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A B S T R A C T

Background: MR diffusion weighted imaging (DWI) may provide important information regarding the patho-
physiology of parenchymal abdominal organs. The purpose of our study was to investigate the stability of imaging
biomarkers of diffusion weighted imaging (DWI), intravoxel incoherent motion (IVIM) and diffusion kurtosis
imaging (DKI) in abdominal parenchymal organs regarding two body hydration states.
Methods: Ten healthy volunteers twice underwent DWI of abdominal organs using a double-refocused spin-echo
echo-planar imaging sequences with 11 different b-values (ranging from 0 to 1,500 s/mm2): after 4 h of fluid
deprivation; 45 min following 1000 ml of water intake. Four different diffusion models were evaluated and
compared: standard DWI, DKI with mono-exponential fitting, multistep algorithm with variable b-value threshold
for IVIM, combined IVIM-Kurtosis; in four abdominal organs: kidneys, liver, spleen and psoas muscle.
Results: Diffusion parameters from all four models remained similar for the renal parenchyma before and after the
water challenge. Significant differences were found for the liver, spleen, and psoas muscle. The largest effects
were seen for: the liver parenchyma after the water challenge by means of IVIM model's true diffusion (p < 0.02);
the spleen, for IVIM's perfusion fraction (p < 0.03), the psoas muscle for the ADC value (p < 0.02).
Conclusions: Herein, we showed that diffusion parameters of the kidney remain remarkably stable regarding the
hydration status. This may be attributed to the kidney-specific compensatory mechanisms. For the liver, spleen
and psoas muscle the diffusion parameters were sensitive to changes of the hydration. This phenomenon needs to
be considered when evaluating diffusion data of these organs.
1. Introduction

MR diffusion weighted imaging (DWI) may provide important in-
formation regarding the pathophysiology of parenchymal abdominal
organs. In DWI, diffusion gradients are applied to measure the degree of
water motion, which in the most simple model is quantified by the
Apparent Diffusion Coefficient (ADC, in mm2/s) assuming a mono-
exponential signal pattern [1, 2]. Hence, it was demonstrated that in
the kidneys, DWI allows a quantitative assessment of the degree of
interstitial fibrosis in chronic kidney disease or acute graft rejection after
kidney transplantation [3]. However, diffusion measurements may also
be affected by intravoxel incoherent fluid movements [4, 5, 6]. A model
taking into account these effects, called intravoxel incoherent motion
(IVIM), was proposed by applying a bi-exponential approach for
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improvement of diffusion signal evaluation particularly at low b-values
[7]. IVIM analysis can be used to investigate the underlying tissue
microstructure and intra-voxel pseudo-diffusive fluid regimes by assess-
ment of two diffusion components: molecular water diffusion in the tis-
sue and water motion mostly affected by perfusion in microcirculation
and often described as pseudodiffusion [4, 8]. Several studies showed
that IVIM is sensitive to pathological processes in kidneys, such as allo-
graft rejection, various renal tumors, renal artery stenosis or renal
dysfunction [3, 9] as well as the hydration level and caloric intake [9, 10,
11].

Diffusion kurtosis imaging (DKI) is another model derived from
conventional DWI, which requires ultrahigh b-values (>1000 s/m2) and
a modification of the mono-exponential curve-fitting approach. The
conventional DWI model is based on the assumption that water diffusion
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Figure 1. Typical ROI placement for: a) right kidney cortex (blue), b) left
kidney cortex (blue), c) liver (yellow), d) spleen (red), e) psoas muscle (green).
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follows a Gaussian motion behaviour without restriction. DKI provides
complementary information on the microstructural complexity of the
tissue by evaluating the non-Gaussian behaviour of water motion. Hence,
DKI analysis is associated with two variables: K, which quantifies the
deviation of water diffusion from a Gaussian pattern, and D, which is the
diffusion coefficient corrected by a non-Gaussian bias [12, 13].

