates from 
this simplified model assumption because water is restricted 
due to densely packed tumor tissues and thus, ADC fails to 
fully capture the intravoxel diffusion heterogeneity of tumor 
[8]. Therefore, a different comparative model proposed kur-
tosis imaging with high b values that might capture this vari-
ability and is also been evaluated in prostate cancer imaging 
in the past [9, 10]. Advanced DWI approaches take this issue 
further into account by acquiring multi b-values (e.g., from 0 
to 2000 s/mm2) and analyzing the signal using the intravoxel 
incoherent motion (IVIM) and diffusion kurtosis imaging 
(DKI). Le Bihan et al. [11] introduced IVIM methodol-
ogy, modeling both the diffusion and perfusion components 
together, providing a quantitative information on microstruc-
tural and microvasculature distinctly. It is worth noting that 
both ADC and IVIM models consider an underlying free 
water diffusion with an Gaussian distribution assumption. 
Whereas DKI methodology developed by Jensen et al. [12] 
assumed that water movement is a non-Gaussian distribution 
due to complex structure of the tissues and its pathophysi-
ological variations; providing a realistic variation to capture 
the tissue heterogeneity.

Lu et al. 2012 modeled IVIM and DKI simultaneously 
as a hybrid model, to estimate both diffusion and perfusion 
parameters from IVIM model, and k parameter from DKI 
model [13]. The hybrid IVIM–DKI model more accurately 
captured the complexity of tumor microstructure compared 
to the conventional monoexponential, IVIM, or DKI model 
alone [13, 14]. However, this hybrid model suffered from 
local non-physiological heterogeneity in parameter estima-
tion due to low SNR of the data [13]. This analysis can 
be further improved using a constrained parameter recon-
struction approach, such as total variation (TV) penalty 
function [15]. This regularization approach provides an 
adaptive spatial homogeneity by removing spurious val-
ues that may arise during parametric reconstruction of the 
image [15, 16]. TV penalty function has been successfully 
implemented for IVIM analysis, and studies have shown 
its robustness in different cancers, e.g., bone tumor [16, 
17], PCa [18] and lymphoma [19]. These studies used TV 
reconstruction on 2D parameter maps. The quantitative 
improvement that this methodology can offer with imple-
mentation of 3D TV reconstruction for IVIM–DKI hybrid 
model and its clinical use at different magnetic strengths 
are the research questions for the current study. Also, there 
has been a clear trend to shift from mp-MRI (with contrast 
injection) to biparametric MRI (bp-MRI without contrast 
injection) for clinical applications, because of inherent 
issues related to the use of contrast agents [5]. Hence, 
this study intended to explore the utility of IVIM–DKI in 
prostate cancer lesion detection, as it can provide micro-
vascular perfusion information without using exogenous 
contrast agent.

Most used MR scanners in clinical routine have mag-
netic field strengths of 1.5 T and 3 T. The latter provides 
a higher signal-to-noise ratio (SNR), thus often preferred 
by radiologists [4]. However, 3 T MRI suffers from artifact 
due to tissue susceptibility and signal heterogeneity [4]. In 
remote regional areas (i.e., areas not close to major cities) 
and developing countries more broadly, there is also lim-
ited availability and accessibility to these high-field MRI 
[20]. Therefore, the benefits of such a field strength are 
not readily available. To address these deficiencies, one of 
the objectives of this study includes implementing a novel 
TV penalty function-based reconstruction to stabilize the 
solution of the traditional IVIM–DKI model. Given that 
most IVIM–DKI studies have been carried out exploiting 
the benefits provided by 3 T MRI [21–24]. This study also 
investigates whether the use of such an advanced recon-
struction approach at 1.5 T makes it a suitable alternative 
to the traditional IVIM–DKI model at 3 T and assesses 
their role in detecting prostate lesions, i.e., prostate cancer 
and benign prostatic hyperplasia.



611Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:609–620	

1 3

Materials and methods

Subjects and clinical data acquisition

Approval from the Institutional review board was obtained; 
all patients were enrolled only after their written informed 
consent. Age-matched total thirty-two male patients (n = 32) 
with biopsy-proven PCa were recruited, as shown in Table 1. 
After six weeks from biopsy, sixteen patients (n = 16) were 
scanned using 1.5 T MRI (Achieva; Philips Healthcare, Best, 
the Netherlands) and sixteen patients (n = 16) were scanned 
3 T MRI (Ingenia; Philips Healthcare, Best, the Netherlands) 
in a period from January 2018 to November 2019. Table 1 
also shows no significant difference (p > 0.05) in the two 
cohorts recruited under two MRI machines.

