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acquisition time in more encoding directions leads to better image quality (IQ) and what
influence the number of encoding directions and the choice of b-values have on renal
diffusion tensorimaging (DTI) parameters. Material and Methods: Eight healthy volunteers
(82.3y = 5.1 y) consented to an examination in a 1.5T whole-body MR scanner. Coronal
DTI data sets of the kidneys were acquired with systematic variation of b-values (50, 150,
300, 500, and 700 s/mm?) and number of diffusion-encoding directions (6, 15, and 32)
using a respiratory-triggered echo-planar sequence (TR/TE 1500 ms/67 ms, matrix size
128 x 128). Additionally, two data sets with more than two b-values were acquired (0,
150, and 300 s/mm? and all six b-values). Parametrical maps were calculated on a
pixel-by-pixel basis. Image quality was determined with a reader score. Results: Best
IQ was visually assessed for images acquired with 15 and 32 encoding directions,
whereas images acquired with six directions had significantly lower IQ ratings. Image
quality, fractional anisotropy, and mean diffusivity only varied insignificantly for b-values
between 300 and 500 s/mm?. In the renal medulla fractional anisotropy (FA) values
between 0.43 and 0.46 and mean diffusivity (MD) values between 1.8-2.1 X 10° mm?/s
were observed. In the renal cortex, the corresponding ranges were 0.24-0.25 (FA) and
2.2-2.8 x 10® mm?/s (MD). Including b-values below 300 s/mm?, notably higher MD
values were observed, while FA remained constant. Susceptibility artifacts were more
prominent in FA maps than in MD maps. Conclusion: In
DTI of the kidneys at 1.5T, the best compromise between
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acquisition time and resulting image quality seems the
Website: application of 15 encoding directions with b-values between
www.clinicalimagingscience.org 300 and 500 s/mm?. Including lower b-values allows for
assessment of fast diffusing spin components.
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INTRODUCTION

There is an increasing number of methods for functional
imaging of the kidneys, e.g. dynamic MRI with
gadolinium-based contrast media, diffusion weighted
imaging (DWI1),%! blood-oxygenation level dependent
imaging (BOLD),*" arterial spin labeling (ASL),** and
MR-elastography.['*12

DWI can help in the detection of renal abnormalities®'3
and characterization of focal renal lesions!® using the
apparent diffusion coefficient (ADC). The ADC can be
quantitatively measured and holds information on the
degree of free or restricted Brownian water diffusion.!'”!

In diffusion tensor imaging (DTI), the diffusion-induced
signal attenuation is measured for water displacement
along at least six non-collinear directions. This allows a
full description of the second-rank diffusion tensor and a
guantitative assessment of diffusion anisotropy. Biological
structures, such as the tubuli in the kidneys may restrict
the Brownian motion of the water molecules in a direction
dependent manner and cause anisotropy of the diffusion.'®
Renal structures in the medulla are oriented in a radial
fashion resulting in stronger anisotropy effects in the
medaulla than in the cortex.™

It was previously shown that a larger number of encoding
directions may result in improved accuracy of diffusion
tensor analysis in the brain.?*2" For DTI of the kidneys it is
still unclear what number of encoding directions and what
range of b-values should be chosen during acquisition time
to optimize image quality. The aim of this study was to
evaluate whether investment of acquisition timein a higher
number of encoding directions results in improved image
quality and more robust DTl parameters, to identify the
optimal b-value for DTl of the kidneys, and to investigate
how DTl parameters change if more than two b-values are
applied.

MATERIALS AND METHODS

Subjects

After approval by the ethics committee, 8 healthy
volunteers (4 females, age between 24 and 41y, mean
age 32.3y + 5.1 y) without any history of kidney disease,
diabetes, hypertension or vascular disease, agreed to the
examination. No specific preparations such as fasting or
drinking were undertaken prior to the examination.

Imaging Protocol

All examinations were performed on a 1.5 T whole body
scanner (Philips Achieva, Philips Healthcare, Best, The
Netherlands) using a phased-array coil with 32 elements,

consisting of a 16 element anterior and a 16 element
posterior coil.

After a gradient-echo localizer, morphological imaging
sequences were acquired in a 22-second breath-hold
using balanced gradient-echo sequences (TR 3.45 ms/TE
1.73 ms/flip angle 90°) in all three directions to provide
anatomical orientation for diffusion imaging and to check
for morphological abnormalities.

