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Abstract
Background Current protocols for functional MR urography
(fMRU) require long scan times, limiting its widespread use.
Objective Our goal was to use pre-defined criteria to reduce
the number of sequences and thus the examination time with-
out compromising the morphological and functional results.
Materials and methods The standard fMRU protocol in our
department consists of eight sequences, including a 17-min
dynamic post-contrast scan. Ninety-nine children and young
adults (43 male, 56 female, mean age 7 years) were evaluated
with this protocol. Each sequence was retrospectively ana-
lyzed for its utility and factors that affect its duration.
Results Mean scan time to perform the eight sequences, with-
out including the variable time between sequences, was
40.5 min. Five sequences were categorized as essential: (1)
sagittal T2 for planning the oblique coronal plane, (2) axial T2
with fat saturation for the assessment of corticomedullary dif-
ferentiation and parenchymal thickness, (3) coronal 3-D T2
with fat saturation for multiplanar and 3-D reconstructions, (4)
pre-contrast coronal T1 with fat saturation to ensure an appro-
priate scan prior to injecting the contrast material and (5) the

coronal post-contrast dynamic series. Functional information
was obtained after 8 min of dynamic imaging in the majority
of children. The coronal fat-saturated T2, coronal T1, and
post-contrast sagittal fat-saturated T1 sequences did not pro-
vide additional information. Because of the effects of
pelvicalyceal dilation and ureteropelvic angle on the renal
transit time, prone position is recommended, at least in chil-
dren with high-grade pelvicalyceal dilation.
Conclusion Comprehensive fMRU requires approximately
19 min for sequence acquisition. Allowing for time between
sequences and motion correction, the total study time can be
reduced to about 30 min. Four pre-contrast sequences and a
shortened post-contrast dynamic scan, optimally with the
child in prone position, are sufficient.
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Introduction

Functional MR urography (fMRU) has proved to be a valu-
able tool for the evaluation of complex urinary tract anoma-
lies. Use of this imaging modality has demonstrated improved
morphological and functional evaluation of the urinary tract
compared to US, CT and excretory urography [1–3]. Func-
tional information obtained with fMRU is similar to that of
scintigraphy [4–7].

The widespread use of fMRU in children is impeded not by
its diagnostic capability but by ancillary issues like high cost,
need for sedation and long duration of examination. Sequence
acquisition time, not including breaks and additional delayed
imaging, is about 45 min for many recommended fMRU
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protocols [4, 8]. In children requiring sedation, longer scan
times also mean longer and deeper sedation. The purpose of
this study was to comprehensively evaluate the standard
fMRU protocol used in our department, as well as in many
other centers, to determine the necessity and utility of each
sequence. The goal was to create an optimized fMRU protocol
that is short but still provides comprehensive morphological
and functional information.

Materials and methods

Patients

This retrospective study was approved by the institutional
review board and was performed in compliance with the
Health Insurance Portability and Accountability Act (HIPAA).
We identified fMRU studies by searching the radiology data-
base of our department for the period between July 2008 and
December 2010.

The inclusion criteria were the presence of all of our eight
standard sequences, comprising six pre-contrast (sagittal and
axial T2, coronal T1 and T2, coronal 3-D T1 and T2) and two
post-contrast sequences (coronal and sagittal T1). A total of 99
fMRU studies met the inclusion criteria. The group consists of
43 males and 56 females with a mean age of 7.0 years (range
1.1 months–19.2 years). One subject had a single kidney.
Complete duplication was present unilaterally in 17 and bilat-
erally in four subjects. Thus the 99 subjects had a total of 222
pelviureteral units. The indications for the fMRU studies were
as follows: pelvicalyceal dilation without ureterectasis
(n=57), pelvicalyceal dilation with ureterectasis (n=20),
complicated duplex collecting system (n=14) and ectopic
ureter (n=8).

Functional MR urography procedure and scan

Preparation for fMRU

Sedation is used for all children younger than 7 years. All
children received intravenous hydration prior to imaging. In
all patients bladder catheterization was performed using a Fo-
ley catheter without inflating the balloon. Initially all patients
were positioned in a supine position. The catheter was con-
nected to a urine bag and this was placed below the level of the
MR table to facilitate bladder emptying. Fifteen minutes prior
to the contrast agent injection, 1 mg/kg of furosemide, with a
maximum dose of 20 mg, was administered intravenously [4].