Conventional MR protocol including T2-weighted, 
T1-weighted and DWI were acquired for all the patients. 
IVIM–DKI was acquired using 13 b-factors b value = 0, 25, 
50, 75, 100, 150, 200, 500, 800, 1000, 1250, 1500, 2000 s/
mm2) with three diffusion-encoding gradient directions (gra-
dient overplus option enabled) up to three averages. The 
number of b values was chosen based on the current rec-
ommendations [25] and was consistent with the published 
clinical studies in prostate [7, 26, 27]. IVIM–DKI data were 
acquired using a 32-channel phased-array surface coil for 
both MR system; using multi-slice Spin Echo (SE) with axial 
single-shot echo planar imaging (EPI) with FOV = 240 × 240 
mm2; Acquisition matrix: 108 × 110; Reconstruction matrix 
240 × 240; acquisition voxel: 2.22 × 2.22 × 4 mm3, interpo-
lated to 1 × 1 × 4 mm3 with no slice gap; number of signals 
averaged = 3; 1.5 T: TR = 5.774 s, TE = 81 ms with DELTA/
delta = 42/28.9  ms and diffusion time = 32.4  ms; 3  T: 
TR = 4.899 s, TE = 100 ms with DELTA/delta = 50/24.9 ms 

and diffusion time = 41.7 ms; fat suppressed using spectral 
presaturation with inversion recovery (SPIR). For 1.5 T, half 
scan was enabled with factor 0.69; whereas, for 3 T half scan 
was disabled and multiple TE (delta TE) were not used for 
both the MR system. T2-weighted images were used to iden-
tify patients with excessive rectal gas. Total of 12 patients 
(1.5 T: 5 patients and 3 T: 7 patients) were inserted with an 
infant feeding tube per rectum lubricated with lignocaine 
jelly to remove the gas before further MRI acquisition to 
avoid any EPI-DWI-related artifacts.

Quantitative image analysis

All parameters were estimated using non-linear least-square 
optimization and parallel computing with an in-house built 
toolbox for diffusion MRI analysis using MATLAB (version 
9.1, The MathWorks, Inc., Natick, MA, USA). ADC was cal-
culated voxelwise using ME model using three b values = 0, 
500, and 1000 s/mm2, defined in Eq. 1:

Four parameters define the IVIM–DKI model, where D 
is free water diffusion coefficient, D* is pseudo-diffusion 
coefficient representing micro-circulations of the capil-
lary networks, f is perfusion fraction, and k is kurtosis. 
IVIM–DKI parameter estimation was performed using all 
the 13 b values (0–2000s/mm2) and two methods (i) Hybrid 
model (‘hybrid’ in the sense that integrating non-Gaussian 
DKI model with the IVIM model, which will be referred to 
as ‘traditional’ model)[13] as shown in Eq. 2:

where S and S0 are diffusion signals with and without dif-
fusion gradient b in s/mm2. Initial values used optimization 
routine of traditional model [7, 9, 26, 28] and further details 
are available in the supplementary materials; and (ii) Hybrid 
model with TV (referred to as ‘novel’ model, from now on). 
The novel model was implemented using the same model as 
in Eq. 2 with TV penalty function in-built into the optimiza-
tion routine, which resulted in parameter map that possessed 
spatial homogeneity [16]. Novel model is a constrained min-
imization problem in which, any sudden change in parameter 
estimation due to least-square optimization is balanced out 
by the corresponding parameter due to the reduction in TV 
penalty function iteratively [16]; as shown in Eq. 3:

where X and X′ are expected and observed images (of size 
M × N × S), α is a weight parameter between the two cost 
functions, and TV(X) penalty of 3D parameter map is the L1 

(1)
S

S0
= e−bADC

(2)
S

S0
= fe−bD

∗

+ (1 − f )e
−bD+

1

6
(bD)2k

(3)minXf (X) = minX[||X − X�||2 + �TV(X)]

Table 1   Clinical, pathological and radiological characteristics of PCa 
patients

Clinical characteristics 1.5 T 3 T p value

No. of patients 16 16 –
Age (years) (mean ± SD) 61.94 ± 5.47 66.19 ± 6.85 p > 0.05
Gleason grade p > 0.05
3 + 3 9 7
3 + 4 0 4
4 + 3 3 0
4 + 4 0 3
4 + 5 3 2
5 + 4 1 0
PIRAD score p > 0.05
3 1 0
4 6 6
5 9 10
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norm of discrete image gradient as shown in Eq. 4. Advan-
tage of 3D TV is that it also considers neighboring voxels 
in the transverse direction and reconstructs the whole 3D 
dataset [29]. Image gradient (as shown in Eq. 4) is calculated 
by updating the parameter values under every iteration:

where X, is the parameter value at voxel (i:1, 2, 3…, M; 
j:1, 2, 3…, N; k:1, 2, 3, …, S) and RxX = X(i,j,k) − X(i+1,j,k), 
RyX = X(i,j,k) − X(i,j+1,k), and RzX = X(i,j,k) − X(i,j,k+1). The 
IVIM–DKI with TV algorithm is available upon request, 
and is also available by open access at (https://​github.​com/​
amitv​mehnd​iratta/​IVIM-​DKI-​MRMP2​021).