Diffusion tensor images were acquired in oblique-coronal
orientation with a respiratory-triggered (respiratory
belt) fat-saturated single spin-echo echo-planar imaging
sequence (TR 1500 ms/TE 67 ms, flip angle 90°, bandwidth
2168 Hz/px) along the longest axis of the kidneys.

The angle of the oblique-coronal plane was adjusted
manually for both kidneys in each subject, to identify the
longest axis [Figure 1a]. In cases where the angles of the
kidneys differed from each other, a compromise between
the longest axes of both was used.

The DTl acquisitions were repeated with 6, 15 and 32
diffusion encoding directions and a fixed b-value of
500 s/mm?. Additional data sets were then acquired with
b-values of 50, 150,300, and 700 s/mm?and a fixed number
of encoding directions of 15 (overview of the different
schemes in Table 1). The number of encoding directions
(6, 15 and 32) was the standard selection to choose from
provided by the manufacturer.

The remaining parameters were as follows: 3 slices;
slice thickness 4 mm with no intersection gap; TR/TE
1500 ms/67 ms; bandwidth in EPI frequency direction
2168 Hz/pixel; field of view 384 x 384 mm?; matrix size
128 x 128; in-plane voxel size 3 x 3 mm? partial Fourier
factor 6/8, averages 3; phase encoding direction left to right.
The acquisition was accelerated by parallelimaging (SENSE)
with a factor of 4. SENSE factor had to be chosen relatively
high to reduce susceptibility artifacts. Bandwidth was set

Figure 1: (a) Exemplary image to illustrate the orientation of the
oblique-coronal plane. (b) Typical ROI placement in a fractional anisotropy map
(b =300 s/mm?, 15 encoding directions).
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Table 1: Overview of the different evaluation schemes

Sequence Field strength TR (ms) TE (ms) Bandwidth Voxel size Number Slices b-values (s/mm?) Number of

(Hz/px) (mm) of averages encoding

directions
2b 6d b500 15T 1500 67 2168 3x3x3 3 3 0, 500 6
2b 15d b300 0, 300 15
2b 15d b500 0, 500 15
2b 15d b700 0, 700 15
2b 32d b500 0, 500 32
3b 15d 0, 50, 300 15
6b 15d 0,50,150,300,500,700 15

All parameters, except for the b-values and the number of encoding directions were left unchanged

at maximum to reduce image distortions due to magnetic
fieldinhomogeneities as far as possible. Fat saturation using
SPIR was used to minimize chemical-shift artifacts.

Due to the use of a respiratory belt, acquisition time was
dependent on the respiratory rate of each individual.
Acquisition time for the whole protocol was between
60 and 80 min [Table 2]. It was not the aim of this study
to compare a different number of encoding directions
using the same acquisition time, as it is known that the
acquisition of more encoding directions is advantageous
over averaging.

Post processing

The averaged diffusion-weighted images were analyzed
using adapted routines written in Matlab (The Mathworks,
Inc., Natick, MA, USA). The diffusion tensor elements were
evaluated as reported by Basser?? on a pixel-by-pixel basis.
A mono-exponential signal decay curve was fitted to the
signal intensities. A conventional fit was performed using 2
b-values for the data sets with b =300, 500, and 700 s/mm?
and 15 encoding directions as well as for 6 and 32 encoding
directions with b =500 s/mm?. Additionally, two evaluation
schemes with data acquired with more than two b-values
and 15 encoding directions were applied: In one evaluation
scheme data acquired with 3 b-values (0, 50, 300 s/mm?)
and in another scheme with all 6 b-values (0, 50, 150,
300, 500, and 700 s/mm?) were included in the fitting
analysis. After calculation of the diffusion tensor, the
tensor was diagonalized and parametrical maps were
calculated starting from the computed principal diffusivity
components, D,, D,, and D,. The fractional anisotropy is
defined as

{/3(D:—=MD)* + (D, —MD)? + (D, — MDY’
(2D} +D3 +D3)

FA=

with the mean diffusivity being defined as

_D1+D; +D5 22
3 .