Functional magnetic resonance urography

The scans were performed using a 1.5-T Avanto® platform
(Siemens Healthcare, Erlangen, Germany). Either a 6- or a

9-channel body matrix coil was used in combination with a
24-channel spine coil for the acquisition of images. Table 1
includes sequence duration as documented in the scanner. The
total duration was 40 min 29 s, not including additional time
required for motion correction or breaks between sequences.
For post-contrast imaging, gadolinium-DTPA (Magnevist®;
Bayer-Schering, Berlin, Germany) was administered 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 at a slow rate adjusted for age. The
dynamic post-contrast scan included 55 coronal 3-D fat-satu-
rated T1-W gradient recalled echo (GRE) volumetric interpo-
lated breath hold examination (VIBE) series that were ac-
quired with increasing 2- to 42-s pauses between acquisitions.

Additionally, when contrast washout was not visualized in
one or more ureters during the dynamic scan, we obtained
additional delayed post-contrast 3-D fat-saturated T1-W
GRE VIBE with the patient in (1) supine position, (2) supine
and prone positions or (3) just prone position.

Functional MRU post-processing

Multiplanar reconstructions and 3-D volumetric reformats
were performed from the coronal fat-saturated 3-D T2-W
and coronal post-contrast dynamic sequences. For the func-
tional analysis we used a custom-made freeware (chop-fmru,
available at www.chop-fmru.com) [4]. Calyceal transit time
(CTT) and renal transit time (RTT) were recorded for each
pelviureteral unit. CTT is defined as the time it takes for the
contrast material to get from the aorta into the calyces. RTT is
defined as the time it takes for the contrast material to appear
in the ureter, at a level below the lower pole of the kidney,
from the time it was detected in the aorta [4].

Evaluation of duration of fMRU scan steps

The following times (hours:minutes:seconds) of the
fMRU examinations were recorded from the time stamp
on the images: first image of supine localizer, first im-
age of the first coronal post-contrast dynamic sequence,
last image of the last coronal post-contrast dynamic se-
quence without contrast enhancement of the aorta, and
first image of the sagittal high-resolution fat-saturated 3-
D T1-W sequence. In patients in whom delayed supine
imaging was carried out, the time of the last image of
the last delayed post-contrast fat-saturated 3-D T1-W
sequence was recorded. In those with delayed prone
imaging three additional times were recorded: last image
time before changing the patient’s position to prone,
first localizer image time in prone position, and last
image time of the prone delayed post-contrast 3-D T1-
W sequence. In patients in whom delayed supine and
delayed prone images were acquired, all the former
times were recorded.
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The following time intervals were defined:

(1) Standard protocol duration: from the first supine
localizer to the last sagittal high-resolution fat-saturated
T1-W image.

(2) Delayed supine protocol duration: from the first supine
localizer to the last delayed post-contrast 3-D T1-W
GRE image.

(3) Delayed prone with and without delayed supine protocol
duration: from the first supine localizer to the last de-
layed post-contrast 3-D T1-W GRE image in prone.

(4) Aortic contrast time: time taken for the contrast agent to
appear in the aorta after the start of the coronal post-
contrast dynamic series, i.e. duration from first coronal
post-contrast dynamic image to the last coronal post-
contrast dynamic image before contrast agent is detected
in the aorta.

(5) The time required to change the position from supine to
prone position, i.e. from the last post-contrast T1-W
GRE series to the first prone localizer image.

Evaluation of the utility of each sequence

The utility of each pre-contrast and post-contrast sequence
was evaluated based on the following preset subjective and

objective criteria and then classified as essential or non-
essential.

Pre-contrast sequences

Localizer and sagittal T2: Which of the two sequences is best
for planning the coronal planes? The sagittal T2 is used for
planning the oblique coronal plane that goes through the renal
hila, parallel to the ureters and aorta, and through the mid-
portion of the bladder. We evaluated whether the localizer
scan would suffice for optimal placement of the oblique cor-
onal plane or not. It was considered adequate if both kidneys,
the bladder and the aorta were depicted on the sagittal com-
ponent of the localizer sequence. If one or more of these was
not visualized it was labeled as inadequate.

Axial high-spatial-resolution fat-saturated T2: Are paren-
chymal changes frequent enough to warrant the performance
of this sequence? It was reviewed for normal or decreased
corticomedullary differentiation. In addition, a four-point or-
dinal scale was used to evaluate parenchymal thinning: grade
0=none, grade I=focal, grade II=multifocal and grade III=
diffuse.

Coronal T1: Does this sequence provide additional useful
information? Images were reviewed for the presence of addi-
tional diagnostic information not provided by other
sequences.