Data fitting quality of both traditional and novel mod-
els was evaluated using correlation coefficient, which 
was more than 0.96 for novel model in each tissue types 
(tumor, healthy PZ, and BPH). These results were consistent 
with the results from the implementation of TV for IVIM 
model proposed earlier by Baidya Kayal et al. [16]. Tradi-
tional and novel model voxel-level fitting were compared 
to raw IVIM–DKI signal in a voxel for each ROI; details 
are shown in the supplementary material (Supplementary 
Figures S1.1–S1.10).

SNR was estimated for the trace DWI image at b = 0 s/
mm2 and 1000 s/mm2 by taking the ratio of the mean sig-
nal value of the ROI (healthy PZ, tumor, and BPH) to 1.53 
times the standard deviation (SD) of the signal value in the 
background, where background ROI for every patient was 
drawn outside of body [30].

ROI localization

All ROIs were drawn manually using the MRICron soft-
ware (http://​www.​cabia​tl.​com/​mricro/​mricr​on/​index.​html). 
All the enrolled patients had at least one or more biopsy-
proven lesions. Two experts CJD and AN drew the lesion 

(4)TV(X) =
∑M,N,S

i,j,k=1

√
(RxX)

2
+ (RyX)

2
+ (RzX)

2

ROIs, having more than ten years and three years of experi-
ence, respectively, in prostate MR imaging. Among all 32 
subjects enrolled, two patients had no BPH nodules, and 
one patient did not show any healthy region in the prostate 
for ROI selection. Multiple lesions were found in patients 
with high-grade PCa; thus, only biopsy-proven positive 
lesions were selected for tumor ROI marking. Lesions with 
hyperintense in DWI at b = 2000 s/mm2 and hypointense in 
ADC map were the characteristics used to localize tumor 
and define the tumor ROI. T2-weighted images were used to 
check tumor (hypointense region) present in the transitional 
zone. ROI for BPH lesion was chosen using b = 0 s/mm2 and 
T2-weighted image: BPH ROI was drawn on b = 0 s/mm2 
image, with reference to hypointense or hyperintense region 
in the corresponding region in T2-weighted image. Healthy 
area of prostate was chosen in the peripheral zone (PZ) 
only. Healthy PZ ROI was drawn in similar location for all 
patients, and healthy PZ ROIs did not include any part of the 
tumor or BPH and were confirmed using DWI at b = 2000 s/
mm2 and ADC map. Shape of tumor ROI for all cases was 
different to accommodate the individual tumor shape. Num-
ber of voxels in tumor ROIs was compared with number of 
voxels in BPH and healthy PZ ROIs to approximately match 
the ROI sizes (~ 80–140 voxels) with tumor ROI in every 
patient. Examples of tumor ROI (158 ± 104 voxels), Healthy 
PZ (140 ± 90 voxels), and BPH (78 ± 48 voxels) ROI are 
illustrated in Fig. 1 for a representative patient.

Statistical tests

Precision of parameter maps was estimated using coeffi-
cient of variation (CV (%), as ratio of standard deviation 
to the mean value × 100) for each individual parameter, 
where lower CV indicated a good precision. Combined CV 
(CVcomb) for a method was calculated by averaging the indi-
vidual CV for all the four parameters of IVIM–DKI.

Fig. 1   ROI localization of tumor (black circle), healthy PZ (red circle) and BPH (blue circle) using IVIM–DKI at (a) b = 2000 s/mm2, (b) ADC 
map, and (c) b = 0 s/mm2 for one representative patient (65 years old) having prostate cancer with Gleason score of 7 (4 + 3) acquired at 1.5 T

https://github.com/amitvmehndiratta/IVIM-DKI-MRMP2021
https://github.com/amitvmehndiratta/IVIM-DKI-MRMP2021
http://www.cabiatl.com/mricro/mricron/index.html
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Within-scanner agreement between parameters evaluated 
using novel model and traditional model was assessed using 
paired t-tests. Unequal variance t-test (unpaired with two-tail 
assumption) was used to compare significant (p value < 0.05) 
differences between the group measurements at 1.5 T and 
3 T (i.e., between-scanner group differences).

Fitting quality of traditional and novel model was calcu-
lated for all ROIs using AIC (Akaike Information Criterion) 
and AICc (AIC corrected)[31].