MD

Table 2: Acquisition time

Sequence b-value Acquisition time
GRE localizer 3min 20 s
BTFE-BH axial 1 min 07 s
BTFE-BH sagittal 2min 14 s
BTFE-BH coronal 3min 00 s
DTI 2b 6d 500
DTI_RT 2b 15d 50, 150, 300, 500, approx. 4-7 min per
700 b-value
DTI 2b 32d 500
Overall acquisition ~60-80 min
time

Total acquisition time for each individual ing rate during the acquisition of the
respiratory-triggered DTI sequences using a respiratory belt.

DTI: Diffusion tensor imaging, GRE: Gradient Echo, BTFE-BH: Balanced Turbo Field
Echo in Breath Hold

The fractional anisotropy is a quantitative measure for
the “mean orientedness” of the diffusion-hindering
microstructures in a voxel. If those structures allow diffusion
only along a single direction, a maximum FA value of
1 is expected, whereas completely free or isotropically
restricted diffusion should result in a FA of 0.The MD is a
measure for the overall presence of obstacles to diffusion.
The MD is a superior quantitative measure compared to
averaging the ADC in three orthogonal directions as the
diffusion anisotropy is completely accounted for. A high
MD can be computed in water-like fluid, in which free
diffusion occurs.”®

For quantitative evaluation of FA and MD one continuous
region-of-interest (ROI) was drawn over the cortex, aiming
to cover the whole cortex and two separate ROIs were
placed in two different medullar areas, chosen as large
as possible, on the parametrical maps [Figure 1b]. All ROI
definitions were performed on parametrical maps of mean
diffusivity and subsequently copied to the DTI maps. Slices
including large renal vessels were not selected to avoid flow
related artifacts. The mean and the standard deviation of
the obtained FA and MD values were computed. The same
ROIs were used to measure both, FA and MD measurements.

Assessment of image quality

Both kidneys were used forimage analysis. Image quality of
the FA and MD maps was assessed by two authors (I.B.and
M.A.F.) in consensus. Visual assessment was performed in
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consensus reading using an ordinal 4-point scale. The overall
image quality for MD and FA maps was assessed taking
into account: Corticomedullar discrimination, distortion,
motion, and susceptibility artifacts. For graduation, a
4-point-scale was applied:24

1 = Poor corticomedullar differentiation

2 = Moderate corticomedullar differentiation

3 = Good corticomedullar differentiation

4 = Excellent corticomedullar differentiation

SNR measurements

To measure the minimum signal-to-noise-ratio (SNR) of the
kidney medulla and cortex, a ROl was placed in the medulla
of the left kidney using the b =0 s/mm?image and copied
toall DTlimages (15 directions) of that slice for the b-values
of 300, 500, and 700 s/mm?2 The SNR was defined as the
lowest signal intensity of the renal medulla or cortex in the
15 diffusion directions divided by the standard deviation
of the background noise. Background noise was relatively
stable for the different b-value measurements (300, 500,
and 700 s/mm?). Therefore, we defined a relative SNR
and CNR as SNR* and CNR* within each subject, which
seems valid even in case of parallel image acquisition and
corresponded well to the visual impression. CNR* was
calculated using the following formula:

CNR =| SNR *(Cortex) —-SNR *(Medulla) |

Statistical analysis

After testing for normal distribution, Student’s t-test was
used to compare the individual cortical and medullar FA and
MD of healthy volunteers. The different evaluation schemes
were statistically tested in comparison to the standard
evaluation scheme with 15 different encoding directions
using two b-values with the lower b-value =0 and the higher
b-value = 500 s/mm?. All statistical tests were performed
on log-transformed values to increase normal distribution.
Analysis was performed with SPSS 19.0 (SPSS, Inc., Chicago,
IL) and Excel 2003/2008 (Microsoft, Redmond, WA).

RESULTS

Each volunteer was scanned successfully and except for a
sporadic cystin one of the male volunteers, no morphologic
abnormalities were found.

Assessment of image quality

FA maps acquired with more than 6 encoding directions (2b
15d b500, 2b 32d b500) showed significantly better
image quality (P < 0.05) compared to only six encoding
directions (2b 6d b500). No significant differences were
found for MD maps for different encoding directions (2b
6d b500, 2b 15d b500 and 2b 32d b500) [Figures 2 and 3].