Table 1 Standard functional MR urography (fMRU) scans in supine position without delayed imaging: pre- and post-contrast sequences in order of
performance with duration of each sequence as provided by a 1.5-T scanner (Avanto®; Siemens, Erlangen, Germany)

Sequence Imaging parametersa Time (min:s)b

Pre-contrast

1. Localizer Axial, coronal and sagittal 2-D fast low angle shot (FLASH)
(TR/TE 15/5, 10 mm, matrix 256×128)

00:15

2. Sagittal T2 Sagittal T2 half-Fourier RARE acquisition (HASTE) (TR/TE 1100/99,
3 mm, matrix 256×202)

02:12

3. Axial high-spatial resolution fat-saturated T2 Axial T2 turbo spin echo with fat saturation and motion reduction
(BLADE) (TR/TE 6000/145, 3 mm, matrix 320×320)

04:32

4. Coronal T1 Coronal T1 GRE (TR/TE 240/4.5, 3 mm, matrix 256×202) 04:20

5. Coronal fat-saturated T2 Coronal T2 with fat saturation and motion correction (BLADE)
(TR/TE 6000/102, 3 mm, matrix 320×320)

03:51

6. Coronal fat-saturated 3-D T2 Coronal 3-D T2 with fat saturation (SPACE) (TR/TE 1800/599,
1 mm, matrix 384×357)

03:55

7. Coronal pre-contrast fat-saturated T1 GRE Coronal 3-D T1 GRE with fat saturation (VIBE) (TR/TE 3.63/1.23,
2 mm, matrix 256×168)

00:11

Post-contrast

8. Coronal post-contrast dynamic Coronal 3-D T1 GRE sequence with fat saturation ([VIBE], dynamic,
55 repetitions) (TR/TE 3.63/1.23, 2 mm, matrix 256×168)

16:56

9. Sagittal high-resolution fat-saturated T1 Sagittal T1 (VIBE) with fat saturation (TR/TE 3.70/1.32, 1 mm,
matrix 256×205)

04:17

Total time without additional delayed or prone scan 40:29

GRE gradient recalled echo, HASTE half-Fourier acquisition single-shot turbo spin-echo, RARE rapid acquisition with relaxation enhancement, SPACE
sampling perfection with application of optimized contrasts using different flip angle evolution, TE echo time, TR repetition time, VIBE volumetric
interpolated breath-hold examination
a The non-generic names of the sequences or motion correction method are in brackets
b The listed times do not include additional time incurred from motion correction or pauses between sequences
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Coronal fat-saturated T2: Does this sequence have extra
value? It was reviewed for the presence of additional diagnos-
tic information not provided by the axial high-spatial-
resolution fat-saturated T2 and the coronal fat-saturated 3-D
T2 sequences.

Coronal fat-saturated 3-D T2: This is an obligatory se-
quence for multiplanar and 3-D reconstructions, thus it was
not included in further evaluation.

Coronal pre-contrast fat-saturated T1 GRE: How often
does this sequence help to avoid a sub-optimal post-contrast
dynamic series? In the standard fMRU protocol a single cor-
onal pre-contrast fat-saturated T1-W GRE sequence is per-
formed. This sequence is used to help avert the acquisition
of coronal post-contrast dynamic series without an appropriate
field-of-view or degraded by motion. We evaluated the fre-
quency and reason of the repetition of this sequence.

Post-contrast sequences

Coronal post-contrast dynamic: Can we set the duration of the
dynamic series more objectively? This is an obligatory se-
quence for functional and additional morphological informa-
tion. Thus this was not included in further evaluation regard-
ing its importance. However, the duration of the dynamic
scan, which was set at 15 min, was indirectly evaluated
through the assessment of the transit times. To find an objec-
tive time span for the dynamic series, we documented the
highest CTT or RTT of each patient in whom all CTT or
RTT were available and calculated the 50th–90th percentiles
in steps of ten.

Sagittal high-resolution fat-saturated T1: Do we need this
sequence to determine the need to perform delayed scans or
change the position to prone? We evaluated the presence of
contrast layering, which prompts the performance of delayed
imaging or change in position of the patient to prone. Fluid-
fluid level was present if a layer of low signal intensity, urine,
was detected above a layer of high signal intensity, contrast
agent or contrast agent plus urine. We also evaluated contrast

layering on the last coronal post-contrast dynamic sequence
(directly preceding the sagittal high-resolution fat-saturated
T1). We compared the rate of contrast layering visualization
between the two sequences using as reference standard the
sagittal plane because the layering was easier to depict
(Fig. 1).

Evaluation of other variables related to patient positioning

Pelvicalyceal dilation

We qualitatively assessed the grading of pelvicalyceal dilation
using an adapted version of the Society of Fetal Urology
(SFU) classification by Riccabona et al. [9, 10]. This grading
encompasses six grades from 0 (no pelvicalyceal dilation) to
five (marked pelvicalyceal dilation with loss of the normal
configuration) (Fig. 2). Grades 3 and higher were defined as
high-grade pelvicalyceal dilation.

