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Abstract

The goal of functional renal imaging is to identify and quantitate irreversible renal damage

and nephron loss, as well as potentially reversible hemodynamic changes. MR urography has
evolved into a comprehensive evaluation of the urinary tract that combines anatomical imaging
with functional evaluation in a single test without ionizing radiation. Quantitative functional MR
imaging is based on dynamic contrast-enhanced MR acquisitions that provide progressive, visible
enhancement of the renal parenchyma and urinary tract. The signal changes related to perfusion,
concentration and excretion of the contrast agent can be evaluated using both quantitative and
qualitative measures. Functional evaluation with MR has continued to improve as a result of
significant technical advances allowing for faster image acquisition as well as the development
of new tracer kinetic models of renal function. The most common indications for MR urography
in children are the evaluation of congenital anomalies of the kidney and urinary tract including
hydronephrosis and renal malformations, and the identification of ectopic ureters in children with
incontinence. In this paper, we review the underlying acquisition schemes and techniques used

to generate quantitative functional parameters including the differential renal function (DRF),
asymmetry index, mean transit time (MTT), signal intensity versus time curves as well as the
calculation of individual kidney glomerular filtration rate (GFR). Visual inspection and semi-
quantitative assessment using the renal transit time (RTT) and calyceal transit times (CTT) are
fundamental to accurate diagnosis and are used as a basis for the interpretation of the quantitative
data. The importance of visual assessment of the images cannot be overstated when analyzing the
quantitative measures of renal function.

Introduction

In pediatric imaging, quantitative tests of renal function are used to identify the presence
of renal disease, determine its progression, decide when surgery is needed and monitor the

response to treatment. Traditional imaging assessment of the kidneys is based on measuring

renal mass or renal uptake and excretion as surrogate markers of renal function.

Over the last two decades, MR urography has evolved into a comprehensive evaluation of
the urinary tract that combines anatomical imaging with functional evaluation in a single

test without ionizing radiation [1,2,3,4,5,6,7,8]. Functional MR imaging is based on dynamic

contrast-enhanced MR acquisitions that provide progressive, visible enhancement of renal
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parenchyma and urinary tract. The signal changes related to perfusion, concentration and
excretion of the contrast agent can be evaluated using both quantitative and qualitative
measures. Several authors have shown that MR urography provides comprehensive
evaluation of urinary tract abnormalities similar to, or better than, renal scintigraphy
[1,9,10,11,12,13,14,15]. The interpretation of MR urography is based on the principles
established by intravenous urography but takes advantage of its greater intrinsic spatial,
contrast and temporal resolution [16,17,18].

The initial functional applications of MR urography mimicked diuretic renal scintigraphy
in assessing renal drainage by calculating renal transit times, measuring relative renal
function of the kidneys and generating signal intensity and time curves [19,20,21].
Functional evaluation with MR has continued to improve as a result of significant technical
advances allowing for faster image acquisition as well as the development of new tracer
kinetic models of renal function [1,2,3,4,5,6,7,8]. Recent technical advances have shown
quantitative MR to be both feasible and reliable for calculating the glomerular filtration
rate (GFR) in children [22]. Several groups have described different approaches to MR
urography with variations both in the imaging protocols as well as methods used to perform
functional analysis [23,24,25,26,27]. Variations in imaging technique differ in the approach
to sedation, timing of furosemide administration, as well as the administration and dose

of contrast agent. While no consensus protocol has been established, we currently prefer
three-dimensional (3-D) techniques, especially with the development of compressed sense
reconstructions and parallel imaging with high acceleration factors. Golden angle radial
sparse parallel MRI (GRASP-MRY) is a particularly attractive option because of its motion
insensitivity.

The most common indication for MR urography in children is the evaluation of congenital
anomalies of the kidney and urinary tract including hydronephrosis, renal malformations,
and identification of ectopic ureters in children with incontinence. Accurate functional
evaluation in these children is essential to guide their management.

In this paper we review the underlying acquisition schemes and techniques used to
generate quantitative functional parameters including the differential renal function (DRF),
asymmetry index, mean transit time (MTT), signal intensity versus time curves as well

as the calculation of individual kidney GFR. Visual inspection and semi-quantitative
assessment using the renal transit time (RTT) and calyceal transit times (CTT) are
fundamental to accurate diagnosis and are used as a basis for the interpretation of the
quantitative data. With MR urography, the functional analysis must be correlated with

the anatomical appearance to provide comprehensive assessment of the urinary tract
pathophysiology.

Overview of renal function

The functions of the kidney are complex and include: (1) excretion of surplus water and the
final metabolic products; (2) maintenance of the constant composition of body fluids; (3)

preservation of the acid—base balance; and (4) endocrine function manifested as production
and release of erythropoietin, renin and 1,25 dihydroxycholecalciferol. The mechanisms of
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renal function are glomerular filtration, tubular reabsorption and tubular secretion, which
produces the excreted urine. Renal function is determined by both the number and the
quality of nephrons. Currently, GFR estimates are the best overall indices of the level

of renal function because assessing tubular function is more complicated than assessing
GFR. Traditionally it has been assumed that renal tubular function declined in parallel with
glomerular filtration, but this assumption has been challenged in people with moderate or
severe chronic kidney disease [28]. It should also be noted that the majority of frequently
used clinical tests for assessing GFR (such as serum creatinine and cystatin C, and nuclear
medicine tests such as Tc-99 m DTPA [technetium-99 m-diethylene-triamine-pentaacetate])
reflect the global (combined) renal function of both kidneys rather than single kidney
function.

Glomerular filtration rate is the product of nephron number and single-nephron GFR.
Following nephron loss, compensatory changes in surviving nephrons are commonly
observed in clinical practice [29]. This leads to less striking loss of total renal function
than anticipated by the extent of anatomical damage. In fact, the earliest nephron losses
are likely to be invisible because of functional compensation, which keeps the GFR in the
normal range. This presumably explains why most people have normal renal function in
the presence of unilateral renal disease. Any deficit in the number of nephrons at birth or
a subsequent loss of nephrons is permanent. If there is a loss of nephrons, hemodynamic
changes increase the single-nephron GFR to preserve renal function in the short term, but
long-term this is a maladaptive response because it preserves whole-kidney GFR at the
expense of progressive nephron injury [30].

Nephrogenesis begins in the fetus and is completed in humans by term, and no new
nephrons are formed after birth [29]. Neonatal kidneys are structurally and functionally
immature. After birth there is continued structural and functional maturation of the kidneys.
The kidney glomeruli occupy a much larger cortical volume during the first 2 months after
birth (18%) in comparison with adults (8.5%) [31]. The GFR increases rapidly during the
first 3 months after birth and then increases more slowly until the adult level is reached

at the end of the 2nd year. The kidney reaches its full anatomical and functional maturity
by the end of the third decade of life. Most maturational (as well as compensatory) renal
growth is primarily dependent on proximal tubular growth [32]. The proximal tubular mass
constitutes more than 50% of the volume of the normal kidney, and growth of the proximal
tubule accounts for the increasing size of the kidney from late gestation through early
childhood. Proximal tubule length increases from 2 mm at birth to 12 mm in the adult and its
rate of growth outstrips that of the glomerulus [33].

