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Abstract

Background Ureteropelvic junction (UPJ) obstruction is a common cause of renal injury in children. Indications for surgery are
still controversial. Currently, there is no threshold to differentiate patients with suspected UPJ obstruction requiring surgery from
the ones that do not, or to predict renal outcome after surgery. Several studies have demonstrated that diffusion tensor imaging
(DTI) results may correlate with microstructural changes in the kidneys.

Objective To evaluate the feasibility of using DTI to identify UPJ obstruction kidneys.

Materials and methods We analyzed functional MR urography (fMRU) with renal DTI (b=0 and b=400, 20 directions, 1.5 Tesla,
no respiratory triggering) in 26 kidneys of 19 children (mean age: 6.15 years) by comparing 13 kidneys with UPJ obstruction
configuration that underwent pyeloplasty following the fMRU, and 13 anatomically normal age- and gender-matched kidneys.
DTI tractography was reconstructed using a fractional anisotropy threshold of 0.10 and an angle threshold of 55°. User-defined
regions of interest (ROIs) of the renal parenchyma (excluding collecting system) were drawn to quantify DTI parameters:
fractional anisotropy, apparent diffusion coefficient (ADC), track length and track volume. The failure rate was evaluated.
Results All DTI parameters changed with age; fractional anisotropy decreased (P<0.032). Track volume and track length
increased (P<0.05). ADC increased with age in normal kidneys (P<0.001) but not in UPJ obstruction kidneys (P=0.11). After
controlling for age, the fractional anisotropy (UPJ obstruction mean: 0.18, normal kidney mean: 0.21; P=0.001) and track length
(UPJ obstruction mean: 11.9 mm, normal kidney mean: 15.4 mm; P<0.001) were lower in UPJ obstruction vs. normal kidneys.
There was a trend toward a higher ADC in UPJ obstruction kidneys vs. normal kidneys (P=0.062). The failure rate in UPJ
obstruction kidneys due to technical limitations of DTI was 13/26 (50%).

Conclusion We demonstrated that fractional anisotropy is lower in UPJ obstruction than in normal kidneys. It is necessary to
improve this technique to increase the success rate and to perform more studies to evaluate if a decrease in fractional anisotropy
can differentiate UPJ obstruction kidneys from hydronephrotic kidneys without UPJ obstruction.

Keywords Children - Diffusion tensor imaging - Magnetic resonance imaging - Magnetic resonance urography - Ureteropelvic
junction obstruction - Urinary tract
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provides a numeric threshold to differentiate patients with
pelvicalyceal dilation due to UPJ obstruction requiring sur-
gery from the ones that do not, or one that predicts renal
function after surgery [4, 5]. Although there is still controver-
sy on the criteria for selecting cases of UPJ obstruction going
to surgery, widely accepted criteria include symptomatic pa-
tients, decreased renal function (i.e. unilateral obstruction with
less than 40% of differential renal function on renography or
fMRU, or bilateral UPJ obstruction with renal parenchymal
atrophy, recurrent urinary tract infections and renal stones [6].

Diftusion tensor imaging (DTI) measures the orientation-
dependent Brownian motion of water molecules to quantita-
tively assess the microstructure and morphology of different
tissues in the body, including the kidney. Quantitative mea-
surements from DTI include fractional anisotropy, which is a
measure of the directional inequality of water molecule mo-
tion in a tissue, and apparent diffusion coefficient (ADC), a
measure of the directionally averaged diffusivity [7]. Previous
research showed that nephrons are well organized within the
renal parenchyma and follow a radial arrangement [4, 8].
Recently, Li et al. [8] showed that DTI of renal allografts
correlated with histopathological findings in a pediatric pop-
ulation. Few adult studies have found a direct relationship
between fractional anisotropy values and estimated glomeru-
lar filtration rate (GFR) in native [9] and transplanted kidneys
[10, 11]. In addition to voxel-wise measure of DTI parameters,
tractography maps of the renal parenchyma and measures of
mean track length and volume are obtained through additional
algorithms by using an fractional anisotropy and an angular
difference threshold between two adjacent voxels [7].

Our aim was to evaluate the feasibility of using DTI to
identify UPJ obstruction kidneys and to evaluate the potential
of renal DTI as a biomarker for quantifying renal disease in
UPJ obstruction.