Ureteropelvic junction angle

With the patient in supine position the contrast agent settles in
the dependent part of the dilated renal pelvis. It takes time for
the contrast agent to reach the ureteropelvic junction. The
more anterior the junction, the longer it takes for the contrast
agent to appear in the proximal ureter. This is an angle mea-
surement modified for fMRU from the one used for percuta-
neous endopyelotomy [11]. It was measured on the axial high-
spatial resolution fat-saturated T2-W sequence in non-
duplicated kidneys (n=171). The optimal axial slice demon-
strating the renal hilum/ureteropelvic junction was selected, a
horizontal line parallel to the MR table was drawn just above
the spinal canal followed by a second line from the
ureteropelvic junction to the center of the kidney. The angle
between the above crossing lines, the ureteropelvic junction
angle, was measured. It was defined as positive if the
ureteropelvic junction was anterior to the horizontal line and
negative if below the line (Fig. 3).

Fig. 1 Contrast layering in a
2-year-old boy with ureteropelvic
junction obstruction is
demonstrated on single sample
images from the (a) sagittal
high-resolution fat-saturated
T1-W and (b) coronal
post-contrast dynamic MR
sequences
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Change in patient position

We evaluated whether there was ureteric contrast agent
in the prone delayed post-contrast 3-D T1-W images

that was not previously detected in the last dynamic
sequence in the supine position. The results were either
presence or absence of ureteric contrast agent on change
in position.

Fig. 2 Grading of pelvicalyceal dilation adapted from Riccabona et al.
[10] demonstrated with pre-contrast coronal fat-saturated T2-weighted
images. The degree of dilation is graded as: (a) grade 0 (3-year-old

girl), (b) grade 1 (3-year-old girl), (c) grade 2 (4-year-old girl), (d)
grade 3 (7-month-old boy), (e) grade 4 (10-month-old boy) and (f)
grade 5 (1-year-old girl)

Fig. 3 Ureteropelvic junction
angle. Axial high-spatial
resolution fat-saturated T2-
weighted images demonstrate (a)
positive and (b) negative
ureteropelvic junction angles in a
2-year-old boy and a 14-year-old
girl, respectively
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Statistical analysis

We used descriptive statistics to describe the distribution of
subjects, absence of corticomedullary differentiation, degree
of parenchymal thinning, additional information provided by
the coronal T1 sequence and the effect of changing the pa-
tient’s position to prone. We used the Shapiro–Wilk test to
assess the distribution of data. A Mann–Whitney U test was
used to find differences in the CTT and RTT related to the
presence of contrast layering of each pelviureteral unit. Spear-
man rho tests were used to find correlations among CTT, RTT
and the degree of pelvicalyceal dilation.We used linear regres-
sion to search for a relationship between CTT or RTT and the
ureteropelvic junction angle. The chi-square test was per-
formed to evaluate the relationship of fluid-fluid level with
the grade of pelvicalyceal dilation. The significance level for
differences was accepted at P<0.05. Statistical analyses were
performed using SPSS software (version 20; IBM Corp.,
Armonk, NY).

Results

Duration of fMRU scan steps

The mean duration of the different protocols is summarized
in Table 2 and Fig. 4. This time reflects the sequence

duration, time required for motion correction, repetition of
sequences and possible breaks between sequences. Only
33.3% of the patients had a standard protocol without
additional delayed imaging. The remaining 66.7% had
additional post-contrast delayed imaging in supine, in
prone or in both positions. The mean aortic contrast
time was 1 min 35 s (±36 s). For patients who
underwent prone imaging the mean time needed to change
the position of the patient from supine to prone was 11 min
1 s (±3 min 8 s).

Evaluation of utility of each sequence

Essential sequences

The following sequences were found to be essential based on
the preset subjective or objective criteria and were thus neces-
sary to incorporate into an updated fMRU scan protocol.

(1) Sagittal T2: Using the localizer, both kidneys were
visualized in 50 patients (50.5%) in coronal plane,
43 patients (43.4%) in axial plane and five patients
(5.1%) in sagittal plane. Therefore, the localizer as
set in the scan protocol is inadequate, making the
sagittal T2 sequence, which goes through the whole
trunk, essential for appropriate planning of the oblique
coronal planes.