The number of nephrons per kidney is highly variable and averages about 900,000, with a
range from 210,000 to 2.7 million nephrons [34]. Current methods for calculating nephron
number in living humans require a kidney biopsy and calculation of cortical volume [34].
Like many human organs, the kidneys have innate mechanisms to adapt to increased “work
demand” or stress. The kidney has a functional reserve capacity both at the glomerular

and tubular levels [35,36,37]. In normal people, baseline GFR changes throughout the

day depending on the physiological requirements. GFR can also increase in response

to stimuli such as acute oral protein load or intravenous amino acid infusion. Nephron
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number and single-nephron GFR are fundamental properties of the kidney that if measured
independently might help distinguish irreversible nephron loss from reversible changes in
renal hemodynamics.

Evaluation of renal tubular function is challenging and has received little attention

from an imaging standpoint. The renal tubule is tasked with an enormous portfolio

of responsibilities, most notably the handling of electrolytes, water and amino acids,
catabolism of various proteins and the active secretion of endogenous and exogenous acids.
The tubular flow rate of urine depends in large part on the GFR, which is regulated by

the tubuloglomerular feedback and the myogenic mechanism [38]. The tubuloglomerular
feedback system is a key regulator of GFR and the delivery of water and electrolytes to the
distal nephron. A higher blood pressure in the glomerulus increases single-nephron GFR and
raises the rate of fluid flow throughout the tubule. In normal kidneys, approximately 99%
of the glomerular utrafiltrate is reabsorbed in the tubules. In a healthy individual the two
components of the nephron — glomerular and tubular — work in concert. However, when
the kidney is diseased or injured, the glomerular and tubular function might be affected
equally, or their form and functional capacity might diverge. Recently attention has shifted
to injury to the glomerular-tubular junction and the formation of atubular glomeruli [33].

Historically, kidney size or volume has been used as the most simple indicator of renal
disease, particularly chronic renal disease. The volume of the kidney has been used as a
surrogate of functioning renal mass and nephron endowment [39]. Previous studies have
shown a strong correlation between the total renal volume (i.e. sum of the volume of both
kidneys) and the GFR [40, 41]. Decrease in renal size and volume is considered a sign of
irreversible renal disease because most kidneys shrink with disease progression and loss of
GFR [35, 40]. Small kidneys, whether hypoplastic or scarred, have a decreased humber of
nephrons. Large Kidneys have either considerable nephron endowment or have hypertrophy
of the nephrons, as is seen with compensatory hypertrophy in children with single kidneys.
Although kidney volume has been used as a surrogate measure of nephron number, its
validity in adults has been questioned because of the compensatory ability of the nephrons
[42].

Magnetic resonance measurement of renal function

The steps required for an accurate measurement of GFR using MR are outlined next,
including:

1 patient preparation,

2 use of a suitable dynamic contrast-enhanced sequence,

3 motion correction and segmentation of the kidney(s),

4. conversion of the MR signal to concentration of the contrast agent and

5 selection of an appropriate tracer-kinetic model to analyze the delivery of the

contrast agent to the kidney(s).
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Patient preparation

Basic patient preparation includes suitable hydration of the child, dose and timing of Lasix
administration and the placement of a bladder catheter. These details have been described

in previous papers and the interested reader is referred to these [26, 43]. It should be
emphasized that having consistent hydration for all patients is a key factor in obtaining
reliable and reproducible results. As detailed later in the “Feed-and-wrap method” section,
these techniques can be used in infants. However, once children have grown beyond infancy,
sedation is generally required until they are about 7 years of age. The basic MR urography
protocol is outlined in Table 1.

Dynamic contrast-enhanced magnetic resonance imaging acquisition

Several techniques have been developed to measure the DRF with MRI by using the

area under the time-intensity curve obtained from either a single slice, or a few slices,

with a separate volume measurement [10, 27, 44,45,46]. However, to accurately estimate
the GFR 3-D MRI images, high temporal resolution and sufficient spatial resolution

are required. Dynamic contrast-enhanced MR images are most commonly acquired with
Cartesian (rectangular) k-space sampling using T1-weighted fat-saturated three-dimensional
(3-D) spoiled gradient echo (GRE) sequences. These are generally combined with parallel
imaging to improve the temporal resolution, but at the expense of reduced signal-to-noise
ratio. Depending on the size, number and configuration of the coils, the field strength of the
magnet, the desired spatial resolution and the required coverage (field of view), the time for
each dynamic volume can typically be reduced to somewhere in the range of 5-10 s. More
recently, compressed sensing has been introduced as an alternative form of acceleration

and quite high acceleration factors can also be obtained using this approach, but generally
at the expense of lengthy reconstruction times. While these methods allow for excellent
visualization of the passage of the contrast agent through the vasculature and the kidneys,
the time to acquire each dynamic volume is generally too long to be able to accurately
characterize the arterial input function if a compact bolus is used (which is an assumption of
most models of renal function). As a result, many groups use a slower injection of contrast,
which, while not ideal for tracer kinetic modeling, still allows modeling to be performed
but with the caveat that the values obtained are “institutional values” (i.e. reproducible with
the given patient preparation and the imaging sequence used) rather than quantitative values
that can be compared with the results from other modalities. It should also be emphasized
that regardless of the imaging technique used, consistent values can only be obtained when
children are consistently well hydrated.

Another limitation of conventional Cartesian imaging is the sensitivity to motion, which
reduces the quality of images, causing motion artifacts, and results in misalignment between
the volumes in a dynamic series, complicating post-processing. Non-Cartesian sampling
with radial imaging techniques such as BLADE and MultiVane have been familiar for many
years as a means of reducing motion artifacts, but until recently these were restricted to

2-D acquisitions. The recent development of continuous golden angle radial sampling using
a dynamic stack-of-stars sequence and parallel imaging in combination with compressed
sensing have allowed motion insensitive, artifact-free 3-D dynamic series of volumes to

be acquired. As with the 2-D radial sequences, all of the radial lines include the center of k-
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space, making the sequence robust with respect to motion and offering the potential benefit
of retrospective self-gating, thus eliminating the need for navigator signals or external
devices [47]. Although radial MRI acquisition is inherently motion-robust compared to
Cartesian MRI for shallow breathing, heavy-breathing motion and bulk motion can still
significantly degrade the quality of the reconstructed images. Recent techniques have used
motion detection and removal during image reconstruction to address this problem [48].
View sharing, where some lines of data are used for two or more different dynamics, can be
used to improve the temporal resolution or to construct multiple data sets with differing
temporal resolutions, but it can reduce the fidelity of the measurement of the arterial

input function. A typical dynamic contrast-enhanced sequence starts by acquiring several
pre-contrast images, to allow for a robust estimation of the pre-contrast signal, prior to a
bolus injection of contrast agent being administered using a power injector; the sequence
then continues for a minimum of 5 min and preferably 8-10 min. This allows the flow of the
contrast agent into the renal cortex, the medulla and the collecting system to be visualized,
allowing the physician to evaluate the uptake and excretion of contrast agent and to observe
features such as the renal vessels, scarring, asymmetrical uptake and concentration of the
contrast agent.