Materials and methods
Subjects

This retrospective study was approved by the institutional
review board at our hospital and was performed in compliance
with the Health Insurance Portability and Accountability Act
(HIPAA). A waiver of informed consent was granted. fMRU
studies with a UPJ obstruction configuration were identified
using a picture and archiving communication system (PACS)
search engine (Softek Illuminate; Softek Solutions, Prairie
Village, KS). The radiology database was searched with the
procedure description “MR UROGRAM W/3D” and the
words “UPJO” or “Ureteropelvic” between January 2013
and October 2015. Based on previous published research, a
DTI sequence is part of the routine clinical fMRU protocol to
further evaluate obstructed and dysplastic kidneys [4].
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Inclusion criteria for the fMRU were patient age between 0
and 18 years, UPJ obstruction that underwent pyeloplasty, and
fMRU examination with 20-direction DTI with b-values of
b=0 s/mm” and b=400 s/mm”. In patients with unilateral
UPJ obstruction, the contralateral anatomically normal kidney
served as a control (n=7). In cases of bilateral UPJ obstruction
or for subjects with a single kidney, an age-matched kidney
from a normal fMRU study (n=2) or contralateral normal kid-
ney in cases of ureterovesical junction obstruction (n=4)
served as controls.

Excluded were subjects with no DTI sequence meeting the
study inclusion criteria (b=0 s/mm? and b=400 s/mm?, 20
directions, 1.5 Tesla [T]) (n=38) or technically limited DTI
(n=13): 1) motion artifact, defined as transverse (red) tracks
instead of vertical (blue) tracks in the rectus abdominis and
psoas muscles (n=11), 2) superior half of UPJ obstruction
kidney out of the field of view (n=1) and 3) subject with
metallic spine rods (n=1). Additional criteria for exclusion
were: 1) pyeloplasty before the fMRU study (#=8), 2) subjects
with UPJ obstruction configuration not treated with pyeloplasty
(n=2), 3) a subject who underwent nephrectomy following
fMRU (n=1) and 4) an incomplete fMRU study (n=1).

For analysis, we included 19 subjects (Fig. 1) (13 males
and 6 females) and 26 kidneys, 13 with UPJ obstruction con-
figuration that required pyeloplasty for treatment after the
fMRU and 13 age-matched anatomically normal kidneys.
Six subjects had bilateral UPJ obstruction kidneys and seven
had a unilateral UPJ obstruction kidney. None of the bilateral
UPJ obstruction kidneys had bilateral pyeloplasty. The mean
age of subjects included in the study (cases and controls) was
6.15 years (range: 0.39—17.45 years) and the median follow-
up between fMRU and retrospective recollection of data was
360 days (range: 27—659 days).

Functional MR urography

Patients were prepared for fMRU following a standardized
protocol [12, 13]. All patients received intravenous hydration
before to imaging with 20 cc/Kg of normal saline infused over
30-40 min. Bladder catheterization was completed with either
a Foley or a straight catheter that remained in place throughout
imaging. Patients were imaged in a prone position. Fifteen
min before intravenous contrast, 1 mg/Kg furosemide (maxi-
mum dose of 20 mg) was administered intravenously. All
children younger than 7 years old were sedated.

Images were acquired with a 1.5-T MR system (Avanto;
Siemens, Erlangen, Germany) using either a 6- or a 9-channel
body matrix coil in combination with a 24-channel spine coil.
The imaging protocol included the following pre-contrast se-
quences: sagittal half-Fourier acquisition single-shot spin-echo
(HASTE) (repetition time [TR]/echo time [TE] 1,100/99 ms;
slice thickness: 3 mm, matrix: 256 x 202), axial fat-
suppressed T2-weighted image with motion reduction
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Enrolled subjects (n=82)

Excluded (n=63):

— DTl sequence not meeting criteria (n=38)

— DTl with motion artifact (n=11)

—  UPJ obstruction kidney out of field of view in DTI (n=1)

A

»—  Metallic hardware artifact (n=1)
— Pyeloplasty prior to fMRU study (n=8)
—  Pyeloplasty not performed after fMRU study (n=2)

Study population:

26 kidneys from 19 subjects

—  Nephrectomy following fMRU study (n=1)
— Incomplete fMRU study (n=1)

/

Cases:
UPJ obstruction kidneys (n=13)

Anatomically normal kidneys (n=13)

Age-matched controls:

l

{

e 7 UPJ obstruction kidneys in subjects with .
unilateral UPJ obstruction configuration

7 contralateral anatomically normal kidneys
in subjects with unilateral UPJ obstruction

* 5 UPJ obstruction kidneys in subjects with .
bilateral UPJ obstruction configuration

¢ 1 UPJ obstruction kidney in a subject with .
single kidney

4 contralateral anatomically normal kidneys
in subject with unilateral UVJ obstruction

2 kidneys from subjects with bilateral
anatomically normal kidneys

Fig. 1 Flow chart shows study population. D77 diffusion tensor imaging, fMRU functional magnetic resonance urography, MRU magnetic resonance

urography, UP.J ureteropelvic junction, UV.J ureterovesicular junction

BLADE (TR/TE 6,000/145 ms; slice thickness: 3 mm, ma-
trix: 320 x 320), coronal fat-suppressed 3-D T2-W sam-
pling perfection with application-optimized contrasts using
different flip angle evolution (SPACE) (TR/TE 1,800/
599 ms; slice thickness: 1 mm, matrix: 256 x 168).