Advanced diffusion methods such as IVIM and diffusion kurtosis may
have potential for detection, staging and evaluation of the progression of
various liver diseases, such as fibrosis and cirrhosis as well as in the
characterization of focal liver lesions [19, 20]. It was previously shown
that portal venous flow increases 30 min after food intake, and the
diffusion parameters obtained between fasting and food intake change
less than 10% without reaching statistical significance.

Herein, we aimed to investigate whether diffusion markers derived
from different diffusion models are sensitive to the hydration state, based
on measurements in abdominal organs of 10 healthy volunteers, in
normal condition and subjected to 1000mlwater challenge. The diffusion
markers were evaluated and compared in four abdominal organs: kid-
neys, liver, spleen and psoas muscle; using four different diffusion
models: conventional mono-exponential DWI, DKI, IVIM and combined
IVIM-DKI.

2. Methods

2.1. Subjects and protocol

The current study was approved by the local Ethics Committee and
included 10 healthy young volunteers (4 male) of age between 24 and 33
years. All volunteers gave their written informed consent to the MR ex-
amination and the following scientific evaluation of the acquired data. To
standardize the hydration state, all volunteers refrained from in-taking of
any fluids within 4 h before the first MRI scanning. After the first MRI
acquisition, volunteers were intraorally administered with 1,000 ml of
water. To optimize the water absorption in the gastrointestinal tract,
volunteers were asked to remain in vertical position and subsequently
underwent the second MRI acquisition performed 45 min after the water
administration.

2.2. MRI examinations

MR imaging was performed by means of a clinical 3T MR scanner
(MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) using an
18-channel flexible anterior phased-array coil and built-in posterior spine
coil. The MRI protocol consisted of T2-weighted morphological scans
using multi breath-hold T2 half Fourier single-shot turbo spin-echo
(HASTE: TR/TE ¼ 1370/112 ms; flip angle ¼ 129�; bandwidth ¼ 445
Hz/px; voxel size ¼ 1.2 � 1.2 � 5 mm3; FOV ¼ 384 � 384 mm2) for
anatomical reference, and DWI using a spin-echo with twice-refocused
diffusion preparation echo-planar imaging (EPI) sequence in coronal
orientation during free breathing. (TR/TE ¼ 3500/82 ms; flip angle ¼
90� bandwidth¼ 2170 Hz/px; voxel size¼ 3� 3� 5 mm3; FOV¼ 384�
384 mm2, number of slices 12, slice gap 20%, acquisition time 4min
44sec) was acquired with 11 consecutive b-values (number of spatial
averages at b-value): 0, 10 (2), 40 (2), 90 (2), 170 (2), 240 (2), 390 (3),
750 (4), 1000 (4), as proposed by Lemke et al. (8). Additional b ¼ values
of 1250 (5) and 1500 (5) s/mm2 were added for DKI analysis. Diffusion-
encoding gradients were aligned along three orthogonal directions.

2.3. ROI definition

For subsequent DWI signal curve-fitting, regions of interest (ROI)
were manually drawn over the five different body regions in b-0 image,
for every subject separately. ROIs were manually defined for: the renal
parenchyma of both kidneys in the slice covering the hilum; the liver in
the slice covering its largest coronal section; the middle section of the
spleen in the slice covering the hilum; the middle section of the right
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major psoas muscle. Subsequently, the ROIs were copied to the images of
higher b-values to depict the mean DWI signal from every ROI separately,
in every DWI image (Figure 1). All signal intensity curves were normal-
ized to the b ¼ 0 s/mm2 image before curve fitting to allow a better
visualization of the curve behaviour of the individual curves.
2.4. Post-processing and curve fitting

All post-processing was performed using in-house computer scripts in
Matlab 2016b (The Mathworks, Nattick, MA, USA). Exponential curve
fitting was performed using the Levenberg-Marquardt algorithm. The
ADC values were quantified by mono-exponential curve fitting to the
measured mean signal intensities within ROIs from all 11 b-values:

SðbÞ ¼ Sð0Þ ⋅ e�bADC (1)

where S(b) represents the mean signal intensity within the ROI from the
DWI image acquired at the b-value b, S(0) is the signal intensity at b ¼
0 s/mm2, and ADC is the Apparent Diffusion Coefficient.