One-way ANOVA with Tukey’s multiple comparison test 
was used to compute significant differences (p value < 0.05) 
between IVIM-DKI parameter values among healthy PZ, 
tumor, and BPH.

Diagnostic performances of novel model at 1.5 T and 
traditional model at 3 T were assessed using receiver oper-
ating characteristics (ROC) analysis regression model with 
cut-off values, area under the ROC curve (AUC), sensitivity, 
and specificity (using MedCalc, version 19.1.7, MedCalc 
Software, Ostend, Belgium).

Results

Within‑scanner performance comparison 
between traditional and novel model for IVIM–DKI 
parameter estimation

Parameter estimation using novel model was compared with 
traditional model to evaluate agreement between both mod-
els at 1.5 T. Overall, there were significant differences (p 
value < 0.05) between traditional and novel models for all 
IVIM–DKI parameters. D parameter calculated using novel 
model was higher (p value < 0.001) than estimated using the 
traditional model (Fig. 2b). D*, f, and k parameters estimated 
using novel model were lower (p value < 0.05) than the 
parameters calculated using traditional model (Fig. 2c–e). 
Same trend was also observed for parameter estimation at 
3 T, where parameters estimated by novel model were sig-
nificantly (p value < 0.05) higher for D and lower for D*, 
f, and k than the traditional model, presented in Fig. 2b–e. 
It indicates that the novel model with total variation func-
tion shows a consistent difference in parameter values across 
both the field strengths.

For all three tissue types, parameter estimated using 
traditional and novel model were considerably different (p 
value < 0.05) D was higher and D*, f, and k lower for novel 
model than the traditional model, except for k parameter in 
healthy PZ (at 3 T) and tumor ROI as shown in Fig. 2.

In comparing the precision of the parameter estimation 
at 1.5 T, novel model showed significantly (p value < 0.01) 
lower CVcomb by factor of 63–73% than the traditional 
model. Also, a similar improvement (as measured by 
54–67% decrease in CVcomb) in parameter estimation by 

novel model was observed over traditional model at 3 T, 
suggesting the improvement with TV is consistent across 
both the field strengths, as shown in Fig. 3.

For all the tissue types, lower CVcomb was observed for 
novel model (healthy PZ: lower by 57–63%, tumor: lower 
by 54–63%, and BPH: lower by 67–73%) than the traditional 
model at both the field strengthens, as presented in Fig. 3.

The fitting quality of traditional and novel model was 
analyzed using AIC and AICc individually at both field 
strengths, 1.5 T and 3.0 T. For traditional model, AIC and 
AICc ranged − 23.2 to − 22.9 and − 14.7 to − 14.3, respec-
tively. For novel model AIC and AICc were ranged − 22.8 
to − 23 and − 14.6 to − 14.2, respectively, at 1.5 T. Simi-
lar trends were also observed at 3 T MRI, where for tradi-
tional model, AIC and AICc ranged from − 22.9 to -22.8 
and − 14.3 to − 14.2, respectively and for novel model, AIC 
and AICc values varied from − 22.8 to − 22.5 and − 14.2 to 
− 13.9, respectively. These results indicate that the fitting 

Fig. 2   Box-whisker plot showing  (a) ADC and comparison between 
novel (yellow) and traditional model (red) estimated parameters (b) 
D, (c) D*, (d) f , and (e) k for healthy PZ, tumor, and BPH ROI using 
IVIM–DKI image at 1.5 T and 3 T
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quality (in-terms of AIC and AICc) of traditional and novel 
model was similar. However, novel model has significantly 
lower CV (p < 0.05) than the traditional model leading to 
less spurious values in the parametric reconstruction.

Performance comparison between traditional 
model at 3 T and novel model at 1.5 T for IVIM–DKI 
parameter estimation

TV-based parametric reconstruction (i.e., novel model) at 
low-field strength (1.5 T) was compared with the traditional 
model parametric reconstruction at high-field strength 
(3 T). For D* and f parameters, significant differences (p 
value < 0.001) were observed between novel model at 
1.5 T and traditional model at 3 T. Interestingly, variation 
in parameter estimations using novel model at 1.5 T was 
still lower than the traditional model at 3 T for D* and f, as 
shown in Fig. 2c, d. ADC measurements using traditional 

monoexponential model were also significantly different (p 
value < 0.05) at 1.5 T and 3 T, as shown in Fig. 2a.

For all three tissue types, IVIM–DKI parameters esti-
mated using novel model at 1.5 T were significantly lower 
(p value < 0.001) than the estimations obtained from tradi-
tional model at 3 T; with voxel-wise variance in ROI lower 
by factor of 2–3 times in novel model than the traditional 
model. Similarly, an improved precision producing 54–68% 
lower CVcomb was observed for the novel model at 1.5 T (p 
value < 0.01) than the traditional model at 3 T, as shown in 
Table 2.