For functional analysis, pre- and post-contrast coronal fat-
suppressed 3-D T1 gradient recalled echo (GRE) images with
volumetric interpolated breath-hold examination (VIBE) (TR/
TE 3.63/1.23 ms; slice thickness: 2-3 mm; matrix: 256 X 168,
flip angle 30°) were performed. Dynamic sequences were re-
peated until contrast was seen in both ureters below the level
of'the lower pole of the kidney or up to 15 min with increasing
pauses (2-42 s) between acquisitions. For post-contrast imag-
ing, gadolinium-diethylenetriaminepentaacetic acid (DTPA)
(Magnevist; Bayer-Schering, Berlin, Germany) at a dose of
0.2 ml/kg (0.1 mmol/Kg), with a minimum dose of 2 mL
and a maximum dose of 20 mL, was administered at a slow
rate of infusion. In selected cases, delayed post-contrast imag-
ing was performed.

DTT of the abdomen was obtained using a fat-suppressed
spin-echo echo-planar sequence (TR/TE 2,600-3,900/64-
74 ms). A slice thickness of 4 mm, a matrix size of 128 x 96
and a bandwidth of 1,698 Hz/pixel were used. The field of
view was 192 x 192 mm? (n=4), 256 x 256 mm? (n=12) or
384 x 384 mm? (n=3) depending on patient size. Diffusion
gradients were applied in 20 non-collinear directions with
b=400 s/mm?. A volume without diffusion gradients
(b=0 s/mm?) was also acquired. Four averages were ob-
tained for each sequence without respiratory triggering.
We used selective fat suppression with spectral adiabatic
inversion recovery and standard shimming was performed
through pre-imaging with the Siemens diffusion sequence.

For all subjects, a parallel imaging acceleration factor of 2
was used.

Imaging evaluation

Imaging evaluation was performed by a postdoctoral fellow
with 5 years in pediatric radiology research experience (J.D.).
Pelvicalyceal dilation was assessed on the axial fat-saturated
T2-W using an adapted version of the Society for Fetal
Urology classification by Riccabona et al. [14, 15]. Grades
0, 1 and 2 were considered non-dilated pelvicalyceal systems,
whereas grade 3 (“Marked dilation of the renal calyces and
pelvis with reduced forniceal and papillary differentiation
without parenchymal narrowing”), grade 4 (“Gross dilation
of the collecting system with narrowing of the parenchyma’)
and grade 5 (“Extreme hydronephrosis with only a thin,
membrane-like residual renal parenchymal rim”) were consid-
ered dilated systems. Normal or decreased corticomedullary
differentiation was also evaluated on the same sequence for
each kidney. Decreased corticomedullary differentiation was
defined as a decrease in the expected thickness of the renal
medulla and decrease in the normal T2 signal intensity differ-
ence between the renal cortex and medulla with generalized
low T2 signal intensity of the renal parenchyma. This finding
occurs in the context of long-standing impaired renal drainage
[16, 17].

Imaging post-processing
The Children’s Hospital of Philadelphia functional magnetic

resonance urography (CHOP fMRU) software (available at
www.chop-fmru.com) was used for the functional MR
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urography analysis [13]. Calyceal transit time (CTT), the time
it takes for the contrast agent to go from the aorta into the
calyces, and renal transit time (RTT), the time it takes for the
contrast agent to go from the aorta to the ureter at the level of
the lower renal pole, and the parenchymal volume were
calculated for each kidney [12, 13].