Motion correction and segmentation of the kidneys

The first step of postprocessing dynamic contrast-enhanced MR images is to determine
whether motion correction is required. In our experience, sedated children ages 3 months to
approximately 5 years show very little motion if the sedation is effective. If the motion
consists primarily of displacement/distortion of the kidneys, then one of a number of
techniques can be applied to try to register (align) the images [49, 50]. In cases where
significant degradation of the image has also occurred, then motion correction is of little
help. If only a few time-points are affected, then these can be discarded and the rest of the
time-points can be registered. If large numbers of time-points are degraded, then it is not
possible to process the data.

Following successful motion correction and segmentation of each kidney (or compartment),
an arterial input function is derived using either a region of interest (ROI) or by segmenting
the aorta [51]. For the aorta, care must be taken to avoid regions where in-flow artifact

can distort the arterial input function. Inflow artifact can also be minimized by placing

the kidneys in the middle of the of the field of view in coronal plane during acquisition.
Either semi-automated or automated methods can be used for segmentation of the kidneys.
Semi-automated methods require user input including 3-D region-of-interest selection, and
these models often require manual refinement of segmentation and take more time to use.
Fully automated segmentation methods do not require user input but might still need manual
refinement of the segmentation mask, especially for abnormal kidneys (e.g., hydronephrosis)
[51, 52]. Generally, the segmentation assumes that voxels represent either functional or
non-functional tissue, and hence if there are regions with very poor function these might

be excluded from the segmentation. By summing the voxels that show a significant uptake
of contrast agent, one can calculate the functional volume of each kidney and hence derive
both the volumetric differential renal function (vDRF) and the time—intensity curve for each
kidney. To calculate the vDRF, the dynamic series are visually inspected to determine the

Pediatr Radiol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Grattan-Smith et al.

Page 7

volume of the contrast agent that is first seen in the collecting system of each kidney; the
volume prior to this is then used to calculate the functional volume of each kidney. In this
way, differences in the time of excretion between the two kidneys are accounted for and

it is not necessary to assume a particular time point, or range of times, for the calculation
of vDRF. This approach has two advantages: the ability to separate renal parenchyma

from the contrast agent excreted into the collecting system, and the ability to choose the
optimal time point for measuring renal volume for each kidney. This is an advantage over
renal scintigraphy, which uses fixed time points to calculate the DRF. Experience with MR
urography has shown us that not all kidneys enhance to the same degree or at the same rate,
particularly in children with obstructed kidneys.

Conversion of the magnetic resonance signal to concentration of the contrast agent

One of the main issues for MRI is that, unlike nuclear medicine or CT, the signal changes
observed with MRI do not directly reflect the concentration of the contrast agent. In MR,
the contrast agent acts by changing the T1 and T2 relaxation times of the protons, which
in turn leads to a change in signal. However, while the relationship between the change

in either T1 or T2 is linearly related to the contrast agent concentration, the change in
signal is only linear under certain conditions. In dynamic contrast-enhanced sequences,
gradient echoes are widely used so the measured signal reflects changes in T1 and T2*
(with the latter including the effects of both T2 and inhomogeneities in the magnetic field).
However, because the echo times are generally very short, the signal changes caused by
T2* can generally be ignored and hence the observed signal changes are considered to be
the result of changes in the T1 relaxation time. Because tracer kinetic modeling requires
a measurement of the concentration of the contrast agent, two main approaches have been
used to achieve this:

(1) Aim to keep the relationship between the contrast agent concentration and the signal
linear, which puts restrictions on the pulse sequence parameters and the peak concentration
of the contrast agent. When this approach is used, the concentration versus time curves are
simply calculated by subtracting the pre-contrast (baseline) signal from the measured signal
at each time point, or alternatively dividing the subtracted signal by the baseline signal

to give a value that is more consistent between studies. Some groups have used reduced
doses of contrast agent to stay with the linear range, but care has to be taken not to reduce
the effect of the contrast agent too much because this reduces the diagnostic value of the
dynamic and post-contrast images.

(2) Use the MR signal to calculate the relaxation time. One approach for this method

is to perform an additional sequence prior to contrast agent injection, which is used to
measure the pre-contrast T1 relaxation time. An estimation of T1 can be done fairly

rapidly, but a measurement that is accurate across the full range of relaxation times is more
challenging, and accurately measuring T1 in the presence of flow is particularly challenging.
Alternatively, literature values for the appropriate field strength and age of the child can be
used.

The baseline T1 value, together with the measured signal changes and the pulse sequence
parameters, can then be used to calculate the contrast agent concentration for each dynamic
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volume. One other known, but little discussed, problem with this approach is that the
relationship between the contrast agent concentration and the relaxation time depends on
the relaxivity of the contrast agent. Typically, the value determined by the manufacturer of
the contrast agent is used and this is generally measured in the laboratory using samples of
blood plasma. While this is an appropriate measurement for the contrast agent concentration
in the blood, the validity of this value for renal tissue is debatable, and at least one study has
shown very different values for the relaxivity of renal tissues [53].

Tracer kinetic models

After the time—intensity curves from each kidney and the aorta have been converted to
concentration versus time curves, they can be used as the input for the tracer kinetic model.
The tracer kinetic model aims to replicate the mechanism of filtration, concentration and
excretion in the kidneys. One important element in dynamic contrast-enhanced MRI is the
selection of an appropriate tracer kinetic model from which the functional parameters can
be estimated. The various tracer kinetic models aim to simulate some or all of the following
processes: filtration of contrast in the glomerulus, without tubular secretion or reabsorption,
followed by its extraction into the tubules in the cortex and passage through the loop of
Henle in the renal medulla, and its transit out of the tubular compartment. When modeling
this passage of contrast agent from the renal arteries into the kidney compartments, many
assumptions are made that affect the accuracy of the calculated parameters.

Several tracer kinetic models are used in estimating functional parameters, including simple
clearance models and more accurate tracer kinetic models [54, 55]. The Patlak model is

a two-compartmental model that uses a linear fit and is widely employed because of its
simplicity and robustness. However, it has two main limitations: (1) it is restricted to the
vascular and tubular compartments and ignores the transit of the contrast agent out of the
tubular compartment and (2) it assumes the vascular concentration of the contrast agent

is in a steady state (i.e. well mixed). These restrictions make the Patlak model strongly
dependent on the selection of the time interval over which the linear fit is calculated, and
this can lead to reduced reproducibility of the calculated parameters [56]. Annet et al. [57]
refined this model and introduced the delay and dispersion of the bolus between the aorta
and renal vasculature and also considered the excretion of contrast agent from the renal
tubules. Sourbron et al. [58] further extended this model to measure both renal perfusion
and GFR. Three-compartment models developed by Lee et al. [59] and Zhang et al. [60]
described structures in the cortex and medulla as serially connected compartments, but they
required segmentation of the cortex and medulla to provide time—intensity curves for each
compartment, which can be problematic in diseased kidneys. In addition, the increased
number of parameters increases the complexity of the fitting, and while a good fit is always
obtained, the reliability of the estimated value for each component tends to be lower, and the
value obtained is often influenced by the initial values chosen for the parameters at the start
of the fitting. In general, we prefer to follow the principle of Occam’s razor and use either
the Patlak or two-compartment models for the tracer kinetic model. In this paper, we focus
on the use of the Patlak and Annet models.
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Accurate tracer kinetic modeling requires an accurate measurement of the arterial input
function in the aorta. The arterial input function is characterized by a short-lived peak