(2) Axial high-spatial-resolution fat-saturated T2:
Corticomedullary differentiation and parenchymal thin-
ning are best appreciated on this high-resolution se-
quence. These two parameters are necessary for correla-
tion with the renal functional results [8]. We found de-
creased corticomedullary differentiation in 33/99
(33.3%) patients (46/222 pelviureteral units, or
20.7%). Parenchymal thinning was present in one or
both kidneys in 54/99 (54.5%) patients (74/222,
pelviureteral units, or 33.3%). The distribution of the
degree of parenchymal thinning per pelviureteral units
was as follows: 17 (7.6%) focal, 7 (3.2%) multifocal and
50 (22.5%) diffuse. The detection of a high number of

Table 2 Duration (hours:minutes:seconds) of the various functional
MR urography (fMRU) protocols

Protocol n (%)* Mean Min Max

Standard 33 (33.3%) 1:04:33 0:41:41 2:12:58

Delayed supine 39 (39.4%) 1:16:33 0:50:36 1:51:31

Delayed prone without
delayed supine

10 (10.1%) 1:31:39 1:05:39 1:52:13

Delayed prone with
delayed supine

17 (17.2%) 1:38:38 1:10:36 2:30:52

*Percentages in parentheses denote the portion of examinations out of the
total 99 studies performed with the respective protocol

Max maximum, Min minimum

Fig. 4 Schematic presentation of
the mean time to perform the
standard functional MR
urography (fMRU) protocol with
different procedural steps.
Percentages in parentheses denote
the portion of examinations out of
the total 99 studies performed
with the respective protocol. Sag
sagittal
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pathological findings justifies the use of this scan,
which is also the only one in the axial plane in the
fMRU scan protocol.

(3) Coronal pre-contrast fat-saturated T1 GRE: In 16/99
(16.2%) studies it was necessary to repeat this sequence.
The reasons for repeating the sequence were patient mo-
tion (n=7), incomplete field of view (n=6) and no retro-
spectively apparent reasons (n=3). If single coronal pre-
contrast fat-saturated T1-W GRE scans had not been
done, the subsequent coronal post-contrast dynamic
scans may have turned out to be inadequate in at least
13/99 (13.1%) studies, making functional analysis and
post-processing difficult or impossible. Performing this
short sequence definitely averted such problems in a
substantial number of studies.

(4) Coronal post-contrast dynamic: This sequence is manda-
tory for comprehensive functional evaluation. Because
of markedly reduced renal function and delayed washout
into the ureters we were able to determine the CTT in
213/222 (95.9%) pelviureteral units and the RTT in 188/
222 (84.7%) pelviureteral units. Ninety (90.9%) patients
had CTT values in all pelviureteral units and 64/99
(64.6%) patients had RTT values in all pelviureteral
units. The means and percentiles of the longest CTT
and RTT per patient are summarized in Table 3. In half
of the studies the longest CTT and RTT were 2.5 and
3.7 min, respectively. In 80% of the patients, the contrast
agent reached the calyces in 3 min and the proximal
ureter in about 6 min. The 80th percentile is just above
the means for the longest CTT and RTT per patient. For
the functional analysis, only the time period equivalent to
the CTT is required. Our standard dynamic series lasted
almost 17 min but the 80th percentile for the RTT is
about 6 min. This means that in most patients the dura-
tion of the dynamic series could have been cut. To the
6.3-min RTT it is necessary to add the 80th percentile of
the aortic contrast time, which was 1.8 min. Thus until
the contrast agent reaches the proximal ureter the longest

duration in 80% of the cases is the sum of the two time
points, 6.3 min plus 1.8 min, i.e. 8.1 min. Thus we now
have objective evidence for selection of the most appro-
priate duration for the dynamic post-contrast series.

Non-essential sequences

The following sequences were not found to be essential ac-
cording to the preset subjective or objective criteria and thus
could be omitted in an updated fMRU scan protocol.

(1) Coronal T1: In one patient, this sequence helped in the
characterization of a Tarlov cyst. In the other 98 patients
this sequence did not provide additional diagnostic
information.

(2) Coronal fat-saturated T2: This sequence did not provide
additional diagnostic information in comparison with the
axial high-spatial resolution fat-saturated T2 and coronal
fat-saturated 3-D T2 sequences.

(3) Sagittal high-resolution fat-saturated T1: We found con-
trast layering in 49/222 (22.1%) pelviureteral units on the
sagittal high-resolution fat-saturated T1 sequence and in
41/222 (18.5%) pelviureteral units on the last series of
the coronal post-contrast dynamic sequence. The sensi-
tivity and specificity of the last coronal post-contrast dy-
namic series in comparison with the sagittal high-
resolution fat-saturated T1 sequence for determining
contrast layering were 97.6% (confidence interval [CI]
95%: 85.6–99.9) and 95% (CI 95%: 90.5–97.6), respec-
tively. Consequently, for the purpose of detection of the
contrast layering, the coronal post-contrast dynamic im-
ages suffice and the sagittal sequence was deemed
unnecessary.