Parametrical maps of MD exhibited good image quality
ranked between 2.5 and 3.3 on the 4-point scale [Table 3].
MD maps were relatively robust regarding susceptibility
artifacts compared to the FA maps, which often exhibited
susceptibility related artifacts in the upper pole of the left
kidney [Figure 4]. Due to the susceptibility related artifacts,
quality of FA maps (1.5-2.6 on the 4-point scale) were
ranked inferior (P < 0.05) compared to the corresponding
MD maps (2.5-3.3 on the 4-point-scale).

b300

32d

Figure 2: Comparison of image quality of FA and MD maps: Upper two rows
were calculated with two b-values: b = 0 and b-values of 300 and 700 s/mm?
using 15 encoding directions (2b 15d b300 and 2b 15d b700). Third row
with all 6 b-values with 15 encoding directions. In the parametrical MD map
computed from 6 b-values, markedly increased diffusion is displayed without
significant alterations in the FA maps compared to the parametrical images
of the upper row.

Table 3: Assessment of image quality

FA-Maps MD-Maps
2b 6d b500 1.6+0.5 2.5+0.9
2b 15d b300 2.63+0.7 3.0+£0.5
2b 15d b500 2.38+0.5 3.13+0.6
2b 15d b700 2.13+0.4 3.25+0.9
2b 32d b500 2.13+0.3 2.75+0.7

Image quality of parametrical MD and FA maps for the different evaluation schemes.
Visual assessment was performed by two readers in consensus using an ordinal
4-point-scale. FA: Fractional anisotropy, MD: Mean diffusivity
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Quantitative evaluation of FA and MD values of
the kidney cortex and medulla

The computed mean values and standard deviations for
the different evaluation schemes are displayed in Table 4.

Influence of number of encoding directions on MD

Using the evaluation scheme applying only 6
encoding directions (2b 6d b500), MD values in the
medulla (1.87 £ 0.12 x 102 mm?/s) were significantly

b0 image MD map FA map

6d b500

15d b500

Figure 3: Comparison of image quality of FA and MD maps with the different
encoding directions: The upper row shows the b0 image, the MD and FA map
with 6 encoding directs with b-value 0 and 500 s/mm?, the second row shows
the same order with 15 encoding directions with b-value 0 and 500 s/mm? and
the third row shows the b0 image, MD and FA map with 32 encoding directions,
again with b-values 0 and 5 s/mm?. Best corticomedullary discrimination is
seen with 15 directions.

ME -y '}*ﬁh % o, 1% 0

Figure 4: Left side: b = 0 s/mm? image of the left kidney. Corresponding parametrical MD map (center) and FA map (right side) acquired with a b-value of 500 and
15 encoding directions (2b 15d b500). B =0 s/mm? image and MD map show no significant artifacts, whereas in the FA map severe artifacts are visible in the upper
pole of the kidney.

lower (P < 0.05) compared to the evaluation scheme with
15 encoding directions (2b 15d b500). No statistically
significant difference was found regarding medullary MD
comparing 15 and 32 encoding directions. Furthermore,
no difference was found for cortical MD for all numbers of
encoding directions.

Influence of b-value scheme on MD

MD was significantly higher (P < 0.05) in the cortex than
in the medulla when evaluation schemes (2b 6d b500,
2b 15d b500, 2b 32d b500) applying two b-values were
used. In contrast, MD of the cortex was significantly
lower (P < 0.05) than in the medulla for the two evaluation
schemes applying more than 2 b-values (3b 15d, 6b 15d).
Compared to the schemes with 2 b-values and lower
second b-value (2b 15d b300 and 2b 15d b500), choosing
a higher b-value of 700 s/mm?2 2b 15d b700) resulted in
lower MD of the medulla and the cortex (P < 0.01).

Influence of b-value scheme and number of encoding directions
on FA

The fractional anisotropy (FA) of the medulla was
significantly higher than in the cortex (P < 0.05) in all
evaluation schemes. FA values in the cortex showed
no significant difference (P > 0.05) between evaluation
schemes (2b 15d b300, 2b 15d b500, 2b 15d b700) as well as
in the evaluation scheme using more than two b-values (3b
15d,6b 15d) and 6 and 32 encoding directions (2b 6d b500
and 2b 32d b500).