For the DTI analysis and segmentation, we used software
package Diffusion Toolkit version 0.6.4.1 and TrackVis ver-
sion 0.6.0.1 (www.trackvis.org) [18]. Tractography was
reconstructed using a deterministic fiber tracking algorithm
with a minimum fractional anisotropy threshold of 0.10 and
a maximum turning angle of 55° between two adjacent voxels
based on published parameters for renal tractography [4]. A
postdoctoral fellow with 5 years of experience in DTI research
(J.D.) used TrackVis to draw regions of interest (ROIs) cover-
ing the entire volume of the renal parenchyma, excluding the
collecting system by evaluating the diffusion-weighted im-
ages, ADC and fractional anisotropy maps (Fig. 2). These
images were used to avoid problems of alignment related to
patient motion in-between sequences. The ADC and fractional
anisotropy values based on the ROI data, and the mean length
and volume of the tracks based on the fiber track data, were
exported. An additional ROI in the mid-axial plane of each
kidney (Fig. 2) was drawn for qualitative evaluation of the
scalar fractional anisotropy tractography maps.

The fiber tracks obtained from the ROIs were qualitatively
analyzed for tractography quality, direction of tracks and dif-
ferences in fractional anisotropy within the renal parenchyma.
This assessment was done using two tractography maps: 1) a
standard color-coded reconstruction to visualize the orienta-
tion of tracks where blue tracks represented diffusion in the
craniocaudal direction, green tracks characterized diffusion in
the anteroposterior direction and red tracks showed diffusion
in the transverse direction, and 2) a scalar fractional anisotropy
map with minimum and maximum fractional anisotropy
thresholds of 0.1 and 0.6, respectively.

The extension of tracks following the psoas muscle or into
adjacent organs (liver for the right kidney or spleen for left
kidney) was recorded. The radial distribution of tracks was
evaluated with a 3-point scale: 1) clear radial organization of
fibers, 2) partial radial organization of fibers with random non-
organized fibers and 3) non-radial organization pattern
(Fig. 3). The corticomedullary differentiation on the scalar
tractography fractional anisotropy maps was also assessed
(Fig. 4).

Statistical analysis
Statistical analyses were performed using SPSS (version 20;
IBM Corp., Armonk, NY). For the descriptive analysis, abso-

lute distributions, percentages and means, standard deviations,
medians and ranges were calculated. To evaluate differences
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in the distribution of nominal data the Fisher exact test and the
Phi coefficient were used. The Mann-Whitney U test was used
to compare age and different fMRU parameters between the
groups. To evaluate the relationship of the different variables
with age, linear regressions were performed. A Pearson cor-
relation was used to correlate fMRU volumes and
tractography volumes. A Wilcoxon test was calculated to find
differences between volumes obtained by fMRU and DTL
Analysis of covariance (ANCOVA) controlling for age (a co-
variate) were used to compare the different DTI parameters
between UPJ obstruction and normal kidneys. Statistical sig-
nificance was accepted at P<0.05.

Results

The distribution of the ages and genders of the patients be-
tween those with UPJ obstruction and those with anatomically
normal kidneys was similar. The mean age for UPJ obstruc-
tion patients was 7.07 years (range: 0.48—17.45 years) and for
those with normal kidneys 7.33 years (range: 0.39—
17.45 years) (Mann-Whitney U test, P=0.80) with 10 males
and 3 females in the UPJ obstruction patients and 8 males and
5 females in the group with normal kidneys (Fisher exact test,
P=0.67). Summary of the modified Society for Fetal Urology
classification for grading of pelvicalyceal dilatation and the
fMRU parameters are included in Table 1.

Evaluation of DTI

Failure rate The failure rate due to technical limitations of
DTI was 13/26 (50%) in UPJ obstruction kidneys. This
included motion artifact (n=11), UPJ obstruction kidney
out of the field of view (n=1) and a subject with metallic
spine rods (n=1).

Changes with age The ROI-based fractional anisotropy de-
creased with age for UPJ obstruction kidneys (change frac-
tional anisotropy unit/year: -0.002; P=0.032) and normal kid-
neys (change fractional anisotropy unit/year -0.003; P<0.001),
and the ROI-based ADC increased with age for normal kid-
neys (change ADC [mm?/s]/year: 3.54 x 107> mm?/s;
P<0.001) but not for UPJ obstruction kidneys (P=0.11). The
track volume increased for UPJ obstruction (change cm®/year:
9.59 cm®; P=0.002) and normal kidneys (change cm®/year:
10.7 cm®; P<0.001). Mean track length increased with age for
both UPJ obstruction kidneys (change mm/year: 0.48 mm;
P<0.001) and normal kidneys (change mm/year: 0.27 mm,;
P=0.043). For additional details, see Table 2.