For high b-values (>1000 s/m2), the non-Gaussian diffusion due to
barriers in the microarchitecture of the tissue causes deviations from the
standard DWImodel. For the curve fitting of the DKI model, the following
equation was applied:

SðbÞ¼ Sð0Þ ⋅ e�bDþb2D2K
6 (2)

where D is the diffusion coefficient of “pure” molecular water diffusion
and K – the kurtosis value.

Since DWI data includes influences frommicrocirculation particularly
for low b-values, a bi-exponential IVIM model is used to separate diffu-
sion from perfusion effects:

SðbÞ¼ Sð0Þ ⋅ �Fp ⋅ e�bD* þ �
1�Fp

�
⋅ e�bD

�
(3)

where Fp is the perfusion fraction and D* the pseudodiffusion coefficient.
Finally, we combined both IVIM and DKI models using the following

equation:

SðbÞ¼ Sð0Þ ⋅
0
@Fp ⋅ e�bD* þ �

1�Fp

�
⋅ e�bDþb2D2K

6

1
A (4)

To overcome the need of choice of an appropriate threshold and to
minimize numerical errors during calculation a step-wise parameter-free
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algorithmwas used for the last twomodels (Eqs. (3) and (4)), as proposed
by Wurnig et al. [14, 15]. For all above described models, curve fitting
was performed using all 11 b-values accepting e.g. the known influences
of low-b-values on mono-exponential fitting to obtain the ADC, which
was done to avoid an arbitrary choice of b-values for particular diffusion
models. Regarding the combined IVIM and kurtosis model, IVIM pa-
rameters were evaluated first with subsequent evaluation of kurtosis
parameters in the step-wise approach, which resulted in higher stability
of parameters.
Figure 2. Typical DWI fitting curves before water challenge for kidney cortex,
liver, spleen and psoas muscle. The figure represents the DWI values of
one volunteer.
2.5. Statistical evaluation

All statistical analyses were performed using GraphPad Prism (ver.
5.04, GraphPad Software, La Jolla, CA, USA). For all diffusion parameters
estimated by means of Eqs. (1), (2), (3), and (4), for each organ, their
mean and standard deviation (SD) values were computed for each sub-
ject. The Shapiro-Wilk normality test was applied to check the normality
of the mean values calculated from each subject separately. Subse-
quently, the paired two-tailed two sample Student's t-test was applied to
compare the values obtained before and after water challenge, for
different organs diffusion model-wise. All results were considered sig-
nificant for p< 0.05 with no correction applied for multiple comparisons
(Table 1).

3. Results

3.1. MRI examinations

All MRI scans were of sufficient image quality for scientific data
evaluation and no significant motion or breathing artefacts were visible.
Typical signal intensity curves for the renal, liver and the spleen paren-
chyma and the right psoas are shown in Figures 2, 3, and 4. The liver and
the spleen parenchyma showed a rapid drop of signal intensity for low b-
values indicating a large contribution of perfusion effects, whereas the
renal parenchyma and psoas muscle exhibited a more gradual decrease of
signal intensities at low b-values.
3.2. Diffusion curve fitting and analysis

The conventional DWI model insufficiently described signal patterns
in organs with large perfusion effects at low-b-values, with marked de-
viation of the fitting curve from the measurement points. The DKI model
Table 1.Means� standard deviations of the diffusion parameters calculated from con
combined IVIM-DKI imaging models before (B/w) and after (A/w) water administrat

Left kidney Right kidney Liver

B/w A/w B/w A/w B/w

Model 1 (DWI)

ADC (10�3 mm2/s) 2.37 � 0.45 2.21 � 0.21 2.56 � 1.06 2.21 � 0.22 1.31 �
Model 2 (DKI)

