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Abstract
Objective The aim is to evaluate the age-related changes and relationship of renal apparent diffusion coefficient (ADC) against
the morphological and functional changes detected by functional magnetic resonance urography (fMRU) in children with
pelvicalyceal dilation, with suspected or known ureteropelvic junction obstruction.
Materials andmethods We retrospectively analyzed fMRUswith diffusion-weighted imaging (DWI) of the kidney in 35 subjects
(25 males; median age: 7.1 years, range: 0.3–22.7 years) with 70 kidneys (40 with pelvicalyceal dilation and 30 with no
pelvicalyceal dilation). Inclusion criteria were pelvicalyceal dilation, the absence of duplex kidneys and no ureteric dilation.
DWI was performed with 3 diffusion gradient directions (b values = 0, 200, 500, 800 and 1,000 s/mm2). Metrics for fMRU
included calyceal and renal transit times (CTT, RTT), time-to-peak (TTP), differential renal function based on volume (vDRF),
Patlak number (pDRF) and combined volume and Patlak number (vpDRF). The grades of pelvicalyceal dilation, cortical thinning
and corticomedullary differentiation were evaluated. The relationship between ADC values and the fMRU parameters was
analyzed.
Results ADC increases with age in kidneys without pelvicalyceal dilation (R2=0.37, P<0.001). Renal ADC does not correlate
with any of the morphological or fMRU parameters (P>0.07). The median ADC of kidneys without pelvicalyceal dilation was
3.73×10−3 mm2/s (range: 2.78–5.37×0−3 mm2/s) and the median ADC of kidneys with pelvicalyceal dilation was 3.82×10−3

mm2/s (range: 2.70–5.70×10−3 mm2/s). There was no correlation between ADC and the absolute differences of vDRF or pDRF
(P>0.33).
Conclusion Renal ADC does not correlate with morphological and functional results of fMRU changes in children with
pelvicalyceal dilation due to suspected or known ureteropelvic junction obstruction.

Keywords Apparent diffusion coefficient . Children . Diffusion-weighted imaging . Dilation . Kidney . Magnetic resonance
imaging . Urography

Introduction

Excretory urography and renal scintigraphy are the conven-
tional methods for evaluating renal excretion and function.

However, their use in children is limited because of their ra-
diation exposure and low resolution. Functional magnetic res-
onance urography (fMRU) is the current standard to evaluate
the urinary tract in children. fMRU lacks radiation, has high
spatial resolution and provides comprehensive morphological
and functional evaluation. However, fMRU results require
careful interpretation in cases of pelvicalyceal dilation, as we
lack absolute cutoffs for the fMRU parameters to determine
cases that require surgery or predict the outcome after surgery.
Diffusion-weighted imaging (DWI) measures the randommo-
tion of water molecules, which can be free or restricted by
cellular membranes or other barriers. Apparent diffusion co-
efficient (ADC) is a quantitative parameter that measures the
directionally averaged magnitude of diffusivity. ADC

* Maria A. Bedoya
bedoyam@email.chop.edu

1 Department of Radiology, The Children’s Hospital of Philadelphia,
34th Street and Civic Center Boulevard, Philadelphia, PA 19104,
USA

2 Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, USA

Pediatric Radiology (2019) 49:1032–1041
https://doi.org/10.1007/s00247-019-04395-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s00247-019-04395-4&domain=pdf
http://orcid.org/0000-0003-2725-7458
mailto:bedoyam@email.chop.edu


provides microstructural information about tissue microstruc-
ture by using the movement of water to probe extracellular
and intracellular extravascular spaces [1].

Currently, the most extensive application of DWI is in neu-
roimaging. In recent years, the clinical use of DWI in extra-
cranial organs, such as the kidneys, increased with the devel-
opment of faster imaging sequences (echoplanar and parallel
imaging), use of phased-array multichannel surface coils and
stronger diffusion gradients [2, 3]. Kidneys are one of the most
interesting organs to evaluate water diffusion because of their
function in water filtration, absorption and secretion. DWI has
been proven to be clinically useful in the characterization of
renal tumors [4–7], diagnosis and follow-up of pyelonephritis
[8–10], and evaluation of parenchymal diseases [11] and acute
renal transplant dysfunction [12].

