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Impact
IVIM and diffusion spectrum quantification using a fast free-breathing diffusion EPI protocol is feasible in healthy subjects and renal mass patients. This type
of quantitative diffusion data could help in the characterization of indeterminate renal masses.

Synopsis
Motivation: IVIM and diffusion spectrum quantification have the potential to characterize kidney tissue. However, they require images with different b-

values, typically acquired free-breathing, making them motion-sensitive and prone to noise/aliasing.
Goals: Investigate the feasibility of IVIM and diffusion spectrum quantification in indeterminate renal masses using a novel Low Rank Motion

Corrected reconstruction.
Approach: Multi-slice, single-shot EPI with 50 b-values was acquired free-breathing and reconstructed with LRMC -DP to fit ADC, IVIM and diffusion

spectrum.
Results: Compared to SENSE, LRMC -DP reduced motion artefacts/noise in IVIM maps and provided more stable diffusion spectra, consistent with

ADC and IVIM findings. Results show distinct spectra in different renal tissues. 

Introduction
Indeterminate renal masses are clinically assessed with a combination of pre-contrast T2-weighted, pre-/post-contrast T1-weighted, and diffusion-weighted
(including Apparent Diffusion Coefficient, ADC) imaging. Intra-voxel incoherent-motion (IVIM)  considers a bi-exponential model, capable of measuring
both diffusion (D) and perfusion (D*), as well as the fraction between them (PF), and has been used to grade clear cell renal cell carcinoma.  The
complementary information from other multi-exponential diffusion models has also been used to characterize solid renal masses,  suggesting that further
diagnostic information may be found in the full quantitative diffusion spectrum. However, mapping the diffusion spectrum requires a large number of b-value
data, and consequently accelerated, free-breathing protocols. In this study, we present a free-breathing, low-rank, motion-corrected reconstruction framework
and investigate its feasibility of quantifying ADC, IVIM, and spectral diffusion in renal masses. 

Methods
Diffusion data were acquired with multi-slice, single-shot free-breathing EPI. Low Rank Motion Correction (LRMC)  was combined with Virtual Coil
Concept (VCC)  and Dictionary-Patch based regularization (DP)  to perform respiratory motion correction and suppress residual aliasing/noise artefacts (Fig.
1). First, a preliminary SENSE  reconstruction was performed to estimate image phase, voxel-wise low rank subspaces of diffusion via SVD of local Casorati
matrices, and respiratory motion via image registration using NiftyReg . Secondly, data were reconstructed using LRMC -DP as shown in Fig. 1. Finally,
reconstructed data were fitted using i) a single exponential fit for ADC, ii) a bi-exponential fit for IVIM  (diffusion D, perfusion D* and perfusion fraction
PF) and iii) sparse non-negative least squares fit to map the full diffusion spectrum G(D). An in-house built diffusion phantom, three healthy subjects and
four patients referred for indeterminate renal masses were scanned at 1.5T (Magnetom Sola, Siemens Healthineers, Erlangen, Germany) with a free-
breathing, multi-slice single-shot EPI. Imaging settings included: FOV=400x400 mm ; resolution=1.6×1.6 mm ; TE/TR=105/8700 ms; 5/8 Partial Fourier;
20 slices; 50 b-values with 30 b-values between [0 – 200] s/mm  and 20 b-values between [200 – 1400] s/mm ; ~8-minute scan time. Data was reconstructed
using SENSE and LRMC -DP, and fitted for ADC, IVIM and diffusion spectrum. Regions of interest were delineated on the renal cortex and medulla for all
subjects and renal masses in patients to calculate the mean and standard deviation for ADC, D, D*, and PF. 