Signal-to-noise and contrast-to-noise ratio

Signal-to-noise (SNR) was higher in the cortex thanin the
medulla and highest in the scheme with b =300 s/mm?
at 15 directions (2b 15d b300). All evaluation schemes
taken into consideration for SNR measurements, except
for the SNR of the medulla with b = 700 s/mm? 2b 15d
b700), showed SNR values above 10 as shown in [Figure 5].
Contrast-to-noise (CNR) ratio was almost the same for
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Table 4: Quantitative assessment of FA and MD

FA Medulla FA Cortex MD Medulla [10-3 mm 2/s] MD Cortex [10-3 mm ?/s]
2b 6d (b=0, 500 s/mm?) 0.46+0.02 0.25+0.01 1.87+£0.12* 2.50+0.12
2b 15d (b=0, 300 s/mm?) 0.43+0.02 0.25+0.02 2.14+0.33 2.78+0.37
2b 15d (b=0, 500 s/mm?) 0.45+0.01 0.25+0.01 2.05+0.26 2.63+0.33
2b 15d (b=0, 700 s/mm?) 0.44+0.01 0.25+0.01 1.82+0.21* 2.23+0.18*
2b 32d (b=0, 500 s/mm?) 0.45+0.02 0.25+0.01 1.97+£0.25 2.79+0.28
3b 15d (b 0, 50, 300 s/mm?) 0.44+0.02 0.24+0.01 3.68+0.15* 2.73+0.27
6b 15d (b=0, 50, 150, 300, 500, 700 s/mm?) 0.43+0.01 0.25+0.01 3.23+0.40* 2.41+0.33

Mean FA and MD of renal medulla and cortex. Evaluation schemes were compared to the scheme with 15 encoding directions and b-value of 500 s/mm?. Significant differences (P<0.05) are

indicated with “*”. FA: Fractional anisotropy, MD: Mean diffusivity

Dependance of minimal SNR on applied b-value

50
® SNR medulla
O SNR cortex
40

30 4

SNR

20

T T T T T
200 300 400 500 600 700 800

b-value [s/mm?]

Figure 5: Minimal signal-to-noise ratio (SNR) decreases with increasing b-value.
A b-value of 700 s/mm? results in low SNR with an underestimation of mean
diffusivity and degradation of image quality.

evaluation schemes with 15 directions and b-valuesb =0,
300 s/mm?and b =0, 500 s/mm? (2b 15d b300 and 2b
15d b500) were significantly higher (P < 0.05) than in the
evaluation scheme with 2 b-values, 15 encoding directions
and b-values = 0, 700 s/mm? (2b 15d b700) [Figure 6].

DISCUSSION

Our results show that for DTI of the kidney at 1.5T, the
best compromise between acquisition time and image
quality seems to be the application of b-values between
300 and 500 s/mm? combined with 15 encoding directions.
Quantitative evaluation using two b- values (0 and 300 or
500 s/mm?) showed comparable mean values for MD and
FA as previously published.19.242%

Image quality and number of encoding directions

Besides the evaluation scheme with six
directions (2b 6d b500), all evaluation schemes showed
good image quality. Except for the number of encoding
directions, all imaging parameters have been kept
constant, therefore, this scheme had the smallest number
of image acquisitions with the shortest acquisition
time (only about 60% of the acquisition time of the scheme

Dependance of minimal corticomedullary CNR on applied b-value

CNR

T T T T T
200 300 400 500 600 700 800

b-value [s/mm?]

Figure 6: Corticomedullary contrast-to-noise-ratio (CNR) remains stable for
b-values between 300 and 500 s/mm?, whereas a b-value of 700 s/mm? leads
to a reduction of CNR.

with 15 diffusion directions); therefore signal-to-noise is
about 50% less comparing to the scheme with 15 encoding
directions. Itis conceivable that using more averages could
lead to better image quality even with 6 directions, which
was, however, not the aim of this study.