The postnatal kidney undergoes complex maturation of
physiology and anatomy. Renal ADC values increase with
age, particularly during the first year of life [13, 14]. Based
on studies performed in adults, renal ADC correlates with
renal function, especially with the glomerular filtration rate
(GFR). ADC values may be useful to evaluate functional sta-
tus of kidneys with hydronephrosis [15, 16], chronic renal
failure [11, 17–19] and renal artery stenosis [18]. However,
the use of renal ADC values as a potential biomarker for renal
function has not been adequately validated. Studies show re-
nal parenchymal ADC values do not change in acute
obstructed kidneys in comparison to contralateral normal kid-
neys [20]. More importantly, there are few publications dem-
onstrating the correlation between ADC and renal function or
morphology in children [21–23]. The primary purpose of this
study is to evaluate the renal ADC age-related changes and the
relationship between renal ADC against the morphological
and functional changes detected by fMRU in children with
pelvicalyceal dilation, with suspected or known ureteropelvic
junction (UPJ) obstruction.

Materials and methods

Patients

This study was approved by the institutional review board
(IRB) of our hospital, and was performed in compliance with
the Health Insurance Portability and Accountability Act
(HIPAA). The requirement for informed consent was waived.
A DWI sequence is part of our institutional fMRU protocol
with the primary aim of improved detection and characteriza-
tion of incidental renal lesions. We retrospectively reviewed
all renal DWI sequences performed over a period of 3 years.
The inclusion criteria were complete fMRU exam, the pres-
ence of unilateral or bilateral pelvicalyceal dilation suggestive
of UPJ obstruction (pelvicalyceal dilation without ureteral di-
lation), pre-scan administration of furosemide and intravenous

hydration, axial DWI of the kidneys performed on 1.5-T mag-
nets and the availability of functional data. This search yielded
110 subjects. Exclusion criteria included suboptimal overlap
of fMRU post-contrast dynamic scans and DWI segmenta-
tions due to motion artifacts (n=37), presence of duplex kid-
neys (n=30), renal tumors (n=2) and suboptimal DWI se-
quences (n=6). The exclusion criteria were set to decrease
the likelihood of inappropriate placement of the regions of
interest (ROIs) as they are potential limitations to reliable seg-
mentation of the renal parenchyma. Inclusion criteria were
met by 35 subjects (10 girls and 25 boys; median age:
7.1 years, age range: 0.3–22.7 years) with 30 kidneys without
pelvicalyceal dilation and 40 kidneys with pelvicalyceal dila-
tion. Among the patients included in the study, the main indi-
cations of the fMRU were hydronephrosis and postsurgical
UPJ obstruction follow-up.

fMRU scan

fMRU images were acquired on a 1.5-T scanner (Avanto;
Siemens Healthcare, Erlangen, Germany) with a 6-channel
phased-array body matrix coil in combination with a 24-
channel spine coil. Children younger than 7 years (n=17) were
sedated using a combination of 0.1 mg/kg of midazolam,
0.1 mg/kg of fentanyl and 3 mg/kg of pentobarbital. All
fMRU images were acquired using the standard institutional
fMRU protocol. All children were hydrated with 20 cc/kg of
normal saline (0.9%) infused over 30–40min before scanning.
Furosemide (Lasix; Sanofi-Aventis, Paris, France) at 1 mg/kg
(maximum: 20 mg) was administered intravenously 15 min
b e f o r e i n t r a v e nou s i n j e c t i o n o f g a do l i n i um -
diethylenetriamine penta-acetic acid (DTPA) (Magnevist;
Bayer-Schering, Berlin, Germany) at a dose of 0.2 mmol/kg.
Pre-contrast images included sagittal T2 half-Fourier RARE
(rapid acquisition with relaxation enhancement) acquisition
(HASTE [half-Fourier acquired single-shot turbo spin echo])
(repetition time [TR]/echo time [TE], 1,100/99 ms; thickness,
3 mm; matrix, 256×202), axial and coronal high-spatial reso-
lution fat-saturated T2 turbo spin echo with motion reduction
(BLADE) (TR/TE, 6,000/102–145 ms; thickness, 3 mm; ma-
trix, 320×320), coronal T1 gradient-echo sequence (TR/TE
240/4.5 ms; thickness, 3 mm; matrix, 256×202), coronal
three-dimensional [3-D] T2 with fat saturation (SPACE [sam-
pling perfection with application optimized contrasts using
different flip angle evolution]) (TR/TE, 1,800/599 ms; thick-
ness, 1 mm; matrix, 384×357), and coronal 3-D T1 gradient
recalled echo (GRE) with fat saturation VIBE (volumetric
interpolated breath-hold examination) (TR/TE, 3.63/1.23;
thickness, 2 mm; matrix, 256×168). Post-contrast MR images
were acquired for the functional analysis using a 3-D fat-sup-
pressed T1-weighted gradient-echo sequence (VIBE) (TR/TE,
3.63–4.24/1.12–1.31 ms; flip angle, 30°; thickness, 2-3 mm
based on body size; no gap or overlap between slices; matrix,
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256×1,680). Functional dynamic images were repeated 55
times over a 15-min period with increasing pauses between
acquisitions.We obtained additional delayed post-contrast im-
ages in the prone position when contrast excretion was not
visualized in one or more ureters during the dynamic images.