value, and subsequently a longer washout period. As discussed, high temporal resolution

is required to accurately characterize the short-lived peak, but the measurement of the
arterial input function is also affected by a number of other factors including in-flow

effects, dephasing, flow pulsation, partial volumes and a nonlinear relationship between the
concentration of the contrast agent and T1 at high concentrations of the contrast agent. For
instance, the inflow of blood with full magnetization can lead to significant variation in

the arterial input function measured at different positions along the aorta [55, 61]. Other
studies have shown that the arterial input function is influenced by both the size and
location of the ROI used to measure the arterial input function [62, 63]. An alternative
method of obtaining an arterial input function is to use a population-averaged arterial input
function obtained from a group of subjects; however, this method assumes a relatively
homogeneous population (e.g., similar ages) and standardized injection protocol and ignores
weight-dependent variations in the administered dose of contrast agent. It also ignores the
dependence of the arterial input function on the cardiac output of the patient [61, 64]. A
recent study adjusted a population-based arterial input function to each patient by estimating
the cardiac output from the full width at half-maximum of the first pass of the arterial input
function and the dose from the amplitude of the arterial input function [65]. However, this
method still relies on the quality of the measured arterial input function and the assumptions
used in the calibration to the individual patient.

Feed-and-wrap magnetic resonance imaging

Given the risks of sedatives and anesthetics on the growing brain, feed-and-wrap (swaddle)
imaging of infants younger than 6 months is an important alternative that was first
introduced for brain imaging and has proved successful for MR urography [2, 48,
66,67,68,69,70]. Although the concept is simple — the infants are fasted until the MRI,
planned around nap time, and are then fed and swaddled until drowsy — the details

are crucial for success. Leaving ample time for the process to unfold, a comfortable
environment for the parent and child, and nurses and staff who are dedicated to this
process are invaluable. Immobilization devices such as vacuum bags and body cushions
and earmuffs for noise attenuation are all helpful. Intravenous lines, hydration lines and
Foleys are placed prior to feeding. We have found that the sleeping infant moves the least
right after falling asleep, and thus we do our dynamic contrast-enhanced imaging at that
time. For dynamic contrast-enhanced imaging, motion-robust free-breathing sequences such
as StarVIBE (volumetric interpolated breath-hold examination) are important to counteract
natural respiratory motion. When possible, post-processing methods can be used to further
reduce the appearance of patient motion for correct calculation of function.

Magnetic resonance urography interpretation: visual and quantitative

Visual assessment of the MR images is the crucial first step in interpreting the study and
provides the framework in which the functional parameters are analyzed. The kidneys
should be visually assessed as normal or abnormal and, if abnormalities are present, whether
they are unilateral or bilateral. The visual information establishes an initial diagnosis that
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can be both verified and quantified by the functional parameters. No single parameter

is diagnostic; only by integrating the functional data with the visual assessment can a
comprehensive diagnosis be achieved. The first steps are to assess the quality of the kidneys
and identify when the contrast agent is excreted. The functional parameters used in MR
urography are described in Table 2.

Visual evaluation of renal parenchyma

The quality of the renal parenchyma is assessed both on high-resolution T2-weighted images
and during the parenchymal phase of the nephrogram. The renal parenchyma is typically
classified as normal or dysplastic/uropathic (Figs. 1 and 2). The diagnosis of dysplasia is

a histological one, and both dysplasia and uropathy look similar on MR images [71]. On
T2-weighted images, signs that indicate underlying uropathic/dysplastic parenchyma and
permanent renal damage include decrease in renal size, architectural disorganization with
loss of corticomedullary differentiation, small subcortical cysts and parenchymal thinning
with low cortical T2 signal intensity. The nephrogram in these cases usually shows weak,
inhomogeneous contrast enhancement reflecting damage to the microvasculature as well as
the glomeruli and tubules. The decrease in enhancement in the nephrographic phase can

be caused by acute changes in GFR or more chronic changes associated with uropathy

or evolving renal injury. These imaging findings reflect the histological changes of renal
damage based on reduced glomerular number, glomerular hyalinization, cortical cysts

and interstitial inflammation and fibrosis [72, 73]. The preoperative diagnosis of uropathy/
dysplasia is important because these changes are permanent and are not amenable to surgical
correction. The normal medulla is brighter than the cortex on T2-weighted images and
shows increased signal intensity in the late parenchymal phase of contrast enhancement.
Medullary volume loss can range from mild to severe. Longstanding hydronephrosis is
characterized by medullary volume loss, and in cases of severe hydronephrosis the renal
medulla is not discernible on routine MR urography.

Quantitative measures of renal function

Calyceal transit time and renal transit time—The two semi-quantitative measures of
renal function are CTT and RTT. They are estimated by visual inspection of the dynamic
contrast-enhanced images. The CTT is defined as the time it takes for contrast agent to

pass from the cortex in the arterial phase to the dependent portions of the calyces on
maximume-intensity projection (MIP) images of the dynamic post-contrast sequences [1]. In
normal kidneys, CTT is symmetrical (Fig. 1). However, CTT is delayed in physiologically
significant obstruction, hypotension, renal artery stenosis and dehydration (Fig. 3). Rapid
CTT is usually a result of renal damage leading to a tubular concentrating defect (Figs. 4 and
5) but occasionally occurs in cases of glomerular hyperfiltration (Fig. 6). The mechanisms
that influence the CTT might compete when complex pathology is present. After identifying
evidence of significant medullary volume loss or uropathy/dysplasia on the T2 images, the
CTT would be expected to be rapid when compared with the normal contralateral kidney.

If the CTT is symmetrical or delayed in a child with significant medullary volume loss

or uropathy/dysplasia, co-existent obstruction should be considered. In cases of uropathy/
dysplasia combined with obstruction, there are competing forces, with uropathy tending

to make the CTT rapid while the obstruction tends to prolong the CTT. Both rapid and
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delayed CTT can be caused by different abnormalities affecting the nephron, and the balance
between these glomerular and tubular influences determines the ultimate appearance of the
MR urogram. The functional analysis is used to help distinguish the different underlying
pathologies that could produce a similar visual appearance of the MR urogram.

Initially, MR urography was used to evaluate hydronephrosis/urinary tract dilatation and
obstruction by calculating the RTT, which is defined as the time it takes for the contrast
agent to pass from the initial enhancement of the renal cortex until it is visualized in the
ureter below the lower pole of the kidney. The RTT is a coarse and essentially qualitative
measure of renal function. Although the RTT calculation is similar to diuretic renal
scintigraphy for categorizing dilated systems, it has become apparent from high-resolution
anatomical images that drainage from the renal pelvis is dependent on the site of insertion
of the ureter into the renal pelvis. For drainage to occur down the ureter, the contrast agent
has to reach the level of the UPJ. The ureteric insertion is variable and might be located
high on the renal pelvis, anteriorly, or posteriorly on the renal pelvis [74]. The contrast
agent macromolecule is heavier than water, resulting in layering of the contrast agent in
the dependent portions of the kidney, especially when there is marked hydronephrosis and
stasis. Some authors have suggested performing MR urography in the prone position to
promote drainage down the ureter [75]. However, most of our patients with hydronephrosis
are sedated, and prone positioning makes sedation more challenging. It is important to
remember that the RTT can be delayed as a result of obstruction as well as dilatation and
stasis. A prolonged renal transit time might simply indicate poor drainage, and the stasis
of urine is often indicated by fluid levels within the renal pelvis and calyces. The RTT is
most valuable when it occurs in less than 4 min, which demonstrates there is no significant
obstruction.