Even in parameter-wise comparison among three tissues, 
novel model at 1.5 T showed significantly (p value < 0.01) 
lower CV than traditional model at 3 T. For healthy PZ, 
novel model at 1.5 T showed lower CV (CVD: 58%, CVD*: 
24%, CVf: 52%, and CVk: 82%) than traditional model at 
3 T, respectively, as shown in Table 2. Similar trends were 
observed in tumor (CVD: 50%, CVD*: 51%, CVf: 61%, and 

Fig. 3   Box-whisker plot showing CVcomb for (a) healthy PZ, (b) tumor, and (c) BPH ROIs, calculated for traditional (red) and novel (yellow) 
model using IVIM–DKI image from 1.5 to 3 T

Table 2   Coefficient of variation (CV (%)) of D, D*, f, and k in healthy PZ, tumor and BPH obtained from IVIM–DKI parameter estimation 
using novel model at 1.5 T and traditional model at 3 T

Data values are represented as mean ± SD (standard deviation)
D diffusion coefficient, D* pseudo-diffusion coefficient, f perfusion fraction, k kurtosis, CVcomb coefficient of Variation combined
† Significant differences between traditional and novel model with p value < 0.01

IVIM–DKI 
PARAMETER

Healthy PZ Tumor BPH

Traditional model 
(at 3 T)

Novel (at 1.5 T) Traditional model 
(at 3 T)

Novel (at 1.5 T) Traditional model 
(at 3 T)

Novel (at 1.5 T)

D 42 ± 19 16 ± 8† 42 ± 11 20 ± 6† 34 ± 11 12 ± 4†

D* 179 ± 81 102 ± 26† 175 ± 112 74 ± 17† 189 ± 72 68 ± 16†

f 79 ± 27 32 ± 14† 96 ± 22 35 ± 10† 79 ± 24 21 ± 9†

k 114 ± 43 18 ± 8† 86 ± 36 17 ± 7† 108 ± 65 15 ± 7†

CVcomb 103 ± 59 42 ± 40 100 ± 56 37 ± 26 103 ± 65 29 ± 27
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CVk: 78%) and BPH (CVD: 62%, CVD*:57%, CVf: 70%, and 
CVk: 82%) regions with low CV using novel model at 1.5 T 
than the traditional model at 3 T.

Qualitative and quantitative comparison 
of parameter estimation at 1.5 T and 3 T

Figure 4 shows IVIM–DKI parameter reconstruction for 
two representative patients with PCa having PIRADS-v2 
score of 4, where one patient dataset was acquired at 1.5 T 
(Fig. 4a) and the other at 3 T (Fig. 4b). Results for ten more 
patients are presented in the Supplementary material Fig-
ures S1.1–S1.10. Qualitatively, parameter maps evaluated 

using novel model appeared smooth, whereas traditional 
model produced maps showing spurious high values and 
low quality at both field strengths. Tumor in both 1.5 T and 
3 T seemed consistent hypointense in D and f map, whereas 
it appeared hyperintense in D* and k maps. Correspond-
ing tumor region in T2-weighted image section also showed 
hyperintense region and photomicrograph of radical prosta-
tectomy specimen showed viable prostatic acinar adenocar-
cinoma, Gleason grade, 3 + 3, grade group 1 in both patients 
Fig. 4a, b.

Figure 5 shows box-whisker plot for ADC and all four 
IVIM–DKI parameters evaluated using (a) novel model 
at 1.5 T and (b) traditional model at 3 T. Differentiation 

Fig. 4   IVIM–DKI parameter maps of representative patients (a) 
male, 61 years and (b) male, 60 years) with PIRADS 4 lesion encir-
cled by black circle. Tumor appearing hypointense on D and f map 
and hyperintense on D* and k map obtained from traditional and 
novel models at (a) 1.5 T and (b) 3 T. Section of T2-weighted image 

shows hyperintensity in the region of tumor and photomicrograph of 
radical prostatectomy specimen showing prostatic acinar adenocarci-
noma, Gleason grade, 3 + 3, grade group 1 in both patients (a) and 
(b). Parameter maps obtained from novel model are reasonably less 
noisy than parameter maps from traditional model
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between healthy PZ, tumor, and BPH using novel model at 
1.5 T showed lower ADC, D, and f in tumor as compared 
to healthy PZ (p value < 0.01) and BPH (p value < 0.01). 

In comparison, higher value of k was observed for tumors 
as compared to healthy PZ (p value < 0.01) and BPH (p 
value < 0.01). Parameter D* no significant differences were 
observed between tumor against healthy PZ and BPH.