Results
The proposed approach was validated on a phantom, where fitted ADC values showed excellent linear correlation with a R ~0.99 with ground-truth values
(Fig. 2a). Multiple cysts with high D (2.86×10 ) and negligeable PF (~0%) were observed, as well as a Bosniak IV with lower D (1.63×10 ) and higher D*
(1.50×10 ) and PF (32%) in its solid component in patient 1 (Fig. 2b and Fig. 3).   Motion and misalignment between b-value images produce motion
artefacts in the SENSE D, D* and PF maps, causing a cyst to be mismapped (Fig. 3, patient 2); these are reduced with the proposed approach. Diffusion
spectrum G(D) quantification was in agreement with ADC and IVIM measurements. This analysis revealed different spectra in cortex, medulla, and Bosniak
IV (cystic/solid components) (Fig. 4). G(D) in kidney parenchyma was in general agreement with previous literature; higher perfusion peaks were observed
in the Bosniak IV component, as expected due to its vascularization . The ADC/IVIM measurements were in agreement with literature values , and reduced
aliasing in LRMC -DP yielded lower standard deviations relative to SENSE for all diffusion parameters (Fig. 2b). The cumulative diffusion spectrum is
shown in Fig. 5, depicting the accrued diffusion along G(D). Slow diffusion is present in both renal parenchyma and Bosniak IV (solid), followed by slightly
faster diffusion occurring in cysts, and finally fast perfusion in the Bosniak IV (solid) and highly vascular regions of the renal parenchyma. 

Discussion
Preliminary results indicate that the proposed LRMC -DP method suppresses noise and motion artefacts present in conventional SENSE reconstructions,
ensuring better quality data prior to model fitting in quantitative diffusion. The main slow component of the diffusion spectrum is highly consistent with the
fitted D value, although some differences were observed in the measured PFs. Distinct spectra were observed in different renal masses. While these in vivo
patient findings are preliminary, they represent a promising step and suggest the potential of this technique for clinical renal mass characterization. 
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Conclusion
We demonstrated a robust LRMC -DP framework for feasible, free-breathing, motion-corrected quantitative diffusion mapping. Using this method, diffusion
spectrum quantification was shown to be in agreement with IVIM and ADC measurements and was capable of revealing distinct diffusion profiles in Bosniak
IV renal masses. 
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Figure 1: Figure 1. Framework for the proposed LRMC -DP reconstruction. Initial DWIs from a preliminary SENSE reconstruction
are processed to estimate voxel-wise low-rank subspaces (U ) and motion fields (M ). These components, along with image phase (P),
are incorporated into the LRMC -DP optimization (formula shown) to yield the final motion-corrected DWI, from which the diffusion

spectrum G(D) is derived.
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Figure 2: Figure 2. Quantitative validation of the LRMC -DP method. A) Linear dependency plot shows high accuracy (R =0.9898)
between fitted ADC values and ground-truth reference values in a diffusion phantom. B) Table 1 compares IVIM parameters from
SENSE and LRMC -DP in tissues, which values agree with literature. LRMC -DP shows lower standard deviations, indicating

improved fitting stability. 
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Figure 3: Figure 3. LRMC -DP and SENSE reconstructions of IVIM parameter maps (b50, D, D*, PF) in two patients referred for
indeterminate renal masses. The LRMC -DP method demonstrates reduced noise and greater homogeneity. Arrow key: (Patient 1)

green=cyst, yellow=cystic component (Bosniak IV), red=solid compartment; (Patient 2) yellow=cyst, blue=Bosniak II,
green=hematoma.

Scan for high-
resolution version

Figure 4: Figure 4. Diffusion spectra for healthy kidney and renal mass tissues using SENSE vs. LRMC -DP. LRMC -DP
demonstrates more stable and better-fitted peaks across all tissues, including the Bosniak IV mass. Reference lines: ADC (red), IVIM

D (green), and D* (pink).
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 Animated Figure 5

This figure contains animation/video content. To view the animation, scan the QR code with your mobile device
or visit the online version of this abstract.

Figure 5: Figure 5. Visualization of the cumulative G(D) in two representative kidney slices. This metric is the cumulative sum of the
diffusion spectrum G(D) components up to the D-value (x-axis). The image shows signal build-up, where increases in brightness

correspond to diffusion peaks, showing how the signal builds up from slow to fast diffusion in different tissues. For example, cysts show
one main jump, while Bosniak IV solid components show their main jump at higher D-values. 