Volumetric differential renal function, Patlak differential renal function and
asymmetry index—The goal of functional renal imaging is to identify and quantitate
irreversible renal damage and nephron loss, as well as potentially reversible hemodynamic
changes. DRF has been the most widely used measure of renal function because absolute
measurements remain technically challenging, although recent advances make absolute
measurements possible [22]. Once the MR study has been post-processed, the parameters
available for assessing the functional status of each kidney include the renal volumes, the
Patlak numbers (both total and unit), the mean transit time and the signal intensity vs.

time curves (Figs. 1, 2, 3, 4 and 5). By evaluating these parameters both in isolation and
collectively, we can derive a comprehensive evaluation of renal function. As described in
the technical section, dynamic contrast-enhanced MRI is used to calculate the differential
renal function based on the volume of enhancing renal tissue (volumetric differential

renal function, or vDRF) and the rate at which contrast agent is filtered and excreted by

the kidney; this method indirectly measures glomerular filtration rate (Patlak differential
renal function, or pDRF). Each kidney is evaluated independently and compared to the
contralateral kidney. Several authors have shown that the calculation of differential renal
function based on renal volume agrees well with the DRF calculated using nuclear medicine
[9, 10, 14, 15]. Estimation of differential renal function is most useful when the abnormality
is unilateral and the contralateral kidney can act as an internal control. Unfortunately, it is
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of limited value in cases of bilateral renal disease. Absolute measures of renal function are
needed to fully evaluate bilateral disease.

We consider both vDRF and pDRF as related but distinct measures of renal function. The
volume of the kidney is stable in the short term. However, the GFR changes rapidly in
response to physiological or pathological stimuli. The pDRF is a measure of the GFR for
each kidney that can then be compared to the volume of the kidney and contrasted with

the GFR of the contralateral kidney. The pDRF allows us to evaluate how the nephrons in
each kidney are working. In our analysis, we used the renal volume for each kidney as a
marker for nephron endowment and estimated the overall glomerular function of that kidney
using the Patlak number. In fact, the ratio of the two provides a means of assessing the
average function per unit volume for each kidney. Because renal function is determined not
only by the nephron mass but also by the single-nephron GFR, it makes sense to consider
regional GFR in units of mL/min/cm3 [41]. The quality of the functioning renal parenchyma
can be assessed using the ratio of Patlak number divided by the functioning renal volume.
This is termed the unit Patlak value for each kidney and we have found this to be clinically
useful for measuring renal function, particularly if a normal contralateral kidney is available
for comparison. The asymmetry index is used to compare the unit Patlak values for each
kidney and is an indicator of the degree of functional derangement between the two kidneys
irrespective of size. The unit Patlak reflects both the number of glomeruli and the single-
nephron GFR per centimeter cubed of renal tissue. The asymmetry index is simply the
difference in unit Patlak divided by their sum. This index is potentially more useful than

a conventional global GFR measurement because it also provides measurement of regional
renal function regardless of size [41]. The average unit Patlak for our normal populations

is (mean =+ standard deviation) 0.41+0.11 mL/min/cm3. When the pDRF and the vDRF

are similar for both kidneys, the asymmetry index is close to zero. When the volumetric
and Patlak values diverge, the difference can provide insights into acute changes of renal
function, usually a potentially reversible change in the GFR. Increase in the Patlak/mL
occurs with glomerular hyperfiltration, whereas decrease in Patlak/mL occurs in uropathy,
with a decreased nephron number in acute obstruction and decreased renal perfusion in
pathology such as renal artery stenosis.

Signal intensity versus time curves—The change in signal intensity, or concentration,
versus time curves comprises an aortic curve as well as curves representing the passage of
the contrast agent through each kidney. The signal intensity curves only represent signal
changes in the renal parenchyma; any signal from the collecting system is excluded. They
provide an overview of the MR urogram for each kidney. The curves describe the perfusion,
concentration and excretion of the contrast agent over time (Figs. 1, 2, 3, 4, 5 and 6). Using
these curves, the two kidneys can be easily compared and contrasted, which is especially
helpful when one kidney is normal. The aortic curve is characterized by a sharp peak
corresponding to the injection bolus and rapidly decreases as the contrast agent is filtered
from the vascular compartment and excreted by the kidney. The normal renal curve begins
just after the aortic peak and has an initial brisk upslope reflecting renal perfusion (contrast
agent in the renal vasculature of each kidney). Shortly after this, there is a more gradual
increase reflecting contrast agent in the nephron secondary to ongoing glomerular filtration
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as well as residual contrast agent in the renal vasculature. As 20% of the contrast agent

is filtered at each pass through the kidney, the contrast agent concentration in the aorta
decreases while that in the kidney increases. Over time the medulla enhances to the point
where the contrast agent concentration is always higher than that of the cortex in normal
kidneys. The increase within the medulla reflects reabsorption of water in the distal nephron
resulting in the contrast agent becoming more concentrated. After the peak concentration,
contrast agent washes out of the nephron into the calyces and collecting system; a steady
state is then reached where the slope of the renal curve parallels that of the aorta.

Mean transit time—As mentioned, the urine tubular flow rate depends in large part

on the GFR, which is regulated by the tubuloglomerular feedback and the myogenic
mechanism [38]. Using the two-compartment Annet model, we can evaluate tubular function
by calculating the MTT. In the Annet model, the second compartment represents the
distribution of the contrast agent over the tubular system and can be used to estimate the
MTT of the tubular system. The MTT is a particularly robust measure in normal kidneys
under the correct hydration protocol. In an unpublished study of 38 children with normal-
appearing kidneys on MR urography (i.e. 76 kidneys), the MTT was 53.9 s with a standard
deviation of 9.4 s (J. D. Grattan-Smith, unpublished data). The MTT is independent of
kidney volume but does increase slightly with age. The MTT was also shown to be another
potentially reversible parameter when evaluating hydronephrosis and obstruction. In a group
of 37 children with unilateral decompensated UPJ obstruction, the average preoperative
MTT for the hydronephrotic kidney was 149 s with a standard deviation of 88 s (J. D.
Grattan-Smith, unpublished data) (Fig. 7). Following successful pyeloplasty, the average
MTT fell to 47.8£14 s. As the MTT increased, the obstruction appeared more severe. The
relatively faster postoperative MTT was thought to represent an underlying concentration
defect from medullary and tubular damage. The MTT for the normal contralateral kidneys
in this group was 48+14 s preoperatively and 59+9 s postoperatively. This change might
reflect a response to the relief of the contralateral UPJ obstruction (J. D. Grattan-Smith,
unpublished data). The MTT is prolonged in children who are inadequately hydrated, so
reproducible results are dependent on meticulous attention to hydration. Because the MTT
is another potentially reversible parameter to evaluate the hemodynamic changes associated
with obstruction, it can play a particularly helpful role in characterizing the severity of
obstruction and is particularly helpful in children with bilateral hydronephrosis.