fMRU analysis

fMRU post-processing The renal segmentation of the function-
al analysis was performed by a research fellow (D.K.) with
10 years of experience using the Children’s Hospital of
Philadelphia (CHOP)-fMRU software, which is written in
Interactive Data Language (Harris, Boulder, CO). This soft-
ware is available freely online (www.CHOP-fMRU.com)
[24]. Regions of interest (ROIs) were placed in the whole
renal parenchyma of the right and left kidney, including the
renal cortex and medulla. The pelvicalyces were not included
in the parenchymal fMRU ROIs. Calyceal transit time (CTT)
represents the time needed in seconds for the contrast agent to
reach the calyces once it is depicted in the aorta. Renal transit
time (RTT) is the time needed in seconds for the contrast agent
to reach the ureter, below the level of the lower pole of the
kidney; it is influenced by patient position, position of the
pelviureteric junction and extent of pelvicalyceal dilation. In
kidneys without excretion, the CTTand RTTare automatically
calculated as the time of the last delayed image [25]. Time-to-
peak (TTP) represents the time in seconds to reach maximal
parenchymal enhancement. Volumetric differential renal func-
tion (vDRF) is the split percentage of the renal function based
on the enhancing renal parenchymal volumes. Patlak differen-
tial renal function (pDRF) is the split percentage of the renal
function based on the generated Patlak numbers, a potential
indicator of the glomerular filtration rate (GFR) [24].
Differential renal functions are expressed for each kidney as
the percentage of relative volume or function to the overall
renal function of a subject. The absolute Patlak numbers are
calculated in order to generate the pDRF and combined volu-
metric and Patlak DRF (vpDRF) as a percentage [24]. All
these parameters were exported from the clinical fMRU data.
We calculated the difference between RTT and CTT for each
kidney (RTT-CTT) as an indicator of dilation and excretion in
seconds. Excluding the subjects with bilateral dilation, we
calculated the absolute difference in vDRF and pDRF be-
tween the normal and the dilated kidney in each subject.

Qualitative analysis of the fMRU Qualitative morphological
analyses were performed by a physician radiologist (K.D.)
with more than 20 years of experience in pediatric imaging
of the genitourinary system, as follows:

Pelvicalyceal dilation: We evaluated qualitatively the
presence of pelvicalyceal dilation of each kidney using
the axial high-spatial resolution fat-saturated T2 and the