Similar trend was observed for the traditional model at 
3 T, differentiation between healthy PZ, tumor and BPH 
were observed with lower ADC (p value < 0.01), D (p 
value < 0.01), and f (p value < 0.05) in tumor as compared 
to healthy PZ and BPH. A higher value of k was observed for 
tumors than healthy PZ (p value < 0.05). D* was observed 
higher for tumors against healthy PZ (p value < 0.05) and 
BPH (p value < 0.01). Also, worth noting that traditional 
model have shown high variability in parameter estimation 
for D* and f than the novel model.

Diagnostic performance of IVIM–DKI parameters 
using novel model at 1.5 T and traditional model 
at 3 T in PCa detection

The highest AUC was observed for D parameter with 0.98 
(0.86–1) for the novel model at 1.5 T (with cut-off values 
1.4 × 10–3 mm2/s, sensitivity: 94% and specificity: 94%). 
Whereas f (AUC = 0.82 (0.64–0.93) and k (AUC = 0.91 
(0.76–0.98)) parameter using novel model at 1.5 T also 
showed higher AUC as compared to traditional model at 3 T 
(f: AUC = 0.76 (0.57–0.89) and k: AUC = 0.75 (0.56–0.88)). 
Overall results for traditional model at 3 T showed lower 
AUC than novel model at 1.5 T, except for D* parameter, as 
shown in Table 3.

Discussion

IVIM–DKI is a unique analysis methodology that can simul-
taneously and noninvasively measure diffusion and perfu-
sion characteristics of the tissue with an assumption of non-
Gaussian distribution of the underlying water movement 
in the tissues. This study is the first to compare parameter 
reconstruction of IVIM–DKI model for datasets acquired at 

Fig. 5   Box-whisker plot of ADC and IVIM–DKI parameters (D, D*, 
f, k) in healthy PZ, tumor and BPH evaluated using (a) novel model at 
1.5 T and (b) traditional model at 3 T

Table 3   Diagnostic performance of IVIM–DKI parameters obtained from novel model at 1.5 T and traditional model at 3 T in PCa detection

Data in parenthesis consist of 95% confidence interval
D diffusion coefficient, D* pseudo-diffusion coefficient, f perfusion fraction, k kurtosis

IVIM–DKI 
parameters

AUC​ Cut off Sensitivity % Specificity %

1.5 T (Novel model) 3 T (Traditional model) 1.5 T 
(Novel 
model)

3 T (Tra-
ditional 
model)

1.5 T 
(Novel 
model)

3 T (Tra-
ditional 
model)

1.5 T 
(Novel 
model)

3 T (Tra-
ditional 
model)

D† 0.98 (0.86–1) 0.92 (0.8–0.99) 1.4 1.1 94 88 94 93
D*† 0.63 (0.44–0.79) 0.75 (0.56–0.89) 23.3 73.6 63 88 69 67
f 0.82 (0.64–0.93) 0.76 (0.57–0.89) 0.2 0.4 63 88 94 67
k 0.91 (0.76–0.98) 0.75 (0.56–0.88) 0.7 0.9 100 75 69 80
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two different field strengths, 1.5 T and 3.0 T, to the best of 
our knowledge. IVIM–DKI datasets were analyzed using 
traditional hybrid model producing parametric maps, which 
were susceptible to noise and had non-physiological het-
erogeneity at both field strength. The study demonstrated 
that even with the lower magnetic strength (at 1.5  T), 
which is widely available clinically, the novel model based 
IVIM–DKI reconstruction outperformed the traditional 
model both qualitatively and quantitatively with lower vari-
ance and CV and having a higher diagnostic performance. 
These observations imply that incorporating TV constrain 
into traditional model can help to estimate clinically useful 
IVIM–DKI maps even with lower field strength, and there-
fore extend the reliability of IVIM–DKI at a field strength 
more widely accessible in some countries and regional 
settings.

Recent studies have shown indistinguishable differences 
between ADC values from 1.5 T to 3 T [32, 33]; also both 
being reliable for PCa detection [34, 35]. Even prostate 
imaging reporting and data system (PIRADS) scoring, 
which is radiologically used to evaluate PCa for multi-par-
ametric MRI, does not consider the quality of MRI data as 
acquired at 1.5 T or 3 T [35] or even the parameter recon-
struction quality. Although 3 T provides higher SNR and 
expected to have a better resolution in DWI, it also suffers 
from few limitations, such as susceptibility distortions and 
chemical shift artifacts [36]. In this study, SNR of trace DWI 
image at b = 0 s/mm2 and 1000 s/mm2 was about 17 and 9, 
respectively, at 1.5 T; whereas for 3 T, SNR of trace DWI 
image at b = 0 s/mm2 and 1000 s/mm2 was approximately 28 
and 18, respectively. Also, there were no cases with severe 
susceptibility artifacts or geometric distortions in any trace 
DWI images. Representative images of trace DWI of the 
four patients are presented in supplementary material Fig-
ure S2–S5. In terms of accessibility and affordability of 3 T 
scanner, it is essential to recognize that it has been challeng-
ing in remote regional areas globally, especially in develop-
ing countries [37].