There was a high correlation between the track volumes
obtained by DTT and renal volumes on fMRU for UPJ obstruc-
tion kidneys (R=0.81; P<0.001) and for normal kidneys
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Fig. 2 Renal region of interest (ROI) placement in the left kidney of a
5.5-year-old boy with ureteropelvic junction obstruction. a Axial T2-W
image shows grade 3 pelvicalyceal dilatation. b Axial diffusion-weighted
(b=400 mm/s?) image depicts the limits of the renal parenchyma
(arrows). ¢ Axial apparent diffusion coefficient map and (d) axial
fractional anisotropy map used in conjunction with one another to avoid

(R=0.89; P<0.001). However, DTI measured volumes were
significantly higher than fMRU measured volumes among both
UPJ obstruction and normal kidneys. (Wilcoxon P=0.001). The
median fMRU volume for UPJ obstruction and normal kidneys
were 64.3 cc® and 75.4 cc’, respectively, whereas the median
DTI tractography volumes for UPJ obstruction and normal kid-
neys were 126.0 cm® and 115.9 cm®, respectively.

placing the ROI within the pelvicalyceal system. Note the
corticomedullary differentiation in the fractional anisotropy map
(arrowhead). Voxel dimensions for images (b, ¢, d) are 2 x 2.7 mm in
plane with 4-mm section thickness and are used for placement of ROI
only. e ROI placement is depicted in pink. f Coronal tractographic image
of the post-processed kidney

Differences in DTl-based measurements between UPJ
obstruction and normal kidneys

ANCOVA correcting for age was used to compare the differ-
ent DTI parameters between UPJ obstruction kidneys and
normal age-matched kidneys (Table 3). There were significant
group differences in fractional anisotropy value and the track
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Fig. 3 The grading of degree or
track organization is illustrated on
diffusion tensor imaging in three
subjects. a Normal right kidney in
a 5.5-year-old boy with clear
radial distribution of tracks. b Left
kidney with ureteropelvic
junction (UPJ) obstruction and
grade 4 pelvicalyceal dilatation in
a 6.6-year-old boy with partial
radial organization of fibers. ¢
Left kidney with UPJ obstruction
and grade 5 pelvicalyceal
dilatation in a 12.4-year-old boy
with non-radial organization of
fiber tracks

length (P=0.01) (Fig. 5). There was also a trend toward higher
ADC in UPJ obstruction kidneys in comparison to normal
kidneys, but statistical significance was not reached
(P=0.062).

The corticomedullary differentiation on the scalar
tractography fractional anisotropy maps showed a strong
association with the corticomedullary differentiation
seen on T2-W (Phi coefficient 0.843, P<0.001). There
was agreement in the measurements of 24/26 kidneys
(92%) (16/26 normal corticomedullary differentiation in
both sequences and 8/26 with abnormal/decreased
corticomedullary differentiation in both sequences). In
2/26 kidneys (8%), normal corticomedullary differentia-
tion was seen on T2-W, but decreased corticomedullary
differentiation was observed on the scalar tractography
fractional anisotropy maps (Fig. 4). The evaluation of
radial distribution of tracks is included in Table 4.
Due to the sample size, no additional analysis was pos-
sible with this variable.
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Tractography artifacts

Fiber extension followed the anatomy of the psoas muscle in
17/26 kidneys (65.4%) and into an adjacent organ, liver for the
right kidney or spleen for the left kidney, in 4/26 kidneys
(15.4%) (Fig. 6). Extension was not more common for UPJ
obstruction kidneys in comparison to normal kidneys (Fisher
exact test, P>0.99).

Discussion

In this study, we found a lower fractional anisotropy and a
shorter mean track length within the renal parenchyma in kid-
neys with UPJ obstruction that underwent pyeloplasty follow-
ing the fMRU in comparison to anatomically normal age-
related kidneys.

DTT has been evaluated as a possible biomarker of renal
function in renal disease. Many groups have found higher
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Fig. 4 Corticomedullary differentiation on the scalar tractography
fractional anisotropy maps. a Normal left kidney in a 2.3-year-old boy
with congenital hydronephrosis and suspicion of ureteropelvic junction
(UPJ) obstruction. b Left kidney with UPJ obstruction in an 8.8-year-old
boy with grade 3 pelvicalyceal dilatation. Note that on T2-W images the
corticomedullary differentiation is still preserved for both patients
(arrows in a and b). ¢ Scalar fractional anisotropy tractography map of

Table 1

the patient in (a) shows an increased fractional anisotropy value at the
location of the renal pyramids with maximum fractional anisotropy
(vellow and red, arrow) in the center of the pyramids and relatively
decreased fractional anisotropy values in the renal cortex (blue). d
Scalar fractional anisotropy tractography map of the patient in (b)
shows no clear differentiation of the renal cortex and medulla (arrow)