coronal 3-D T2 with fat-saturation sequences. We used
the US grading of pelvicalyceal dilation by Riccabona
et al. [26] and as previously reported by Delgado et al.
[27]. This classification encompasses a six-grade scale,
from 0 (no pelvicalyceal dilation) to 5 (severe dilation).
Grades 0 and 1–2 were considered no or no significant
dilation with normal forniceal shape. Grade 3 had pelvic
dilation with reduced forniceal and papillary differentia-
tion. Grade 4 was the same as Grade 3 plus cortical thin-
ning. Grade 5 was marked dilation with severe cortical
thinning (membrane-like parenchyma) and loss of
pelvicalyceal configuration. For statistical purposes,
Grades 0 and 1–2 were considered to have no
pelvicalyceal dilation, and Grades 3 to 5 were considered
to have pelvicalyceal dilation
Pelvic and calyceal anteroposterior (AP) diameter: On
the axial high-spatial resolution fat-saturated T2 se-
quences, we measured the AP diameter (in mm) of the
intrarenal pelvis and the largest calyx of each kidney.
Corticomedullary differentiation: We evaluated the
corticomedullary differentiation, on the pre-contrast im-
ages, as normal or decreased.
Cortical thinning: We used all the images of the fMRU
study to evaluate cortical thinning of each kidney. A 4-
point scale was used as follows: 1=no cortical thinning,
2=mild cortical thinning, 3=moderate cortical thinning
and 4=severe (membrane-like) cortical thinning.
Renal enhancement: We used the nephrogram of the dy-
namic images, delayed post-contrast images and the renal
enhancement curves of the post-processing analysis to
evaluate the renal enhancement of each kidney [24]. A
3-point scale was used. Grade 1=normal, when normal
changes in the signal intensity of the nephrogram and the
enhancement curves were seen. In subjects with unilater-
al UPJ obstruction, the renal enhancement and curves
were symmetrical. Grade 2=decreased, when there was
a delayed or dense nephrogram with abnormal peak on
the enhancement curves. In unilateral UPJ obstruction,
the dilated kidney had an asymmetrical enhancement on
the nephrogram with a delayed peak compared to the
normal kidney. Grade 3=absent, when there was a com-
plete absence of renal enhancement on the post-contrast
dynamic series and delayed images.
Excretion: We used the post-contrast dynamic images
and the delayed images to evaluate the excretion of each
kidney. A 4-point scale was used. Grade 1=normal, when
the visualization of the contrast in the ureter was rapid. In
subjects with unilateral UPJ obstruction, the excretion
was symmetrical between the kidney without and with
dilated pelvicalyces. Grade 2=decreased, not clinically
relevant delay of contrast excretion; the ureter filled with
contrast was visible on the dynamic images. Grade 3=de-
creased, clinically relevant significant delay in the
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contrast excretion and the contrast in the ureter was not
visible on the dynamic images, but later on the delayed
images. Grade 4=absent excretion, a contrasted ureter
was not visible on the delayed images.

DWI scans and image analysis

Renal DWI was a free-breathing single-shot spin-echo
echoplanar sequence in the axial plane with TR/TE, 3,500-
4,700/73–108; bandwidth, 965 Hz per pixel; echo train length
0.47 ms, field of view, 384 mm at 100%; section thickness, 4–
7 mm; intersection gap, 0.4–0.7 mm; and matrix size,
128×128 mm with a 100% phase resolution and without in-
terpolation of the acquisition. The median voxel volume was
10.01 mm3 (7.6–34.9 mm3). Fat saturation was used to avoid
chemical shift artifacts. No oversampling or zoom technique
were used. A 3-directional diffusion-weighting gradient was
applied with b-values of 0, 200, 500, 800 and 1,000 s/mm2, 3
averages and a parallel imaging factor of 2. The average time
of acquisition was 1 min, varying based on the number of
slices.

ROIs of each renal parenchyma from the clinical
fMRU analysis were loaded semiautomatically over the
DWI data (Fig. 1). The ROI pixel coordinates from the
fMRU analysis file were converted into spatial coordi-
nates using the slice position and slice orientation
DICOM (Digital Imaging and Communications in
Medicine) tags from the fMRU scan. These coordinates
were converted back into pixel coordinates, but this time
using slice position and slice orientation DICOM tags
from the DWI sequence. Image overlays were created
and evaluated by a postdoctoral research fellow with
2 years of radiology experience for accuracy of the over-
lays. The ROI position was evaluated on a 2-point scale:
Grade 1=excellent ROI position of the right and left kid-
ney and Grade 2=suboptimal overlap of fMRU and DWI
segmentations due to patient motion between the func-
tional and DWI sequences. As previously stated, 37 cases
with suboptimal position of the renal ROIs were excluded.

ROIs were placed on the whole renal parenchyma as the
ADC maps were heterogeneous and it was not possible to
differentiate reliably the cortex and medulla in younger
children.

ADC maps were calculated from the DWI images with b-
values of 0, 200, 500, 800 and 1,000 s/mm2 using a mono-
exponential decay model with the following formula:

S bð Þ ¼ S 0ð Þ � e−ADC�b þ C

Where S(b) is signal intensity at b-value=b, S(0) is signal
intensity at b-value=0, and C is the noise plateau [28, 29].