Other variables related to patient positioning

Grading of pelvicalyceal dilation

The distribution of the grades of pelvicalyceal dilation in the
222 pelviureteral units, i.e. both sides to be evaluated, and
where applicable the contralateral normal sides, were as fol-
lows: 26 (11.7%) grade 0, 77 (34.7%) grade 1, 48 (21.6%)
grade 2, 18 (8.1%) grade 3, 36 (16.2%) grade 4 and 17 (7.7%)
grade 5. A positive correlation between RTT and the grade of
pelvicalyceal dilatation was found (Spearman rho test
P<0.001, r=0.495). Using the same test no significant corre-
lation with the CTT was found (P=0.27) (Fig. 5). Thus the
mere increase in RTT does not necessarily mean an obstruc-
tion. With the patient in supine position this may just be the
consequence of high-grade pelvicalyceal dilation. With the
patient in supine position the correct interpretation of the

Table 3 Patients in whom the calyceal transit times (CTTs) and renal
transit times (RTTs) were possible to determine, with the means of the
longest CTTs andRTTs and the 50th–90th time percentiles inminutes (min)

Mean Longest CTT/patient
(min) (n=90)

Longest RTT/patient
(min) (n=64)

2.7 5.6

Percentiles

50th 2.5 3.7

60th 2.6 4.1

70th 2.8 5.0

80th 3.0 6.3

90th 3.6 9.3
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RTT result needs to take into account the existing degree of
pelvicalyceal dilation.

Ureteropelvic junction angle

The mean ureteropelvic junction angle for the 171 kidneys
without duplicated renal collecting systems was 28.3° (range
−17° to 80°). A positive angle was seen in 167 kidneys
(97.7%), a negative angle in 4 (2.3%) kidneys. We found a
positive correlation between ureteropelvic junction angle and
RTT (linear regression: r=0.3, P<0.001). No significant cor-
relation was found between ureteropelvic junction angle and
CTT (P=0.53). With the patient in supine position, the more
anterior the junction between the renal pelvis and ureter the
longer it takes for the contrast agent to wash out. Consequent-
ly, similar to the grade of pelvicalyceal dilation, ureteropelvic
junction angle needs to be taken into consideration for the
appropriate interpretation of the RTT result. With the patient

in supine position the combination of high-grade pelvicalyceal
dilation and high-positive ureteropelvic junction angle result-
ed in a longer RTT.

Assessment of contrast layering in the renal collecting system

We found contrast layering in 49/222 (22.1%) pelviureteral
units. The median CTT and RTT for pelviureteral units with
contrast layering were 2.5 and 5.3 min, respectively. Contrast
layering was absent in 173/222 (77.9%) pelviureteral units,
with a median CTT and RTT of 2.3 and 2.8 min, respectively.
UsingMann–WhitneyU test we found a significant difference
in the RTT between patients with and without contrast
layering (P<0.001). No definite significance was found in
the CTT between patients with and without contrast layering
(P=0.053). There was a significant correlation between the
presence of contrast layering and the grade of pelvicalyceal
dilation (chi-square test: X2 =117.1, P<0.001). The
pelviureteral junction angle was significantly higher in pa-
tients with contrast layering compared to patients without con-
trast layering (Mann–Whitney U test P<0.001).

Change in patient position

Scans were performed in supine position followed by prone
position in 27 patients (59 pelviureteral units). In this popula-
tion, contrast agent was seen in the proximal ureter in 39/59
pelviureteral units (66.1%) during supine imaging. The distri-
bution of the grades of pelvicalyceal dilation in the 20
pelviureteral units without ureteric contrast agent was as fol-
lows: three grade 0, one grade 1, three grade 2, two grade 3,
seven grade 4 and four grade 5. The mean ureteropelvic junc-
tion angle in the 20 pelviureteral units without ureteric con-
trast agent was 34.3°. Eleven of the 20 pelviureteral units had
high-grade pelvicalyceal dilation and exhibited contrast
layering. In prone position contrast agent immediately ap-
peared in the proximal ureter in 13/20 (65%) pelviureteral
units. Out of these 13 pelviureteral units, high-grade
pelvicalyceal dilation was present in 9/13 (69.2%). Thus scan-
ning in prone was helpful in facilitating the contrast washout
in a significant number of pelviureteral units in which contrast
agent was not present in supine imaging. This is of greater
importance in children with high-grade pelvicalyceal dilation.