Distribution of demographics, pelvicalyceal dilatation classification and functional magnetic resonance imaging parameters between kidneys

with pyeloplasty due to ureteropelvic junction (UPJ) obstruction and age-related normal kidneys

UPJ obstruction kidneys with pyeloplasty Normal kidneys (n=13) P-value
following MRI (n=13)
Gender M/F 10/3 8/5 0.67
Mean age in years (range) 7.07 (0.48-17.45) 7.33 (0.39-17.45) 0.80
Modified SFU classification
Grade 0 0 0 <0.001
Grade 1 0 4
Grade 2 0 9
Grade 3 2 0
Grade 4 6 0
Grade 5 5 0
Functional MR urography
Median CTT in seconds (range) 149 (109-359) 149 (89-265) 0.61
Median RTT in seconds (range) 209 (159-1,066) 149 (89-39) 0.002
Median volume in cm® (range) 64.27 (5-131) 75.41 (26-143) 0.19

CTT calyceal transit time, F female, M male, RTT renal transit time, SFU Society for Fetal Urology
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Table2  Relationship between the diffusion tensor imaging parameters and age for anatomically normal and ureteropelvic junction (UPJ) obstruction
kidneys
Kidney configuration ~Relationship with age R- Constant B* (slope of age in years vs. diffusion  P-value
square tensor imaging parameter)
ROI-based FA UPJ obstruction Decrease 0.36 0.21 -0.002 0.032
Normal Decrease 0.56 0.24 -0.003 <0.001
ROI-based ADC (mm*s) UPJ obstruction No significance - - - 0.11
Normal Increase 0.69 0.002 3.54x 107 <0.001
Track volume (cm®) UPJ obstruction Increase 0.61 49.4 9.59 0.002
Normal Increase 0.95 40.5 10.7 <0.001
Mean track length (mm)  UPJ obstruction Increase 0.72 8.46 0.48 <0.001
Normal Increase 0.32 134 0.27 0.043

ADC apparent diffusion coefficient, FA functional anisotropy, ROI region of interest

*B: values for the regression equation for predicting the dependent variable from the independent variable (i.e. change of diffusion tensor imaging

parameter per year)

fractional anisotropy values of the renal medulla in compari-
son to the renal cortex [10, 19-22]. In our study, we avoided
creating separate ROIs for the renal cortex and medulla.
Although it is possible to differentiate the two structures on
fractional anisotropy maps in non-dilated kidneys (Fig. 2), in
our experience, this differentiation is no longer possible in
most kidneys with pelvicalyceal dilatation grades 3 and 4
and in all kidneys with pelvicalyceal dilatation grade 5.
There is a possibility that due to the smaller size of kidneys
included in our study in comparison with adult kidneys, and
due to the lack of respiratory triggering, the corticomedullary
differentiation seen on the fractional anisotropy maps was
lower in this study. Kataoka et al. [20] evaluated the effect
of respiratory triggering and repeated breath holds for DTI
of the kidneys in 16 healthy adults at 1.5 T. In their study,
the use of repeated breath holds was inferior to respiratory
triggering due to a lower corticomedullary differentiation,
which they believe was related to the variation in position of
the kidneys among the different breath holds [20]. Seif et al.

[23] used a multimodal non-rigid image registration algorithm
and compared renal DTI with and without respiratory trigger-
ing in native and allograph kidneys. They found that registra-
tion improves the quality of DTI for both native and
transplanted kidneys, but in native kidneys, respiratory trig-
gering still provides a better quality of the different diffusion
parameters [23]. In pediatric patients, respiratory triggering is
challenging and the younger the child the more difficult it
becomes. Due to the irregular and superficial respiration of
most young pediatric patients, the use of bellows or navigator
triggering is relatively inconsistent, making it very difficult to
predict the scan time required to complete sequences [24].
Recently, Li et al. [8] showed satisfactory renal diffusion-
weighted imaging with tractography with differentiation be-
tween the cortex and medulla in a pediatric population by
using a patient free-breathing technique. However, the mean
age of their subjects was 15.8 years [8]. The decreased
corticomedullary differentiation on fractional anisotropy maps
may be also related to the different pathophysiology of renal

Table 3 Analysis of covariance (ANCOVA) of the different diffusion tensor imaging parameters controlling for age

Kidney configuration Mean Std. error 95% confidence interval P-
value

ROI-based FA* UPJ obstruction 0.19 48x107 0.18-0.20 0.001
Normal 0.21 48x107° 0.20-0.22

ROI-based ADC* (mm?/s) UPJ obstruction 23x10°° 82x10° 21x10725x10° 0.062
Normal 21x107° 82x107° 1.9x107%22x107°