Statistical analysis

All analyses were performed using SPSS statistical soft-
ware (version 21.0.0, IBM; Armonk, NY). Each kidney
unit was treated as an independent unit. The Shapiro-Wilk
test was used to evaluate the distribution of the data.
Linear regression of ADC values and age was performed
to determine the association of ADC and age. To assess
the correlation of ADC values and fMRU parameters,
hierarchical regressions were performed with ADC values
as the dependent variable and age entered first and fMRU
parameter second. The fMRU parameters encompassed
CTT, RTT, TTP, vDRF, pDRF, RTT-CTT, absolute differ-
ence in vDRF as well as in pDRF, grade of pelvicalyceal
d i l a t i o n , p e l v i c a l y c e a l A P d i am e t e r (mm ) ,
corticomedullary differentiation, cortical thinning, renal
enhancement and excretion. We performed the statistical
analysis for the whole sample counting each kidney as a
separate unit (n=70) and repeated it, splitting the analysis
based on the presence of pelvicalyceal dila t ion
(pelvicalyceal dilation, n=40, and no pelvicalyceal dila-
tion, n=30). Mann-Whitney, chi-square or Fisher tests
were performed to evaluate the difference of each fMRU
parameter s be tween k idneys wi th and wi thou t
pelvicalyceal dilation. P-values of less than 0.05 were
considered significant.

Fig. 1 3-D T1-weighted gradient
echo sequence with fat saturation
(a) and b=0 axial image (b) in a 9-
year-old-boy. The regions of
interest of the right (blue) and left
(green) renal parenchyma were
exported from the clinical
functional MR urography
analysis (a) and loaded
semiautomatically over the
diffusion-weighted imaging
(DWI) data (b)
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Results

Renal ADC correlation and age

ADC increases with age (R2=0.154, P=0.001) in the 70 kid-
neys. Splitting the analyses based on the presence of
pelvicalyceal dilation, ADC increases with age in the 30 kid-
neys without pelvicalyceal dilation (R2=0.363, P<0.001);
however, renal ADC does not correlate with age in the 40
kidneys with pelvicalyceal dilation (R2=0.053, P=0.161)
(Fig. 2).

Distribution of qualitative and quantitative
parameters of fMRU

Table 1 summarizes the distribution of the fMRU qualitative
parameters. The 30 kidneys without pelvicalyceal dilation had
normal corticomedullary differentiation, cortical thickness, re-
nal enhancement and excretion. Of the 40 kidneys with
pelvicalyceal dilation, 15.0% had severe (Grade 5)
pelvicalyceal dilation, 32.5% had decreased corticomedullary
differentiation, 15.0% had severe cortical thinning, 2.5% had
absent renal enhancement and 12.5% had absent excretion.
The distribution of these qualitative parameters was statistical-
ly different between kidneys without and with pelvicalyceal

dilation (P<0.021). Table 2 shows the median and range of the
fMRU quantitative parameters. The transit times and the dif-
ference between RTT-CTT are longer in the kidneys with
pelvicalyceal dilation (P<0.026). Even though the median of
the TTP was longer in the group with pelvicalyceal dilation, it
was only marginally significant (P=0.060). The differential
renal functions were statistically greater in the kidneys without
pelvicalyceal dilation (P<0.005). As expected, the
pelvicalyceal diameters were significantly greater in the group
with pelvicalyceal dilation (P<0.001).

Correlation of fMRU and ADC

As shown in Table 3, renal ADC does not correlate with any of
the morphological and fMRU parameters in the whole sample
analysis or in each individual group analysis (P>0.070). The
median ADC of kidneys without pelvicalyceal dilation was
3.73×10−3 mm2/s (range: 2.78–5.37×10−3 mm2/s) and the me-
dian ADC of kidneys with pelvicalyceal dilation was
3.82×10−3 mm2/s (range: 2.70–5.70×10−3 mm2/s). Figure 3
shows the absence of correlation of renal ADC and CTT and
calyceal AP diameter.

In children with unilateral pelvicalyceal dilation, the medi-
an absolute difference of vDRF was 7.7% (range: 0.5–43.9%)
and the median absolute difference of pDRFwas 7.1% (range:
0.2–53.7%). There was no correlation of ADC and the abso-
lute differences of vDRF or pDRF (P>0.332).