Shorter and optimized fMRU protocol

Given these findings, the number of the fMRU sequences can
be reduced to incorporate basically three pre-contrast scans,
one pre-contrast test scan prior to contrast administration and
one post-contrast dynamic series comprised of 39 repetitions
shortened to 8 min (Table 4). Thus the total scan time without
including the breaks between sequences can be reduced from
40 min 29 s to 18 min 58 s, i.e. a 53% reduction. With the

Fig. 5 Grades of pelvicalyceal dilation (0=none to 5=marked dilation
with loss of contour) in relation to (a) the median renal transit times (RTT)
and (b) median calyceal transit times (CTT) in minutes
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dynamic series set at 8 min in 20% or fewer patients, addi-
tional single or multiple delayed fat-saturated T1 GRE se-
quences may be needed, at least with the patient in supine
position. The mean time each patient spent on the MR table
using our former protocol was 1:04 h with about 37% of the
total scan time devoted to time between sequences and other
technical factors. Accordingly, if we increase the duration of
the optimized fMRU scan time of 19 min by a similar mea-
sure, the duration of the fMRU examination in most patients
should be about 30 min. The short protocol can only be main-
tained by avoiding delay in contrast washout caused by patient
positioning. This is best achieved by conducting the fMRU in
prone position, particularly in children with high-grade
pelvicalyceal dilation or high positive ureteropelvic angle.

Discussion

The purpose of this study was to optimize and shorten the
fMRU protocol without affecting its diagnostic information.
After analyzing each sequence according to its diagnostic val-
ue, we put together a shorter optimized protocol with a signif-
icant reduction of the total scan time. The optimized fMRU
protocol should be carried out in prone position. In this way it
is possible to eliminate the negative effects on the RTT of
high-grade pelvicalyceal dilation and high positive
pelviureteral junction angle. The gadolinium contrast agent
settles in the dependent part of the pelvicalyces because it
has higher specific gravity than urine. In the supine position
the dependent part is usually farthest from the ureteropelvic
junction. These factors contribute to a delay in appearance of

contrast agent in the ureter. Performing the fMRU in prone
position can not only avert the need for delayed scans but
also prevent the need to later flip the patient from supine
to prone position. We do get contrast layering in the prone
position; however in this position the pelviureteral unit
located anteriorly in 98% of the patients becomes the de-
pendent part and thus the washout of the contrast agent is
facilitated. For this reason, the contrast layering does not
affect the RTT.

We found a positive correlation between RTT and grade of
pelvicalyceal dilation as well as degree of ureteropelvic junc-
tion angle. This poses difficulty in interpreting the RTT results
using our standard protocol in supine position. Similarly, the
use of reported cut-offs for the RTT, generated with the study
in supine position, in categorizing a dilated pelvicalyceal sys-
tem as obstructed and non-obstructed poses challenges [11]. It
has been described that the insertion of the ureter in the renal
pelvis has an influence on the drainage, so the interpretation of
the RTT should take this into consideration [7, 12]. Using the
ureteropelvic junction angle, a more objective assessment of
this relationship could be achieved. The RTT may also be
affected by the position of the patient, particularly in the pres-
ence of pelvicalyceal dilation [13, 14]. Consequently, we can-
not compare the values of RTTs generated in supine position
to those obtained when starting the fMRU in prone position.
We require new cut-offs for the RTTs for appropriate interpre-
tation. In comparison, the CTT is not affected by the grade of
pelvicalyceal dilation, the degree of ureteropelvic junction an-
gle or the position of the patient. The absence of effect of
pelvicalyceal dilation on CTT may be explained by the pro-
tective effect that compliant pelvicalyceal systems have on the
nephron by reducing the pressure transmitted upward [15, 16].
Because the CTT only includes the washout of contrast agent
through the renal parenchyma, this measurement is not affect-
ed by the presence of contrast layering in the pelvicalyceal
system.

We have objectively demonstrated the variables that lead to
a delay in contrast washout during an fMRU. We found that
changing position from supine to prone helped to facilitate
contrast washout in 65% of the pelviureteral units in which
no contrast agent was seen in the ureter in supine imaging. In
addition, it is important to realize that the repositioning from
supine to prone took on average 11 min. Conduction of the
fMRU in prone position appears to be the simplest way to
counteract the contrast washout delaying variables. There are
a number of factors to consider prior to making the decision to
carry out the study with the patient prone. First, the position-
ing plays a role only for the post-contrast dynamic series. In
the case where just a pre-contrast imaging is performed for
morphological evaluation and without intravenous contrast
administration, prone positioning is not necessary. Second, it
also depends what technique is used for the fMRU. If the
functional analysis does not incorporate a segmentation of

Table 4 Optimized functional MR urography (fMRU), preferably in
prone position, with minimum essential sequences for maximum
morphological and functional information, has a total duration of less
than 19 min to acquire the sequences, with an estimated total study time
of about 30 min

Optimized functional MR urography
(fMRU) protocol

Time (minutes:seconds)