In accordance to previous studies better image quality
was achieved using more than 6 directions with slightly
improved image quality at 15 encoding directions
compared to 32 encoding directions.'™ This might be
due to the duration of the scheme as regular breathing is
mandatory to achieve good image quality and irregularities
in breathing lead to increased motion artifacts and
misregistration. We noticed a better image quality
in both the FA and the MD maps unlike reported by
Notohamiprodjo et al., who described significantly better
image quality at 12 encoding directions only for the FA
maps with significantly lower cortical FA values and slightly
lower medullar FA values.®*

MD maps exhibited notably better image quality as
compared to the FA maps, which may be caused by the
higher complexity of diffusion information of the FA maps
and subsequent higher susceptibility to imaging artifacts,
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whereas the MD maps showed a high robustness. Especially
at the upper pole of the left kidney, inhomogeneities
of the static magnetic field frequently resulted in a loss
of information of diffusion directionality in the FA maps
without significant artifacts in MD maps.

Apart from artifacts caused by magnetic field
inhomogeneities, slight motion-related artifacts were
visible in some of the parametrical maps. Due to the
numerous evaluation schemes of this study, overall
measurement time (including morphological sequences)
was relatively long for each volunteer (between 60 and
80 min, depending on individual respiratory rate). We
decided to apply arespiratory triggering technique allowing
the acquisition of multiple images during one breathing
cycle. As image quality seemed sufficient, we abstained
from further techniques for motion compensation such
as co-registering of the data sets during post-processing.
Furtherimprovement ofimage quality may be achieved with
the application of a navigator triggering technique, which
could be applied as an alternative with the echo-planar
diffusion sequence instead of a breathing belt, however,
resulting in longer measurement time as only one image
is acquired per respiration cycle.

Choice of b-value

Best image quality was achieved using two b-values with
the higher b-value either 300 or 500 s/mm?. Previous
studies have claimed that optimal b-values for the
kidney lie between 300 s/mm?192426271390 s/mm?,2¥ and
400 s/mm?P* Our study confirmed these findings. The
b-value of 700 s/mm?resulted in a notable underestimation
of MD as compared to the other evaluation schemes. This
finding may be explained with the low SNR (<10) in the
diffusion weighted images from the different encoding
directions using a b-value of 700 s/mm?. Interestingly, FA
of the renal cortex and medulla remained unchanged,
showing that all diffusion directions are similarly affected
by the low SNR.

The measured MD is influenced by the choice of b-values,
as diffusion weighted imaging exhibits monoexponential
signal decay only over a certain range of b-values. The
ADC (MD) of the kidney is much higher than those of other
organs and has been commonly reported to be between 2.5
and 2.9 mm?/s5.2 Including lower b-values (3b 15d, 6b 15d)
in the diffusion evaluation (0, 50, 300 s/mm? and 0, 50,
150, 300, 500 and 700 s/mm?) measured MD values were
significantly higher compared to the other evaluation
schemes as well as compared to literature results. It
was previously described that low b-values may result
in overestimation of mean diffusivity (or ADC) due to

perfusion effects.®*3" This is explained by the fact that
when applying higher b-values, the faster spin ensembles
are already dephased and cannot contribute to the signal;
using lower b-values, the contribution of faster moving
spins to the MD is included in the measurement, resulting
in higher values in the medulla than in the cortex due to
faster spins. However, we found similar morphology in the
MD maps compared with the evaluation schemes including
only higher b-values without strong emphasis of the
vascular pattern. Furthermore, the corresponding FA maps
exhibited similar anisotropy values in the renal cortex and
medulla as in the schemes with only higher b-values. These
findings suggest that inclusion of small b-values in the DTI
evaluation scheme potentially may allow differentiating
slow and fast diffusing spins in the renal medulla, in which
the slow diffusing spins might be located in the renal tubuli
and the faster diffusing spins in the renal collecting ducts.

Our findings are in line with previous reports on
contributions of fast and slow components to the DWI
signal. A bi-exponential model has been proposed to
more accurately distinguish between these components
in the analysis; the most sophisticated approach seems the
methodology of intravoxel incoherent motion (IVIM).303234
In this study, we were not able to apply the complete
IVIM methodology for DTI: For a stable separation of
both, perfusion and diffusion effects, a higher number
of low b-values between 0 and 100 s/mm2 would have
been necessary for each of the different spatial encoding
directions, which was out of the scope of this study due to
limited measurement time.