An optimal solution for this issue would be through reli-
able imaging analysis methods using existing 1.5 T MRI 
scanners, with improved image quality using better para-
metric reconstruction methods. The traditional model for 
IVIM–DKI considers voxel as independent entities, resulting 
in non-physiological heterogeneity in the resulting parameter 
maps. In contrast, in this study, a novel parameter recon-
struction method for IVIM–DKI method was implemented 
using TV as a regularization function. The goal was to 
simultaneously model all the voxels containing IVIM–DKI 
signal using the traditional model with a spatial TV penalty 
function. There was no requirement of tuning or manual 
intervention for the novel model as it adaptively corrects 
spatial inhomogeneities by removing any abrupt changes. 
TV correlates between neighboring voxels that are spatially 

related along with in all planes for 3D parameter map recon-
struction [29] and at the same time, it is known to have an 
edge-preserving regularization character. This model’s adap-
tive nature allows one to select a suitable solution, such that 
the solution possesses the spatial homogeneity property. 
Thus, TV constraint prevents the solution from getting stuck 
in undesirable local minima by iteratively updating the ini-
tial values and still preserving heterogeneity among different 
tissue types.

Recent previous studies have shown that TV penalty 
function was successful in addressing these issues with the 
IVIM model (which accurately estimated parameters with 
low noise both in simulations and clinical datasets such as 
osteosarcomas [16, 17], Ewing sarcoma [16], PCa [18], and 
lymphoma [19]). Importantly, it had been already shown ear-
lier by Lu et al. [13] that IVIM–DKI accurately models the 
signal decay of tumor tissue voxels compared to any other 
models such as monoexponential, DKI, and biexponential 
models, as tumor possess high heterogeneity [13]. Therefore, 
to evaluate both diffusion and perfusion, IVIM–DKI model 
was the natural choice for our study to consider. It simultane-
ously models diffusion and perfusion while also incorporat-
ing tissue heterogeneity through kurtosis. Machine learning-
based IVIM analysis was not possible with the limited data, 
as machine learning algorithms rely upon a more extensive 
training set. However, a simpler reconstruction technique 
with the spatial regularized method proposed in this study 
can circumvent this challenge as it can still work well even 
with limited data and without relying on training of large 
sample and computational expense.

In the current study, agreement and precision between 
parameter estimation by traditional and novel models at 
1.5 T and 3 T field strength were analyzed to evaluate dif-
ferences between parameter estimates produced by both 
models and coefficient of variation. Irrespective of MR-field 
strength used, overall, novel model showed quantitatively 
better reconstruction and lower variation in estimation of 
parameters than the traditional model. This is certainly 
related to TV’s effectiveness in reducing abrupt variations 
in parameter values due to its improved noise reducing per-
formance (same as supported by [16–18]). Also, estimation 
using novel model produced lower CVcomb, with highest 
reduction in CV (lower 24–82%) in prostate lesion at both 
field strengths. However, it should be noted that no conclu-
sion can be made about increased accuracy, given the lack of 
ground-truth information for these parameters. Traditional 
and novel models showed similar AIC and AICc for all 
ROIs; however, novel model produced less error with low 
CV and better-quality parameter maps.

This study also sought to evaluate the quantitative char-
acteristics of IVIM–DKI parameter maps reconstructed 
with novel model at 1.5 T (lower field strength) compared 
to parameters calculated using traditional model at 3 T 
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(higher field strength). D* and f parameters estimated using 
novel model at 1.5 T showed smaller CV and were signifi-
cantly different than the parameters estimated using tradi-
tional model at 3 T; once again due to the TV algorithm, 
which reduces noise while performing parameter estimation 
using novel model. Consistently all the parameters (D, D*, 
f, and k) calculated with the novel model at 1.5 T showed 
lower CV values (by 50–82%) against traditional model at 
3 T in all three tissue types. The CV for D* was higher for 
all three tissue types than the other three parameters (D, 
f, k) irrespective of MR strength used, which indicated a 
qualitatively inferior image of D*, suggesting possibly lim-
ited usefulness of the parameter for clinical interpretation 
currently. Also, ADC estimated at 1.5 T was quantitatively 
different from 3 T with CV about 19–28%. Previous stud-
ies using phantoms have suggested that ADC measurements 
might differ across field strength and absolute values may 
vary, which warrants further investigations [38, 39].