Tractography volume* (cm®) UPJ obstruction 118.5 8.8 100.3-136.8 0.97
Normal 117.9 8.8 99.7-136.3

Mean track length* (mm) UPJ obstruction 11.9 54 10.8-13.0 <0.001
Normal 15.4 54 14.2-16.5

ADC apparent diffusion coefficient, FA functional anisotropy, RO! region of interest, UP.J ureteropelvic junction, Std error standard error

*Covariates appearing in the model are evaluated at the age value of 7.21 years
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Fig. 5 Scatterplot with linear a

regression shows the changes
with age and between
ureteropelvic junction (UPJ)
obstruction kidneys and normal N
kidneys for (a) region of interest
(ROI)-based fractional anisotropy
(FA) and (b) mean track length
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parenchymal injury of UPJ obstruction in comparison to renal
allographs, the renal injury that has been most commonly
evaluated with DTT [8, 10, 11]. The renal parenchyma in kid-
neys with UPJ obstruction kidneys is affected by pressure
from post-renal obstruction due to ureteral intrinsic and extrin-
sic causes [25], which tend to affect the medulla before affect-
ing the cortex. On the other hand, chronic injury to allographs
is characterized by antibody-mediated and chronic active T
cell-mediated rejection leading to formation of new basement
membranes by endothelial cells, glomerular microvascular re-
modeling and arterial intimal fibrosis, which are primary renal
cortical processes [26].

We were able to demonstrate a significant decrease in frac-
tional anisotropy values, but we were only able to see a non-
significant trend toward a higher ADC value in UPJ obstruc-
tion kidneys. This is in agreement with the findings of Hueper
etal. [11], who found a 30% reduction in the fractional anisot-
ropy value of the renal medulla in transplanted kidneys in
comparison to healthy control kidneys, whereas the difference
in the ADC value was about a 10% increase for the
transplanted kidneys in relation to healthy control kidneys.
They suggest that fractional anisotropy values may be a more
sensitive parameter for detection of renal pathology [11].
Lanzman et al. [10] saw similar findings. An additional im-
portant consideration in evaluating ADC values is the signif-
icant differences in the ADC values measured in different
studies mainly related to the different protocols used. Thus,

T T T T
15.00 20.00 .00 5.00 10.00 15.00 20.00

Age (years)

standardization of protocols used to measure ADC values is
necessary if it is to be used as a functional renal marker [20].
On the contrary, based on renal DTI studies in adults, fraction-
al anisotropy seems to be a more stable functional parameter
[10, 21].

Our data also showed a high correlation between
corticomedullary differentiation on scalar tractography frac-
tional anisotropy maps and the corticomedullary differentia-
tion on T2-W. In two subjects, changes were apparent on the
scalar tractography fractional anisotropy map but not on T2-
W. The opposite phenomenon did not happen in our small
population. We hypothesized that changes in corticomedullary
differentiation can be seen on DTI before they are evident on
T2-W; however, this needs to be proven in a study with a
larger sample size. Jaimes et al. [4] also found that abnormal
moieties demonstrated poor corticomedullary differentiation
of fractional anisotropy maps. They described loss of the ra-
dial arrangement of tracks on renal moieties with decreased
renal function [4]. While our findings show a similar trend,
our sample size limited the ability to elucidate additional con-
clusion on the tractography patterns on color-coded maps.

There is no standardized b-value for renal DTI with values
ranging from 200 s/mm? to 700 s/mm? [4,9, 19, 20, 22, 23].
Kataoka et al. [20] compared b-values of 200 s/mm?® and
400 s/mm? finding that the latter one appears to be more con-
sistent with lower standard deviation of the measurements and
sufficient signal-to-noise ratio at 1.5 T. Multiple physiological

Table 4  Evaluation of radial distribution of tracks based on the color-coded tractography maps

Ureteropelvic junction obstruction kidney (n=13)

Normal kidney (n=13)

Clear radial organization of fibers

Partial radial organization of fibers with random non-organized fibers

Non-radial organization pattern

5 (38.5%) 9 (69.2%)
5 (38.5%) 3(23.1%)
3(23.1%) 1(7.7%)
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Fig. 6 Tractography artifacts. a Color-coded fiber tractography map
overlaid on sagittal diffusion-weighted image (DWI) shows a normal
kidney in a 1-year-old boy. Note the blue tracks following the normal
anatomy of the psoas muscle (arrow). Fibers within the kidney depict a
clear radial organization pattern. b Color-coded fiber tractography map

factors may affect the motion of water in the kidneys including
the flow along the tubules, flow in the arteries and veins, and
transtubular flow from water reabsorption. The use of higher
b-values decreases the intravoxel coherent motion related to
perfusion seen at b-values below 200 s/mm? [4, 20]. The state
of hydration may also have an influence on renal fractional
anisotropy values [27]. As part of the standardized protocol
for fMRU, all patients are hydrated at specific times before the
MR imaging. We expect this protocol to control most of the
differences related to flow in and along the tubules and from
water reabsorption [4, 28].