LIMITATIONS

Our study shows several limitations. First we included a
limited number of subjects in this methodological study of
image optimization. Itis possible that using a higher number
of subjects, statistically significant differences between 15
and 32 encoding directions could have been found. None
of the subjects’ urine or blood was analyzed prior to image
acquisition. None of the subjects had a history of renal
disease and except for one uncomplicated renal cyst, no
morphological abnormalities were found on our images.

Second, to reduce overall measurement time, we used a
respiratory belt. Kidney movement is not necessarily in
optimal agreement with movements of the abdominal wall
as they mainly move in a cranio-caudal direction. The result
can be misregistration of respiratory motion that could
probably be further reduced by using a navigator triggering
technique though resulting in longer acquisition time.
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Third, we did not consider motion artifacts caused by
arterial pulsatility in this study that would have led to a
further increase of acquisition time. There were several
studies that have taken this into account'® whereas
others pursued their studies without pulsatile-triggering
due to prolonged acquisition time when combined with
respiratory triggering.2429

Fourth, we did not take hydration status into account,
but it can be assumed, as no specific preparations such as
fasting or drinking were undertaken, that the hydration
state of the kidneys was similar. Muller et al., stated that
the hydration state has a significant influence on ADC
values;* this was not confirmed in later studies by Damasio
et al.,, and Carbone et al., who did not find any significant
changes in ADC values in their study.**¥ A couple of years
later, Sigmund et al., published a study where they assessed
the reproducibility and the distribution of IVIM and DTI
parameters before and after hydration and furosemide
challenges and they were able to show that the diffusion
MR metrics are sensitive to flow changes in the kidney;
their results suggest that vascular flow, tubular dilation,
water reabsorption, and the intratubular flow all play an
important role in DWI contrast.?”

Thoeny et al., showed that especially acute ureteral
obstruction leads to a decrease in ADC values and that these
findings might correlate with the decrease in glomerular
filtration rate (GFR).2¥ As we just observed healthy volunteers,
this as well as the potential effect of urine flow in general was
not an issue in our study but may become important in the
evaluation of patients with urological pathologies.

Fifth, we used parallelimaging. Itis known that quantitative
SNR measurement is compromised by the use of parallel
imaging. Based on the visual aspect and the intraindividual
measured SNR values being relatively constant, we defined
a relative SNR* and CNR*.

Sixth, a relatively high parallel imaging factor (SENSE
factor 4) was applied to keep susceptibility artifacts (image
distortions, signal dephasing) as low as possible with the
applied single spin-echo diffusion EPI sequence. Other
manufacturers apply double spin-echo diffusion EPI
sequences. By adding additional RF refocusing pulses to
the SE diffusion sequence and hereby splitting the field
gradient pulses into shorter pulses of alternating polarity,
areduction of eddy current artifacts can be achieved.®8!

Seventh, a coronal slightly oblique slice for depiction of
both kidneys within one acquisition was chosen. In all our
subjects, the visualization of both poles of each kidney
was possible within one image. However, especially in

young female women with low fat in the renal bed, the
orientation of both kidneys could notably differ hampering
the depiction in coronal orientation.

Eighth, the applied TR of 1.5 sec of the applied diffusion
sequence is quite short and using a longer TR might have
resulted in better SNR. For practicability, we kept TR short to
keep the overall examination time acceptable. In a clinical
study, a longer TR in the order of a few seconds seems
advantageous.

Ninth, the parametrical maps have been calculated directly
without using a postprocessing algorhithm for co-registration.

CONCLUSION

In conclusion, in this study we were able to confirm that
optimal b-values for DTI of the kidney range between
300 and 500 s/mm? and that increasing the number of
encoding directions lead to betterimage quality as a result
of improved corticomedullar discrimination, taking longer
acquisition times into account. MD maps are significantly
more robust regarding susceptibility artifacts than FA maps.
Higher b-values resultin underestimation of MD, most likely
due to low SNR. Inclusion of low b-values in the evaluation
scheme has the potential for distinguishing slow and fast
diffusing water in the renal tubuli and collecting ducts,
respectively, resulting in higher MD values compared to
conventional diffusion evaluation schemes.

Altogether, the number of encoding schemes influences
image quality while keeping DTl indices stable. The increase
in image quality allows for a more precise data evaluation
when placing ROIs for FA and MD measurements. The use
of DTI for evaluation of focal and diffuse kidney diseases
will have to be assessed in further studies.
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