D (10�3 mm2/s) 3.22 � 0.71 2.89 � 0.51 3.32 � 1.07 2.77 � 0.45 2.97 �
K 0.61 � 0.06 0.43 � 0.52 0.61 � 0.07 0.46 � 0.41 0.92 �
Model 3 (IVIM)

D (10-3 mm2/s) 1.51 � 0.18 1.49 � 0.14 1.32 � 0.61 1.38 � 0.22 0.91 �
Fp 0.37 � 0.19 0.36 � 0.11 0.39 � 0.21 0.43 � 0.17 0.33 �
D* (10-3 mm2/s) 9.89 � 5.19 6.91 � 4.88 8.36 � 3.67 6.72 � 6.99 54.89

Model 4 (IVIM-DKI)

D (10-3 mm2/s) 2.37 � 0.38 2.22 � 0.41 2.43 � 0.23 2.35 � 0.24 1.21 �
Fp 0.15 � 0.11 0.14 � 0.12 0.15 � 0.18 0.09 � 0.06 0.27 �
D* (10-3 mm2/s) 67.44 � 112.33 39.79 � 53.34 46.91 � 51.85 56.32 � 60.59 72.17

K 0.47 � 0.07 0.41 � 0.21 0.54 � 0.11 0.47 � 0.08 0.71 �

Statistical significances with P < 0.05 are bold and marked with *.
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exhibited deviations especially in high b-values with an up-slope of the
fitting curve in all assessed organs (not graphically displayed). IVIM and
IVIM-DKI models, both including IVIM effects provided a good descrip-
tion of the signal curves without relevant deviations from the measure-
ment points (Figure 3). A superposition of the fitting curves using the
IVIM-DKI model is displayed in Figure 4.

Mean values of the parameters calculated by means of four different
diffusion models for each evaluated organ are presented in Table 1.
Highest water diffusion was consistently found in the renal parenchyma,
whereas lowest ADC and D values were seen in the liver and the spleen.
Pseudodiffusion D* values obtained with the IVIM and IVIM-DKI models
before and after water challenge were highest for the liver (before water
challenge – D*_IVIM: 54.89 � 35.74 � 10�3 mm2/s, D*_IVIM_DKI: 72.17
� 48,86 � 10�3 mm2/s; after water challenge – D*_IVIM: 99.74 � 70.89
� 10�3 mm2/s, D*_IVIM_DKI: 136.13 � 88.98 � 10�3 mm2/s), whereas
the perfusion fraction values, using IVIM model before and after water
challenge were highest in the renal parenchyma (before water challenge
– Fp_IVIM: 0.37–0.39 � 10�3 mm2/s; after water challenge – Fp_IVIM:
0.36–0.43 � 10�3 mm2/s) and the liver (before water challenge – Fp_I-
VIM: 0.33 � 0.09 � 10�3 mm2/s; after water challenge – Fp_IVIM:
0.28–0.12 � 10�3 mm2/s). The liver also showed the highest perfusion
fraction values using IVIM-DKI model before and after water challenge
(before water challenge – Fp_IVIM_DKI: 0.27� 0.12� 10�3 mm2/s; after
water challenge – Fp_IVIM_DKI: 0.31 � 0.23 � 10�3 mm2/s;). DKI before
and after water challenge showed the highest calculated K value for the
spleen (before water challenge –K_DKI: 1.31 � 0.39 � 10�3 mm2/s; after
water challenge – K_DKI: 0.13 � 0.86 � 10�3 mm2/s;).
ventional DWI, intravoxel incoherent motion (IVIM), diffusion kurtosis (DKI) and
ion, among n ¼ 10 healthy subjects.