Patterns of disease—Several patterns have been described in various renal diseases
including an obstructive pattern with a delayed and dense nephrogram (Fig. 3), a uropathic
pattern where there is perfusion but little concentration of the contrast agent (Fig. 2) and a
concentration defect pattern when the initial slope of the curve mirrors the normal side but
has less amplitude and earlier washout from the parenchyma (Figs. 4 and 5). Occasionally
we see a curve that is interpreted as glomerular hyperfiltration, where the entire curve is
shifted to the left, with an earlier peak intensity and increased amplitude (Fig. 6). Because
concentration defects and glomerular hyperfiltration can result in rapid CTTs, the curves
are very helpful in differentiating between these distinct pathologies — one occurring at the
level of the glomerulus and the other in the distal tubule of the nephron. A summary of the
MR urography parameters in various physiological states is summarized in Table 3.
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Common indications for magnetic resonance urography

The most common indications for MR urography in children are the evaluation of congenital
anomalies of the kidney and urinary tract including hydronephrosis, renal malformations,
uropathy and renal dysplasia as well as the identification of ectopic ureters in children with
incontinence. Accurate functional evaluation in these children is essential to guide their
clinical management. MR urography allows a more nuanced approach to these renal diseases
because, in addition to estimating the overall renal mass, it can assess potentially reversible
hemodynamic and pathophysiological changes that occur in response to obstruction. With
MR imaging we have two related but distinct measures of potentially reversible renal
function — the pDRF and the MTT.

Congenital urinary tract dilation (hydronephrosis)

The most common indication for MR urography in pediatric urology is the evaluation of
urinary tract dilatation (hydronephrosis), which is usually detected antenatally. Congenital
urinary tract dilatation can be transient, stable or lead to progressive renal damage. Although
UPJ obstruction is the most common cause of congenital urinary tract dilatation, imaging is
required to differentiate UPJ obstruction from other causes of urinary tract dilatation such
as transient and functional urinary tract dilatation, ureterovesical junction (UVJ) obstruction
and vesicoureteral reflux (VUR). Many children with congenital urinary tract dilatation
have stable renal function and there is a relatively high rate of spontaneous resolution.
Management is now focused on serial monitoring of the urinary tract dilatation and function
in hopes of identifying children for whom surgery would improve or preserve renal function
[76]. Congenital urinary tract dilatation remains a clinical conundrum, and criteria for
surgical correction of upper tract obstruction are poorly established [77]. To highlight

the value of quantitative functional MR imaging of the kidney, we focus here on UPJ
obstruction.

Ureteropelvic junction obstruction is a partial or intermittent blockage of the flow of urine
that repetitively causes the upper tracts to overfill and exceed their physiological capacity
[78]. The high-volume overstretching results in pathologically high intra-pelvic pressures,
which induce compensatory mechanisms such as suppression of urine production to reduce
the pelvic pressures to normal. The physiological changes used to reduce urine production
include decreasing the GFR and increasing water reabsorption from the distal nephron. To
identify physiologically significant urinary tract obstruction, quantitative measures of renal
function would ideally be performed during overdistention of the renal pelvis. On MR
urography, these physiological changes can be identified as a decrease in the unit Patlak and
increase in the MTT, which result in the classic delayed and dense nephrogram indicating
obstruction. The longer the MTT and the larger the asymmetry index, the more severe the
obstruction.

In our protocols, the hydronephrotic kidney is given a “stress test” aimed at over-distending
the capacity of the upper tracts with a fluid load and administration of a diuretic 15 min
before the contrast agent is administered [1]. It is important to remember that this might
not be sufficient to trigger all obstructions. A useful concept when analyzing MR urograms
is to visually define hydronephrosis as either compensated or decompensated in response

Pediatr Radiol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Grattan-Smith et al.

Page 15

to the diuretic and fluid challenge [26, 79] (Figs. 1, 3 and 4). In a child with unilateral
hydronephrosis, if there are symmetrical changes in the intensity of the nephrogram and
symmetrical or rapid CTT, it is classified as a compensated hydronephrotic system — the
fluid challenge has been accommodated without increasing the pressure in the pelvicalyceal
system. However, when the signal intensity changes are asymmetrical and the calyceal
transit time is delayed, they most often indicate acute-on-chronic obstruction — the fluid
challenge has exceeded the capacity for renal drainage and the pressure in the collecting
system rises. These are classified as decompensated hydronephrotic systems.

A similar observation has been made using renal scintigraphy. Using diuretic renal
scintigraphy, some authors have used the cortical transit time — defined as the absence

of activity in the subcortical structures within 3 min of tracer injection on diuretic renogram
— to predict functional deterioration [80,81,82,83,84,85,86]. Delayed cortical transit has
been predictive of DRF improvement postoperatively and it seems to be the best criterion
for identifying children for whom pyeloplasty is warranted. Delayed parenchymal transit as
a marker of urinary tract obstruction was first described by Whitfield et al. [87] in 1978 but
diuretic renal scintigraphy is limited by its poor spatial resolution and has been unreliable
when trying to separate renal parenchyma from collecting system, especially in markedly
hydronephrotic systems [82, 87].

While the volumetric DRF is stable, the Patlak DRF can change rapidly in response

to pathophysiological stimuli, resulting in decompensated hydronephrosis [26, 79]. The
increased pressure in the renal pelvis is transmitted in a retrograde fashion throughout the
nephron [88,89,90]. The increased pressure in the nephron extends across the Bowman
space and results in prolonged transit of the contrast agent from the glomerulus to the
collecting system. Glomerular filtration continues but at a reduced rate, probably through
tubuloglomerular feedback and the myogenic mechanism [38, 91]. The tubular system
continues to reabsorb electrolytes and fluid but does not resorb the contrast agent. These
changes lead to the classic delayed and dense nephrogram, indicating obstruction. The
discrepancy between the vDRF and pDRF is one way to quantitate the degree of obstruction,
as measured through the asymmetry index. Studies following pyeloplasty have shown that
the decrease in the pDREF is reversible and resolves after successful pyeloplasty [92] (Fig. 4).
Decrease in pDRF compared to vDRF also occurs with unilateral renal artery stenosis and
renal vein thrombosis.

Mean transit time is also prolonged in physiologically significant obstruction, which is
manifested visually by delayed CTT. The MTT can quantitate the severity of obstruction,
being markedly prolonged in cases of severe obstruction. The MTT is also a measure

of reversible renal function because the MTT becomes more rapid following successful
pyeloplasty. In these cases, the rapid MTT is secondary to an underlying concentration
defect resulting from tubular and medullary damage. This is challenging when there is
possible obstruction of a uropathic kidney because there are competing influences with
rapid excretion from damaged nephrons and delayed excretion from increased intrapelvic
pressure.
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Duplex kidneys

Another common clinical indication for MR urography is the evaluation of duplex Kidneys,
especially duplex kidneys with complete ureteral duplication. The goal of treatment is
preservation of renal function and relieving clinical symptoms, such as recurrent urinary
tract infections or incontinence. Because the management of duplex, ectopic and fused
kidneys depends on an understanding of the anatomy, the function of each moiety and
degree of obstruction, MR urography is the single best test to answer these questions

[10, 13, 27, 93,94,95]. In duplex kidneys with either upper- or lower-pole dilation, the
management is based on the presence of reflux, the degree of obstruction, the function

of each moiety, and the site of ureteral insertion. The dilated moiety that is obstructed

or has decreased function is more likely to be repaired surgically than dilated moieties
without obstruction and with maintained function. In the evaluation of duplex kidneys, MR
urography can separate the boundaries between the upper and lower poles by delineating
the column of cortex separating the poles so that the relative contributions of each pole

can be calculated (Fig. 8). Surgical approaches differ by surgeon but are based on the
functional information provided by the MR urogram. For example, the degree of function
in the upper moiety can alter the surgical approach from a ureteroureterostomy to a partial
upper pole nephroureterectomy. MR urography is also helpful in distinguishing anatomically
complex duplex anomalies or the mimics of duplex collecting systems, such as cysts,
calyceal diverticuli and multicystic dysplastic kidneys.