Pre-contrast sequences

1. Localizer 00:15

2. Sagittal T2 02:12

3. Axial high-spatial-resolution
fat-saturated T2

04:32

4. Coronal fat-saturated 3-D T2 03:55

5. Coronal pre-contrast fat-saturated
T1 GRE

00:11

Post-contrast sequence

1. Coronal post-contrast dynamic 07:53

Total time without delayed sequences 18:58

GRE gradient recalled echo
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contrasted pelvicalyces with an excretion curve, or the func-
tional interpretation is primarily based on the CTT and other
functional results and the RTT does not play an important role,
a supine positioning may suffice. Third, the indication for the
fMRU should also be a deciding factor in how to position the
patient. Prone positioning is primarily important if there is the
question of ureteropelvic junction obstruction. This may be
for initial evaluation or as a follow-up for post-pyeloplasty.
Other indications such as the assessment of pyelonephritis or
renal scarring or renal tumor do not require prone positioning
[17].

There may be concerns about the management of the air-
way for sedation or anesthesia in the prone position. A prone
position mechanical ventilation has been used for prolonged
times in pediatric patients with acute lung injury without sig-
nificant differences in the rate of endotracheal tube leak, times
of extubation, and episodes of transient desaturations [18, 19].
No significant hemodynamic changes have been reported [18,
19]. At our institution sedation or anesthesia is provided by a
dedicated team. Each patient is evaluated prior to the proce-
dure, taking into account the patient’s age, clinical history and
examination indication, before decisions are made as to
whether to use sedation or anesthesia and whether an endotra-
cheal intubation or the use of a laryngeal mask is needed. In
patients undergoing moderate-to-deep sedation with sponta-
neous breathing it is sometimes difficult to have appropriate
ventilation. Thus in these patients changing back to supine
position may be necessary. Two years after the implementa-
tion of the fMRU in prone position in our institution, it ap-
pears to be well tolerated by our patients and our anecdotal
experience is that there is no increase in the complication rates
related to sedation/anesthesia; nevertheless, future studies
need to look into this change in further detail.

In some patients additional sequences or modification of
the optimized fMRU protocol may be required. In patients
with ectopic ureter or genital abnormalities a pre-contrast axial
high-resolution fat-saturated T2-W sequence of the pelvis
may provide important additional information. If the bladder
is completely empty and a possible ectopic insertion is diffi-
cult to evaluate, clamping the bladder catheter until the start of
the post-contrast series may help to distend the bladder and
better localize the ureteral insertion. When a calyceal divertic-
ulum is suspected, long delayed post-contrast scans may be
necessary if contrast is not noted earlier in the cystic space
[20]. In children after pyeloplasty, it might be necessary in
fMRU studies to wait longer in order to compare the contrast
washout in the proximal ureter or the RTT to that before
surgery.

To set the dynamic scan duration we took the 80th percen-
tile of the longest CTTand RTT per patient because these were
just at the means for both values at this percentile. There is
room for variation. If the radiologist is at the scanner it is easy
to actively follow the dynamic scan and stop when adequate

contrast is reached. Probably this would provide an individu-
alized and highly tailored approach and lead to significant
shortening of the dynamic series. In the settings where the
radiologist cannot monitor the study at the scanner, protocols
have to be in place with a set time for dynamic scans. As our
results indicate, if we use the 50th percentile a 5-min dynamic
series may suffice. If the fMRU is primarily based on the CTT
it is even possible to further shorten the scan. Indications for
such a short protocol may include patients coming for evalu-
ation for pyelonephritis or renal scarring or renal tumors [17].

The study does have a number of limitations. The standard
fMRU protocol fromwhich we started as a baseline is one that
is used with minor modifications by many but not necessarily
all institutions. Thus the extent of the reduction in the fMRU
scan duration may not apply equally to all users. Furthermore,
our sequences are tailored to one specific scanner. We ac-
knowledge the variation of the type of sequences and scan
durations among scanners of different manufacturers. The
evaluation of the utility of the specific sequences was based
on practical criteria, but there is some subjectivity to this se-
lection. The group that went on to have additional scans in
prone position is a smaller group in comparison to the larger
study cohort. Though we have clear evidence of fast and im-
proved contrast washout in the prone position, this was not
evaluated in all our patients. Nevertheless, we were able to
conduct a relatively objective evaluation of our standard
fMRU protocol and demonstrate that we can perform opti-
mized, focused and shorter fMRU studies and still obtain
comprehensive morphological and functional information.

The reduction by almost half of the fMRU duration has
positive implications with regard to MR scanner access and
sedation reduction. We anticipate further improvements in
scan time and contrast washout in most children by
performing fMRU studies primarily in prone position for
those with high-grade pelvicalyceal dilation or high positive
degree of the pelvicureteric angle. We expect that a shorter,
more efficient fMRU examination will facilitate more wide-
spread use of fMRU in pediatric uroradiologic evaluations.
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