Spleen Psoas muscle

A/w B/w A/w B/w A/w

0.21 1.35 � 0.18 1.25 � 1.63 0.73 � 0.04 1.16 � 0.14 1.25 ± 0.12*

1.14 2.99 � 0.99 1.83 � 2.04 2.09 � 3.02 1.32 � 0.43 1.38 � 0.26

0.17 0.35 � 1.51 1.31 � 0.39 1.13 � 0.86 0.48 � 3.03 0.29 � 0.99

0.14 1.02 ± 0.09* 0.82 � 0.68 0.65 � 0.06 0.86 � 0.22 0.82 � 0.23

0.09 0.28 ± 0.12* 0.19 � 0.12 0.11 ± 0.07* 0.24 � 0.17 0.31 � 0.19

� 35.74 99.74 � 70.89 26.01 � 28.42 19.09 � 19.54 4.67 � 4.74 3.11 � 0.85

0.18 1.31 � 0.23 1.23 � 1.65 0.68 � 0.29 1.41 � 0.23 1.55 � 0.24

0.12 0.31 � 0.23 0.13 � 0.11 0.18 � 0.14 0.03 � 0.07 0.04 � 0.12

� 48.86 136.13 � 88.98 52.71 � 57.45 45.08 � 50.71 6.15 � 10.11 4.51 � 8.28

0.31 0.61 � 0.41 0.54 � 0.74 0.02 � 1.14 0.62 � 0.69 0.77 � 0.22



Figure 3. Typical IVIM-DKI and pure IVIM fitting curves before water challenge for: a) kidney cortex, b) liver, c) spleen, d) psoas muscle. The figures represent the
average value of all volunteers.
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Similarly, there were no statistically significant differences in diffu-
sion parameters from the renal parenchyma, by means of all four models
applied. In liver parenchyma, statistically significant changes where
observed for the D value when applying the IVIM model (p < 0.02,
Figure 5). Fp values significantly decreased after the water challenge in
the liver and the spleen when assessed by the IVIM model (p < 0.03,
Figure 6). K values after water challenge had a tendency to decrease in
the renal, liver and the spleen parenchyma – however, without statisti-
cally significant effect. In the psoas muscle, the mean ADC value signif-
icantly increased after the water challenge (p < 0.02, Figure 7).

4. Discussion

The MRI diffusion signal of the kidneys is known to reflect not only
the thermal-driven water diffusion but also mesoscopic fluid dynamics
attributable to perfusion and tubular flow [16]. In healthy subjects, renal
blood flow maintains the volume and composition of body fluids by
Figure 4. Typical IVIM_DKI fitting curves are shown before water challenge for
kidney cortex, spleen, liver and psoas muscle. The figure represents the average
value of all volunteers.
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adjusting the delivery of plasma filtered by the glomeruli. In our study,
diffusion parameters calculated for all four models applied remained
constant before and after water intake as observed for the renal paren-
chyma. This is in line with the compensatory mechanisms that are
involved in homeostasis of body fluid composition. Moderate alterations
in body hydration, as those induced in our study, are counterbalanced by
the autoregulatory mechanisms of the renal blood flow, which is ach-
ieved by activation of several controlling mechanisms mainly acting on
the diameter of the renal vasculature and involving the sympathetic
nervous system, hormones and autacoids, and the renin–angiotensin
system [17].

The results of our study also imply that the tissue hydration does not
affect the robustness of the estimation of diffusion-related parameters in
the kidneys. Therefore, it also does not affect the intra- and intersubject
comparability of the diffusion parameters assessed using the applied
models. This means, that even when applying highly sophisticated
diffusion models, no special preparation regarding the hydration status is
Figure 5. Typical behavior of the mean D values in the liver before and after
water challenge when using both IVIM and IVIM_DKI models. The figure rep-
resents the average values of all volunteers.



Figure 6. Typical behavior of the mean Fp values in various organs before and
after water challenge. The figure represents the average values of all volunteers.

Figure 7. Typical behavior of the mean ADC values in various organs before
and after water challenge. The figure represents the average values of
all volunteers.
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required. Although no change in diffusion values was found for the renal
parenchyma, significant changes were observed in the liver, spleen and
the skeletal muscle after the water challenge, which should be considered
when diffusion values are compared between subjects with unknown
hydration state.