Qualitatively, hypointensity with spatial homogeneity was 
observed in tumor region for D and f parameter maps with 
the novel model at 1.5 T. Similarly, k parameter map showed 
hyperintense with homogeneity in tumor region. D* showed 
high CV calculated from both models, and thus it becomes 
difficult to interpret the clinical use of it. Regardless of MR-
field strength used, the novel model can still successfully 
reduce the non-physiological heterogeneity in IVIM–DKI 
parameter maps.

For both MR systems, tumor showed significantly 
lower ADC than healthy tissue and BPH; however, ADC 
is affected by water diffusion and perfusion around tumor 
region. Also, in recent literature, ADC showed a better 
accuracy for differentiating tumors vs. BPH, whereas 
IVIM parameters were not shown to capture the crucial 
differences [7, 9, 28]. In this study, IVIM–DKI param-
eters in tumor region showed better interpretation, such 
as D and f were significantly lower than healthy tissue 
and BPH at both the field strengths. The k parameter was 
significantly higher in tumors than healthy tissue and 
BPH with novel model at 1.5 T. In contrast, for traditional 
model with 3 T, k showed difference only among tumor 
and healthy PZ with no difference from BPH. Causation 
of low D values in tumor region is likely related to poor 
cell differentiation with densely packed epithelial cells, 
restricting water movement [6]. Also, low f and high k in 
the tumor region suggested that there might be poor vascu-
lature and increased tissue heterogeneity [40]. In contrast, 
BPH showed high D and low k compared to PCa, mainly 
of stromal or glandular nodules with smooth muscles sur-
rounding it. D* values estimated using traditional model at 
3 T were observed to be consistently higher than the val-
ues estimated using novel model at 1.5 T; it is also worth 
noting that the estimations using traditional model at 3 T 
had a large variability. However, the D* reconstructed at 

1.5 T with novel model was consistent and having better 
qualitative representation. Thus, the observation that D* 
calculated using traditional model at 3 T could differenti-
ate tumors against healthy PZ and BPH could be an arti-
factual finding, as was also observed by Merisaari et al.
[41], suggesting further studies are needed to determine 
the role of D* in a clinical setting.

ROC analysis has showed that D parameter obtained 
using novel model at 1.5  T was able to differentiate 
between tumor and healthy PZ (AUC: 0.98) with high 
sensitivity (94%) and specificity (94%), which is in agree-
ment with literature [9, 42]. Whereas, D* parameter using 
traditional model at 3 T showed higher AUC, which might 
be artifactual because of high noise in the parameter map. 
Parameter f and k (novel model at 1.5 T) have shown 
improvement in diagnostic performance while using novel 
model with high AUC (f: 0.76; k: 0.75), sensitivity (f: 63%; 
k: 100%), and specificity (f: 94%; k: 69%) in differentiation 
of tumor from healthy PZ.

Limitations

This study had few limitations including the same patients 
could not be scanned twice due to institutional ethical con-
straints and patients’ permission; the patients imaged at 
1.5 T were not the same patients scanned at 3 T. Thus, 
we could not assess the intra-modality repeatability and 
further work is needed to investigate this. Second, ROIs 
for tumor, healthy PZ and BPH were drawn manually by 
one radiologist, which may have led to biases in analysis. 
In future, automatic detection of different tissues could be 
employed. Third, in this study, sample size was relatively 
smaller limited to 32 patients and patients against Gleason 
score were not evenly distributed, which may not imply 
any firm conclusions for clinical applications. No corre-
lation with clinical scores was performed as the number 
of patients with individual grade-wise PCa category was 
not large enough for any comprehensive analysis. Fourth, 
whole mount section histopathology was not available for 
all the subjects, as it is not performed at our institute as 
a standard procedure for all the patients undergoing radi-
cal prostatectomy. Fifth, parallel imaging acquisition may 
have affected SNR calculations of the dataset, given that 
SD was estimated from a background ROI. Lastly, analyses 
of the hybrid IVIM–DKI model performance with other 
DWI models (such as monoexponential, stretched expo-
nential, kurtosis, or biexponential models) could not be 
compared, as was beyond the purpose of this study. This 
comparison of model performance could be very inter-
esting and subject of future work, ideally using a larger 
patient cohort.
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Conclusions

Total variation function-based optimization for IVIM–DKI 
model is proposed as a new analysis methodology. It was 
shown that even at lower field strength 1.5 T, using this 
novel model produced lower error in parameter estima-
tion with better-quality parametric reconstruction and high 
diagnostic performance when compared with the traditional 
hybrid analysis method used at 3 T. IVIM–DKI could play 
an essential role in prostate lesion detection when used at 
1.5 T (combined with a more advanced analysis method). 
Thus, IVIM–DKI can have a much broader application and 
impact on cancer management of the prostate diseases.
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