Discussion

The renal ADC values do not appear to correlate with any
morphological (grade of pelvicalyceal dilation, cortical thin-
ning, corticomedullary differentiation and pelvicalyceal AP
diameters) or functional (renal enhancement, excretion, CTT,
RTT, RTT-CTT, TTP, vDRF, pDRF, and absolute differences
vDRF and pDRF) findings of fMRU in children with
pelvicalyceal dilation. In addition, ADC increases with age
in kidneys without pelvicalyceal dilation; however, no corre-
lation was found between age and ADC in kidneys with
pelvicalyceal dilation.

As previously reported by Jones and Grattan-Smith [13]
and Delgado et al. [14], ADC increases with age in a healthy
cohort of children, particularly in the first 2 years. In our
cohort, the slope of the correlation with age and ADC was
not particularly greater in the first 2 years. This can be ex-
plained by the small sample size of those younger than 2 years
of age (n=8) and the heterogeneity of the morphology and
function of the group. The ADC increase with age in chil-
dren is not well understood as microstructural diffusivity
changes and renal perfusion changes of the developing
kidney occur at the same time. There are various reasons
why renal ADC does not correlate with age in kidneys with

Fig. 2 Correlation between renal apparent diffusion coefficient (ADC)
and age. Renal ADC increases with age in the 30 kidneys without
pelvicalyceal dilation (PCD) (R2=0.363, P<0.001); however, renal
ADC does not correlate with age in the 40 kidneys with PCD
(R2=0.053, P=0.161)
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pelvicalyceal dilation. First, in kidneys with pelvicalyceal
dilation there is a distortion in morphology and function of
the renal parenchyma. This group also encompasses differ-
ent degrees of pelvicalyceal dilation, parenchymal damage
or dysplasia, and restricted renal function. Second, the ef-
fect of the obstruction in the developing kidney is variable,
and it depends on individual factors such as time of onset,
location and degree of obstruction [30]. Third, kidneys
with dilated parenchyma are prone to motion artifacts,
have thinner ROI and reduced accuracy of ROI placement.

These factors predispose the ROIs to volume averaging
with surrounding tissues. Fourth, kidneys with similar
pelvicalyceal morphology may have different pressure
within the renal pelvis and parenchyma due to variability
between the degree of obstruction, urine production, im-
paired outflow, and pelvic size and distensibility. The latter
may be due to different ratios between collagen and
smooth muscle tissue [31]. Normal pressure can be
achieved with an adequate balance of these factors; how-
ever, the loss of balance can produce transient or

Table 1 Distribution of
qualitative parameters of fMRU
based on pelvicalyceal dilation

fMRU parameter No pelvicalyceal
dilation (n=30)

Pelvicalyceal
dilation (n=40)

P value*

Grade of pelvicalyceal
dilation

No dilation (Grades 1
and 1-2)

30 (100%) 0 (0%) <0.001

Grade 3 0 (0%) 17 (42.5%)

Grade 4 0 (0%) 17 (42.5%)

Grade 5 0 (0%) 6 (15.0%)

Corticomedullary
differentiation

Normal 30 (100%) 27 (67.5%) <0.001
Decreased 0 (0%) 13 (32.5%)

Cortical thinning No cortical thinning 30 (100%) 17 (42.5%) <0.001
Mild 0 (0%) 10 (25.0%)

Moderate 0 (0%) 7 (17.5%)

Severe 0 (0%) 6 (15.0%)

Renal enhancement Normal 30 (100%) 29 (72.9%) 0.021
Decreased 0 (0%) 10 (25.0%)

Absent 0 (0%) 1 (2.5%)

Excretion Normal 30 (100%) 11 (27.5%) <0.001
Decreased-no clinically

relevant
0 (0%) 15 (37.5%)

Decreased-clinically
relevant

0 (0%) 9 (22.5%)

Absent 0 (0%) 5 (12.5%)

*Chi-square or Fisher exact test were performed between the categorical variables (presence of pelvicalyceal
dilation vs. fMRU parameter)

fMRU functional MR urography

Table 2 Median and range of
quantitative fMRU parameters
based on pelvicalyceal dilation

Parameters Median (range) P value*

No pelvicalyceal dilation (n=30) Pelvicalyceal dilation (n=40)