Our IVIM analysis confirmed that effects of blood perfusion are pro-
nounced in diffusion values from the liver [18]. Advanced diffusion
methods such as IVIM and diffusion kurtosis may have potential for
detection, staging and evaluation of the progression of various liver
diseases, such as fibrosis and cirrhosis as well as in the characterization of
focal liver lesions [19, 20]. In our study, both perfusion and water
diffusion dependent parameters changed after the water challenge. It was
previously showed, that portal venous flow increases 30 min after food
intake, and the diffusion parameters obtained between fasting and food
intake change less than 10% without reaching statistical significance
[11]. Hence, we assume that water intake may increase portal venous
flow as well, which might be the cause of the observed changes in the
diffusion parameters. It might by hypothesized that the water intake
could also be a factor for diffusion changes in the liver because water
intake increases blood volume.

The highest DKI-K values before and after water challenge were seen
in the spleen, possibly due to a more complex microstructure with a
larger number of diffusion barriers causing water diffusion to deviate
from a Gaussian distribution. We did not find significant differences in
kurtosis parameters after water intake in abdominal parenchymal organs,
which seems to be robust regarding water intake. Therefore, we believe
that DKI may be considered a valuable technique for the detection of
viable hepatocellular carcinoma (HCC) after radiofrequency ablation
[21, 22]. Thus DKI values for different focal lesion types could be
applicable independently of accompanying diffuse liver parenchyma al-
terations [22, 23, 24].
5

Previously reported diffusion parameters for the renal parenchyma,
liver, spleen and psoas muscle in healthy volunteers are listed in Table 2.
The values obtained in our study were univocal with to other studies, yet
our study is more extended, with 4 different diffusion models applied
before and after the water load [4, 8, 9, 14, 18, 20, 21, 23, 24]. In several
previous studies [25, 26], a change of ADC values after changing the
hydration state was reported. We were not able to reproduce these
findings in spite of our successful hydration challenge, which caused
significant changes in liver and spleen.

Our study has some limitations. First, a relatively low number of
volunteers was included. Still, the obtained diffusion parameters were
homogeneous within the group. The study cohort was large enough that
several of the diffusion parameters showed significant differences in the
liver, the spleen parenchyma and the skeletal muscle tissue after the
water challenge whereas the diffusion parameters for the renal paren-
chyma remained stable. However, we cannot exclude that significant
differences might be depicted in a larger study cohort, also in the kid-
neys. Second, the study was performed only at the magnetic field
strength of 3T. In principle, the diffusion physiology and the describing
diffusion parameters are independent of the field strength. However, due
to the differences in MR scanner hardware and software, the MR diffu-
sion parameters deviate between 1.5T and 3.0T in practice. Therefore,
we cannot completely exclude that findings might be slightly different at
1.5T. Third, only healthy young volunteers have been included in this
study. Therefore, we cannot confidently state, that our study results are
transferable to all the patients of all ages and we cannot completely rule
out whether the findings are still valid in the patients with diffuse dis-
eases of the abdominal organs – especially in those diseases affecting the
water homeostasis. Fourth, we assessed diffusion parameters only after a
single physiological challenge – an oral water administration -, but we
did not investigate food intake or the effect of medications affecting
water homeostasis such as diuretics. Fifth, there was no voxelwise esti-
mation of diffusion indices performed in our study and the reason for
first averaging the ROIs and subsequently performing the exponential fit
is the instability of IVIM fitting parameters and particularly of the
perfusion related parameters, which strongly increases with lower SNR.
In our experience, the fit instability is much higher as compared to image
noise. Fit stability can be improved by increasing the SNR of the DWI
images using (a) a higher number of averages increasing acquisition
time, or (b) applying filter techniques reducing spatial resolution. Our
choice was a compromise to allow for stable curve fitting using a DWI
sequence with clinically feasible acquisition time and reasonable spatial
resolution. Sixth, the number of averages of diffusion images was
increased for higher b-values to keep SNR at a sufficient level even for
high b-values. Acquiring the same number of averages for all b-values
would have led to inacceptable acquisition times. Therefore, we cannot
exclude that the number of averages per b-values might have influenced
the evaluation. Seventh, kidneys, liver, spleen and psoas muscle present
rather different diffusion properties, as shown/confirmed also in Table 1.
While optimal b-values for estimating diffusion indices depend on
diffusion properties of a tissue, in the present study the same set of b-
values was used for all tissues. Eighth, we did not investigate the known
effects of diffusion anisotropy on IVIM and DKI models, which was out of
the scope of this study. The use of trace-weighted images is; therefore,
one of the limitations of the study [27, 28]. Ninth, we did not check the
correct application of diffusion gradients in the DWI sequence, which
might have influenced calculated parameters [29, 30]. Finally, due to
small study cohort, an intra-patient variability was not evaluated.
Therefore, it is unknown whether the effect of the change in hydration
state is actually larger or equal than the repeatability of the diffusion
parameters estimated. Still, the main finding of our study shows stability
of the diffusion parameters calculated for the renal parenchyma, in spite
of induced body hydration changes. Hence, these findings are in the
order of the repeatability error. In the other organs as the liver, the
spleen parenchyma and the skeletal muscle, we were able to detect
statistically significant changes between the two hydration states.