Conclusion

Magnetic resonance urography has evolved into a comprehensive test that combines high-
resolution anatomical imaging with quantitative measures of renal function. MR urography
characterizes the changes in renal function that occur to compensate for nephron loss. MR
urography has prognostic implications because the preoperative appearance and function of
the kidneys can predict the outcome of pyeloplasty. MR urography allows a more nuanced
interpretation of complex renal disease and has the potential to differentiate abnormalities
related to glomerular filtration from those related to tubular function. MR urography is used
to identify and quantify decompensated hydronephrosis through analysis of two potentially
reversible function changes in both the pDRF and the MTT. Both these parameters return to
normal following successful pyeloplasty. However, the importance of visual assessment of
the images cannot be overstated when analyzing the quantitative measures of renal function.
The complex pathophysiology of renal disease means that no single parameter can fully
characterize renal disease.
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Fig. 1.

Magnetic resonance urogram in a 3-month-old boy with antenatal hydronephrosis. a

Axial T2-weighted MR image shows mild dilatation of the left renal pelvis without
caliectasis. The renal parenchyma appears normal, with preservation of the corticomedullary
differentiation and normal increased signal intensity in the renal medulla. The assessment
of the renal parenchyma is the first step in interpreting quantitative renal MR data. b
Coronal post-contrast T1-weighted maximum-intensity projection (MIP) MR image derived
from the early cortical phase shows contrast agent within the aorta as well as brisk and
symmetrical enhancement of the renal parenchyma. The initial contrast enhancement of

the kidneys occurs predominantly from renal perfusion, with the contrast agent localized

to the vascular compartments of the kidneys. This is followed by gradual increase in
parenchymal enhancement secondary to glomerular filtration of the contrast agent and
tubular reabsorption of water. The renal outlines are smooth and the kidneys’ size is similar.
¢ Coronal post-contrast T1-weighted MIP image derived from the late nephrographic phase,
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obtained 45 s later than the arterial phase seen in (b), demonstrates enhancement of

both the cortex and medulla. The gadolinium concentration in the vascular compartment

is decreasing while the contrast agent in the nephron is increasing and becoming more
concentrated. The signal intensity of the medulla exceeds that of the cortex as a result of
tubular concentration. d Coronal post-contrast T1-weighted MIP image acquired 60 s after
the vascular phase shows initial excretion into the calyces. The appearance of the contrast
agent in the calyces is essentially simultaneous, demonstrating no evidence of increased
pressure in the renal pelvis. The mean transit time (MTT) on the right was 54 s and on the
left 56 s, both within the normal range. The calyceal transit time (CTT) is a visual marker
used in initial classification of a hydronephrotic kidney that can be quantified using the
MTT. e Maximume-intensity projection image acquired 10 min after the initial vascular phase
shows contrast agent filling the renal pelvis and ureters bilaterally. The right side is normal,
with a renal transit time of 2 min 45 s. There is mild dilatation of the left renal pelvis

with transition in caliber at the level of the ureteropelvic junction (UPJ) and a normal-size
left ureter. The renal transit time on the left was slightly delayed when compared to the
right, with contrast agent appearing in the left ureter at 3 min 30 s. This was in the normal
range and no evidence suggested physiologically significant obstruction. f Normal signal
intensity versus time curves for both kidneys demonstrate similar morphology reflecting the
perfusion, concentration and excretion of the contrast agent. It is important to remember
that the signal intensity curves represent only contrast agent within the renal parenchyma
because any signal in the collecting system is excluded from the analysis. The red curve
represents the signal in the aorta and is reflective of the contrast bolus with abrupt initial
upstroke followed by an exponential decay curve. The initial upstroke of the curves for both
kidneys (A) is related to renal perfusion. The flatter but still increasing second portion of
the curve (B) represents glomerular filtration and tubular concentration of the contrast agent.
Once the contrast agent begins to be excreted, there is a gentle decrease in the parenchymal
contrast agent, paralleling the signal in the aorta (C). The quantitative measures of renal
function were normal: vDRF L:R =49:51; pDRF L:R = 48:52; unit Patlak L:R = 0.27:0.28
mL/min/cm3; asymmetry index = 0.0; MTT, L=56 s, R=52s. L left, pDRF Patlak differential
renal function, Rright, vDRF volumetric differential renal function
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Fig. 2.

Bi?ateral renal dysplasia/uropathy and history of posterior urethral valves in a 1-year-old
boy. a Axial T2-weighted MR image of both kidneys demonstrates mild hydronephrosis
with irregular renal outlines and distortion of the renal architecture. There is no

appreciable corticomedullary differentiation. b Coronal nephrographic phase after contrast
administration shows bilateral irregular enhancement with no discernable concentration in
the medulla. The nephrographic appearance reflects damage to the microvasculature as well
as the glomeruli and tubules. ¢ The delayed coronal post-contrast T1-weighted maximum-
intensity projection (MIP) image shows bilateral hydroureteronephrosis with tortuosity of
the ureters. The contrast agent eventually fills both urinary systems, although stasis and
poor drainage are superimposed on the renal damage. d The signal intensity vs. time curve
illustrates a normal aortic curve with bilateral dysplastic/uropathic curves for the kidneys.
There is an initial brisk enhancement secondary to renal perfusion, with reduced glomerular
filtration and no evidence of medullary concentration. The filtered contrast agent washed out
from the renal parenchyma. The functional analysis was: VDRF L:R = 57:43; pDRF L:R

= 55:45; unit Patlak L:R = 0.28:0.28 mL/min/cm3; asymmetry index = 0.0; MTT, L=44s,
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R=40s. L left, MTT mean transit time, pDRF Patlak differential renal function, R right,
vDRF volumetric differential renal function.
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Fig. 3.