CTT (s) 140 (99–199) 160 (99–9,120) 0.026

RTT (s) 180 (119–326) 509 (130–9,593) <0.001

RTT-CTT (s) 30 (0–142) 286 (0–9,179) <0.001

TTP (s) 150 (120–224) 170 (90–919) 0.060

vDRF (%) 52.9 (43.9–81.7) 47.7 (18.3–56.1) <0.001

pDRF (%) 53 (31.0–72.0) 47.9 (28–69) 0.005

Intrapelvic diameter (mm) 6.8 (2.5–14.0) 24.0 (7.3–64.0) <0.001

Calyceal diameter (mm) 2.0 (1.0–6.0) 12.5 (3.0–40.0) <0.001

*Mann-Whitney test

CTT calyceal transit time, fMRU functional magnetic resonance urography, pDRF Patlak differential renal func-
tion, RTT renal transit time, TTP time-to-peak, vDRF volumetric differential renal function
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permanent increase in pelvic pressure and therefore micro-
structural renal impairment that may not be visible on im-
aging [32].

Contradictory results have been reported regarding the use-
fulness of renal ADC values in evaluating pelvicalyceal dila-
tion. Our study showed results conflicting with several authors
who have proposed that renal ADC value has a potential cor-
relation with renal function, showing lower ADC values with
a decrease in GFR. Toyoshima et al. [15] found a positive
correlation between ADC values and GFR in hydronephotic
kidneys measured by scintigraphy; this study was done in
adults with multiple causes of hydronephrosis. Müller et al.
[33] described a decrease in renal ADC values 1-r post-ureter-
al obstruction in pigs. Kalayci et al. [16] reported that adult
kidneys with chronic pelvicalyceal dilation, from benign or

malignant etiology, had lower ADC values in comparison to
normal controls. Xu et al. [34] reported that ADC may be
useful in detecting tubulointerstitial injury, including atrophy
and fibrosis. Lin et al. [22] evaluated the renal ADC in kidneys
with UPJ obstruction in a pediatric population (age range:
5 months to 3 years) and compared it with their GFR, mea-
sured by scintigraphy. They reported that hydronephrotic kid-
neys with renal failure or decompensated renal function had
lower renal ADC values than the contralateral kidneys or the
control group. However, their analysis did not control the age
factor in relation to the ADC value and GFR. GFR and renal
ADC values increase with age, particularly in the first 2 years
of life [13, 35]. Several authors have found no difference in
the renal ADC values between the dilated and the non-dilated
kidneys in adults with unilateral ureteral obstruction and

Table 3 Correlation of renal
apparent diffusion coefficient
(ADC) values and fMRU
parameters using hierarchical
regressions controlling for age

fMRU parameter ADC correlation with fMRU parameters controlling age (P value)

Whole sample
(n=70)

No pelvicalyceal dilation
(n=30)

Pelvicalyceal dilation
(n=40)

Grade of pelvicalyceal dilation 0.424 N/A 0.092

Corticomedullary differentiation 0.239 N/A 0.417

Cortical thinning 0.108 N/A 0.108

Renal enhancement 0.929 N/A 0.802

Excretion 0.385 N/A 0.754

Intrapelvic diameter (mm) 0.104 0.422 0.213

Calyceal diameter (mm) 0.227 0.597 0.367

CTT (s) 0.504 0.960 0.637

RTT (s) 0.944 0.610 0.831

RTT-CTT (s) 0.609 0.482 0.456

TTP (s) 0.145 0.432 0.096

vDRF (%) 0.474 0.130 0.070

pDRF (%) 0.124 0.133 0.717

CTT Calyceal transit time, fMRU functional MR urography, pDRF Patlak differential renal function, RTT renal
transit time, TTP time-to-peak, vDRF volumetric differential renal function

Fig. 3 Scatterplots show the
absence of renal apparent
diffusion coefficient (ADC)
correlation with calyceal transit
time (CTT) in seconds (a) or
calyceal AP diameter in mm (b).
PCD pelvicalyceal dilation
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dilation of the collecting system [11, 20]. Macarini et al. [36]
reported that kidneys with hydronephrosis have higher renal
ADC values in comparison to normal kidneys. In our study, no
difference was found. Kocyigit et al. [21] evaluated renal
ADC in children with vesicoureteral reflux. They did not find
correlation between renal ADC values and grade of
vesicoureteral reflux or difference of ADC values with
controls.