Table 2. Comparison of the parameters of the intravoxel incoherent motion (IVIM), diffusion kurtosis (DKI) and combined IVIM-DKI imaging models before (B/w) and
after (A/w) water administration obtained in our study and in the previous studies. Means and standard deviations for the region of interest (ROI) analysis over all
subjects are shown.

Kidney parenchyma b/w Liver b/w Spleen b/w Psoas muscle b/w

DWI-ADC (10¡3 mm2/s)

Current study (n ¼ 10) 2.37 � 0.45 1.31 � 0.21 1.25 � 1.63 1.16 � 0.14

Cercueil JP et al (n ¼ 36) [23] 1.72 � 0.04

Sulkowska K et al (n ¼ 35) [9] 2.05

Wyttenbach R et al (n ¼ 40) [20] 1.83 � 0.44

Perrone N et al (n ¼ 10) [21] 3.00 � 0.42

Wurnig MC et al (n ¼ 8) [14] 2.52 � 0.79 4.88 � 3.58 0.83 � 0.18 1.77 � 0.36

Hayashi T et al (n ¼ 10) [18] 1.32 � 0.13

DKI-D (10¡3 mm2/s)

Current study (n ¼ 10) 3.22 � 0.71 2.97 � 1.14 1.83 � 2.04 1.32 � 0.43

Wurnig MC et al (n ¼ 8) [14] 3.11 � 0.75 4.22 � 1.80 1.67 � 0.75 2.37 � 0.65

DKI-K

Current study (n ¼ 10) 0.61 � 0.06 0.92 � 0.17 1.31 � 0.39 0.48 � 3.03

Wurnig MC et al (n ¼ 8) [14] 0.80 � 0.18 1.04 � 0.25 1.72 � 0.32 0.93 � 0.25

IVIM-D (10¡3 mm2/s)

Current study (n ¼ 10) 1.51 � 0.18 0.91 � 0.14 0.82 � 0.68 0.86 � 0.22

Wurnig MC et al (n ¼ 8) [4] 1.72 1.16

Sulkowska K et al (n ¼ 35) [9] 1.85

Lemke A et al (n ¼ 3) [8] 1.56 � 0.20 1.00 � 0.05 0.67 � 0.02

Kuai ZX et al (n ¼ 150) [24] 1.74 � 0.02 1.21 � 0.02 0.75 � 0.04

Wyttenbach R et al (n ¼ 40) [20] 1.05 � 0.11

Hayashi T et al (n ¼ 10) [18] 1.03 � 0.05

IVIM-Fp

Current study (n ¼ 10) 0.37 � 0.19 0.33 � 0.09 0.19 � 0.12 0.24 � 0.17

Wurnig MC et al (n ¼ 8) [4] 0.303 0.229

Kuai ZX et al (n ¼ 150) [24] 0.73 � 0.01 0.66 � 0.02 0.83 � 0.02

IVIM-D* (10¡3 mm2/s)