Our data show that the tractography volume overestimates
the renal parenchymal volume measured by fMRU. This find-
ing was also described by Jaimes et al. [4]. With the low
fractional anisotropy and high angular threshold used in this
study for tractography, we saw tracks extending into the adja-
cent organs or following the psoas muscle in the majority of
kidneys. Overestimation was equally common on anatomical-
ly normal and UPJO kidneys. The overestimation of
tractography can be corrected up to a certain point by chang-
ing the tractography thresholds to a higher minimum fraction-
al anisotropy value and a lower angular threshold. However,
this modification negatively affects the number and concen-
tration of tracks seen within the renal parenchyma and, thus,
affects the evaluation of the tractography patterns (Figs. 3 and
4). A second option is to increase the image resolution, which
decreases the volume averaging of the renal parenchyma. This
modification impacts the scan time as well as the signal-to-
noise ratio. The impact in the signal-to-noise ratio is expected
to be marginal as the renal parenchyma has a high diffusivity
with renal ADC values being about three times the ADC
values of the brain [22].

@ Springer

overlaid on coronal DWI shows a kidney with ureteropelvic junction
obstruction and grade III pelvicalyceal dilatation in a 6.2-year-old girl.
Red tracks extend from the renal parenchyma into the spleen. Fibers
within the kidney depict partial radial organization with some random
non-organized fibers

It is important to realize that although the parenchyma may
be evaluated with DTI, other factors affect the renal outcome
of surgery. These include the different pathophysiology of
UPJ obstruction in patients and surgery complications or fail-
ure [25, 29]. Some of the causes of UPJ obstruction are intrin-
sic, including ureteral scaring or incomplete recanalization
during development and abnormal peristalsis of the ureter at
the ureteropelvic junction related to muscular or neural chang-
es; and extrinsic causes such as the presence of a crossing
vessel, high insertion of the ureter at the renal pelvis or abnor-
mal position or hypermobility of the kidney [25]. Crossing
vessels, which are more common in older children with a late
presentation, are also present in up to 25% of antenatal diag-
nosis of UPJ obstruction and are difficult to evaluate with
fMRU as the dose of contrast and injection rate are for func-
tional evaluation of the renal parenchyma instead of the renal
vasculature [1]. Diffusion tensor imaging is not expected to
add anything to their detection, mainly due to spatial resolu-
tion. Contrast-enhanced MR angiography may be better for
the depiction of abnormality [30, 31]. In older patients, kid-
neys with UPJ obstruction due to a crossing vessel are expect-
ed to have good function as in most cases obstruction is inter-
mittent [32]. In younger patients, the impact of renal function
is still to be determined.

Limitations of this study include its retrospective nature
and the sample size. Due to the thresholds used for
tractography, tracks were detected extending into the adjacent
organs and muscle in most patients. We avoided problems in
data interpretation by not using track-based ADC and fraction-
al anisotropy values as quantitative parameters and by doing
qualitative evaluation of the tractography patterns. We used
different fields of view for subjects, which affects the voxel
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volume. Nevertheless, it is important to realize that pediatric
patients have a variable size and using the same field of view
for all patients would have had a negative effect on the visu-
alization of relatively small organs in infants and younger
children. Also, the protocol was done without respiratory trig-
gering. This may be one of the leading causes for our high
failure rate and may contribute to artifacts seen in the
tractography maps. Serum creatinine was not routinely obtain-
ed in our institution; for this reason, we could not correlate
renal ADC of fractional anisotropy values with GFR as done
in several other studies in adults. Most pyeloplasties are per-
formed in patients younger than 5 years of age and only four
children in our study were below that threshold.

Conclusion

We demonstrated that fractional anisotropy is lower in UPJ
obstruction than in normal kidneys. It is necessary to improve
this technique to increase the success rate and to perform more
studies to evaluate if a decrease in fractional anisotropy can
differentiate UPJ obstruction kidneys from hydronephrotic
kidneys without UPJ obstruction. We acknowledge this is a
pilot study and we hope future research can evaluate DTI of
children with kidney with UPJ obstruction configuration pre-
and post-pyeloplasty.
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