The role of fMRU in clearly differentiating which kidneys
with suspected UPJ obstruction are really obstructed or in
predicting postsurgical outcome is still evolving [37]. Still,
the comprehensive information from qualitative evaluation
of the dynamic images and fMRU quantitative results, partic-
ularly in aggregate, are useful. There is high variability in the
outcome of obstruction on the renal parenchyma based on the
cause, the age of onset and the balance between the degree of
obstruction, urine production, pelvic reservoir, and vasoactive
factors and cytokines. Similar fMRU findings can be found in
kidneys with or without active obstruction. Pelvicalyceal di-
lation can occur in the absence of urinary obstruction. Dilated
renal pelvis or calyces do not necessarily mean that the renal
function is decreased or the kidney is obstructed [38]. Intrinsic
individual factors that may not be detected by fMRU have the
potential to alter the microstructural organization and there-
fore the diffusivity of the kidney.

We transferred the fMRU ROIs to the DWI data to be sure
we were comparing the same structural location in the func-
tional post-processing analysis and the ADC maps. The ROIs
were placed on the whole parenchyma because the renal pa-
renchyma had a heterogeneous ADC map and it was not pos-
sible to differentiate the medulla from the cortex as found in
multiple studies [15, 16, 18–20, 22, 36, 39]. Renal ADC has
been proven to be a reproducible measurement [11, 19, 36, 40];
however, the comparison of absolute ADC values with other
published studies is not possible because it varies based onMR

scanners, technique parameters, coils, magnetic fields, b-
values, ADC calculation formulas, ROI placements, hydration
states and diffusion encoding methods [40–42]. We included
constant b-values and the same MR system as well as those
scans with the standard prehydration and use of Lasix to avoid
intrinsic variability of ADC values.

We advocate for the addition of a DWI sequence in the
fMRU protocol due to its high diagnostic value in evaluating
subtle parenchymal diseases, such as infection and
hypercellular lesions. However, the analysis of the DWI se-
quence should focus on morphological interpretation of the
DWI images and the ADC maps instead of the quantitative
analysis of the ADC values. Our institutional protocol was
updated based on these results. Instead of using 5 b-values
(0, 200, 500, 800 and 1,000 s/mm2), we reduced the imaging
time by having only 3 b-values (0, 500 and 800 s/mm2). This
provides an adequate sequence to evaluate restriction patterns
in the renal parenchyma due to infection [8–10] or tumor
recurrence [4–6] that may not be identified on the convention-
al fMRU sequences; for example, Figure 4 shows a subtle
recurrent Wilms tumor that was not identified on conventional
sequences.

This study has several limitations related to its retrospective
nature. The 30 kidneys without dilation in the patients with
contralateral pelvicalyceal dilation may not entirely be free of
pathology and may have microstructural and functional com-
pensatory mechanisms that we could not assess. There is no
histopathological correlation of the renal parenchyma.
Creatinine levels are not routinely acquired in this patient
population at our institution; therefore, we could not correlate
renal ADC with GFR as several published data. The sample
was heterogeneous and some kidneys had prior surgery. For
the ROI placement, we assumed the patient does not move
between the fMRU and DWI sequences. Any motion will
cause the ROIs to be improperly placed. For that reason, we

Fig. 4 Normal axial T2 high-spatial resolution image (a) in a 2-year-old
boy with a history of Wilms tumor and left nephrectomy. Focal
parenchymal lesion with restricted diffusion pattern with high signal
intensity on the b=1,000 image (b) and low signal intensity on the

apparent diffusion coefficient (ADC) map (c). The imaging findings are
consistent with the final diagnosis of recurrent Wilms tumor confirmed
histologically
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were strict in the exclusion of the 37 cases with suboptimal
position of the renal ROIs. However, there is a degree of
subjectivity in such a selection. In the retrospective setting,
not all technical scan parameters can be controlled. The large
range of the slice thickness of the DWI sequences is such an
example.

Conclusion

Our study demonstrated that renal ADC does not correlate
with the morphological and functional results of fMRU
changes in children with pelvicalyceal dilation with suspected
or known UPJ obstruction.
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