Current study (n ¼ 10) 9.89 � 5.19 54.89 � 35.74 26.01 � 28.42 4.67 � 4.74

Wurnig MC et al (n ¼ 8) [4] 11.8 65.5

Lemke A et al (n ¼ 3) [8] 43 � 24 78 � 42 90 � 53

Kuai ZX et al (n ¼ 150) [24] 13.07 � 0.82 19.32 � 0.94 12.31 � 1.02

Wyttenbach R et al (n ¼ 40) [20] 40.7 � 19.9

Hayashi T et al (n ¼ 10) [18] 29.47 � 5.47

IVIM-DKI-D (10¡3 mm2/s)

Current study (n ¼ 10) 2.37 � 0.38 1.21 � 0.18 1.23 � 1.65 1.41 � 0.23

Cercueil JP et al (n ¼ 36) [23] 1.50 � 0.03

Wurnig MC et al (n ¼ 8) [4] 2.8 1.53

IVIM-DKI-Fp

Current study (n ¼ 10) 0.15 � 0.11 0.27 � 0.12 0.13 � 0.11 0.03 � 0.07

Wurnig MC et al (n ¼ 8) [4] 0.125 0.192

IVIM-DKI-D* (10¡3 mm2/s)

Current study (n ¼ 10) 67.44 � 112.33 72.17 � 48.86 52.71 � 57.45 6.15 � 10.11

Wurnig MC et al (n ¼ 8) [4] 56.3 103.3
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Therefore, it is clear that the variations found are higher than the
intra-patient variability.

From the perspective of signal acquisition and statistical evalua-
tion, we tried to provide accuracy to our approach along with keeping
the signal quality at high b-values. This was important for further
comparison of calculated diffusion values, coming from the same pa-
tients in two hydration states. Subsequently, we applied a paired two-
sample two-tailed t-test for statistical evaluation of diffusion param-
eters from two hydration states. Although the number of subjects
would indicate application of nonparametric test for comparison of
diffusion parameters coming from less than 20 subjects, Shapiro-Wilk
normality test did not reject all the calculated distributions of diffu-
sion parameters from normality. Moreover, application of for instance
Wilcoxon signed-rank test would provide us the information on rather
6

how the medians of diffusion parameters distributions are far from
each other, instead of focusing on their mean values. Furthermore,
nonparametric test would be prone to reject even smallest true posi-
tive effects, treating those as a false positive findings at the cost of
reduced sensitivity to small changes appearing between two hydration
states.

Finally, we would also like to highlight that in the future studies, a
novel technique of 23Na -MRI may contribute to the quantification of
indexes relevant in the fluid volume regulation and in the characteriza-
tion of renal functional mechanisms involved. It was recently shown that
sodium MRI has the ability to provide information on the glomerular
filtration in kidneys by means of the cortico-medullary gradient in
physiological and pathophysiological conditions [31, 32, 33]. Hence,
further research on combining diffusion-weighted 1H-MRI and 23Na-MRI
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is desirable [34, 35], including assessment of the physiological changes
in sodium body content [36, 37].

5. Conclusions

We demonstrated that diffusion parameters calculated from the renal
parenchyma remain remarkably stable independently from body hydra-
tion level or the applied diffusion model. This may be assigned to the
renal autoregulatory compensation mechanisms. However, diffusion
parameters in the liver, the spleen parenchyma and the psoas muscle
showed to be sensitive to the change in body hydration induced by the
water challenge. The findings of our study suggest that the hydration
state does not to be considered in diffusion MRI of the kidneys, whereas
in the liver, spleen, and the skeletal muscles a standardized preparation
of the patient before the MRI examination should be taken into account if
diffusion data is acquired.
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