Dgcompensated ureteropelvic junction (UPJ) obstruction on the left in a 9-year-old boy.
a Axial T2-weighted MR image shows marked dilatation and ballooning of the left renal
pelvis and calyces. A small rim of medulla is still visible. Minor perinephric edema is
also evident. The right kidney is normal. b Coronal late nephrographic phase maximum-
intensity projection (MIP) image shows normal right kidney with prompt excretion. The
left kidney has a markedly delayed and heterogeneous nephrogram. ¢ Coronal delayed MIP
shows the irregular renal outline on the left, with patchy nephrogram that is increasingly
dense when compared with the normal right kidney. The increasing density is caused by
a reduced glomerular filtration rate (GFR) and increased tubular reabsorption of water
— the physiological responses that mitigate the effects of increased intra-pelvic pressure
secondary to acute obstruction. d Signal intensity versus time curves show normal aortic
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and right kidney curves. The left kidney demonstrates an obstructive pattern curve with
brisk enhancement secondary to renal perfusion followed by a slow and persistent increase
in signal intensity reflecting parenchymal retention of the contrast medium. The renal
functional analysis was: VDRF L:R = 45:55; pDRF L:R = 36:64; unit Patlak L:R = 0.12:0.21
mL/min/cm3; asymmetry index = 0.26; MTT, L=147 s, R=54s. L left, M7 T mean transit
time, pDRF Patlak differential renal function, /R right, vDRF volumetric differential renal
function
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Fig. 4.

Imaging in a 9-year-old boy (same as in Fig. 3) following successful pyeloplasty. a Axial
T2-weighted MR image shows significant improvement in the left-side hydronephrosis. The
left kidney volume is diminished when compared to the normal right kidney, with significant
loss of the renal medulla. b Coronal post-contrast maximume-intensity projection (MIP) in
the nephrographic phase of the right kidney. Contrast is excreted into the calyces on the left,
dramatically changed from the preoperative study. This indicates that the physiologically
significant obstruction has been relieved by the pyeloplasty and that rapid calyceal excretion
is largely related to a left-side concentration defect secondary to the medullary volume loss.
¢ Coronal delayed MIP image shows contrast agent in both ureters, with a decrease in
left-side hydronephrosis. Mild persistent narrowing is noted at the left ureteropelvic junction
(UPJ), a not uncommon finding following pyeloplasty. d Signal intensity versus time curves
again show normal aortic and right kidney curves. The left kidney curve has improved with a
small concentration peak and improved washout from the renal parenchyma, with the signal
paralleling the aortic curve in the later phases. The concentration peak occurred slightly
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earlier than in the normal right kidney, which was thought to be related to mild glomerular
hyperfiltration. The renal functional analysis was: VDRF L:R = 28:72; pDRF L:R = 33:67;
unit Patlak L:R = 0.33:0.26 mL/min/cm3; asymmetry index = 0.12; MTT, L=35 s, R=62

s. L left, MTT mean transit time, pDRF Patlak differential renal function, Rright, vDRF
volumetric differential renal function
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Fig. 5.
Right-side hydronephrosis but no evidence of obstruction in a 6-month-old boy. a Axial

T2-weighted MR image shows moderate hydronephrosis on the right with mild loss of renal
medulla. The left kidney is normal. b Coronal post-contrast maximum-intensity projection
(MIP) image in the nephrographic phase of the left kidney. Contrast agent is identified in
the right-side collecting system, demonstrating rapid calyceal transit time and indicating a
compensated hydronephrosis. ¢ Coronal delayed MIP image shows contrast agent filling
the renal pelvis and ureters bilaterally without evidence of obstruction. d Signal intensity
versus time curves show that the initial perfusion and early enhancement of the kidneys

is symmetrical. However, the right kidney does not concentrate to the same degree as

the left, with lower peak amplitude. There is early washout of contrast agent from the

renal parenchyma, indicating an underlying tubular concentration defect and no evidence
of obstruction. Correlation with the anatomical images is fundamental to interpreting the
functional data. The renal functional analysis was: VDRF L:R = 56:44; pDRF L:R = 54:46;
unit Patlak L:R = 0.38:0.40 mL/min/cm3; asymmetry index = 0.04; MTT, L=56 s, R=47

s. L left, MTT mean transit time, pDRF Patlak differential renal function, Rright, vDRF
volumetric differential renal function
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Fig. 6.

Legft-side hydronephrosis and glomerular hyperfiltration in a 2-year-old boy. a Axial T2-
weighted MR image shows moderate hydronephrosis on the left with mild loss of renal
medulla. The right kidney is normal. b Coronal post-contrast maximum-intensity projection
(MIP) image in the nephrographic phase of the right kidney. Contrast agent is identified in
the left-side collecting system, demonstrating rapid calyceal transit time. ¢ Coronal delayed
MIP image shows contrast agent filling the renal pelvis bilaterally, with contrast in the
right ureter. The left ureter is not seen, indicating that the renal transit time is delayed

on the left as a result of stasis. The rapid calyceal excretion excludes physiologically
significant obstruction. d Signal intensity versus time curves again show normal aortic and
right kidney curves. The left kidney curve has a more rapid upslope with earlier peak
concentration and normal washout. The whole curve for the left kidney has been shifted
toward the left, indicating glomerular hyperfiltration. Glomerular hyperfiltration has been
seen in cases of intermittent ureteropelvic junction (UPJ) obstruction. Without correlation
with the anatomical images, it would be difficult to identify the abnormal kidney, let alone
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interpret the functional data. The renal functional analysis was: vDRF L:R = 47:53; pDRF
L:R = 51:49; unit Patlak L:R = 0.55:0.47 mL/min/cm3; asymmetry index = 0.08; MTT,
L=35s, R=62s. L left, MTT mean transit time, pDRF Patlak differential renal function, R
right, vORF volumetric differential renal function
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Fig. 7.

Mean transit time (MTT). a Using the two-compartment Annet model, we evaluated
tubular function by calculating the MTT. In an unpublished study of 38 children with
normal-appearing kidneys on MR urography (i.e. 76 kidneys), the MTT was 53.9 s with
a standard deviation of 9.4 s. b The MTT is another potentially reversible parameter
when evaluating hydronephrosis and obstruction. In a group of 37 people with unilateral
decompensated ureteropelvic junction (UPJ) obstruction, the average preoperative MTT
for the hydronephrotic kidney was 149 s with a standard deviation of 88 s. Following
successful pyeloplasty, the average MTT fell to (mean + standard deviation) 47.8+14 s (J.
D. Grattan-Smith, unpublished data). The MTT for the normal contralateral kidneys were
48+14 s preoperatively and 5919 s postoperatively
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Fig. 8.

DSpIex left collecting system and obstructed lower pole moiety in an 11-year-old boy. a
Coronal T2-W half-Fourier acquisition single-shot turbo spin-echo (HASTE) MR image
shows the duplicated left collecting system with a morphological lower-pole ureteropelvic
junction (UPJ) obstruction. b Coronal post-contrast maximum-intensity projection (MIP)
image from the nephrographic phase of the right kidney shows the left upper pole with

a similar nephrographic appearance to (&), but the lower pole demonstrates delayed
enhancement. ¢ Coronal post-contrast T1-weighted MIP image shows normal excretion
from the right kidney and the left upper pole moiety. The left lower pole moiety
demonstrates a delayed and dense nephrogram with delayed calyceal transit time, indicating
a physiologically significant obstruction. d Signal intensity versus time curves for the left
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upper- and lower-pole moieties. The upper pole curve has a normal morphology with normal
parenchymal washout. The lower pole moiety shows the delayed and increasingly dense
nephrogram, indicating a decompensated UPJ obstruction. The renal functional analysis
was: VDRF lower:upper pole = 44:56; pDRF L:R = 36:64; unit Patlak L:R = 0.29:0.51
mL/min/cm3; asymmetry index = 0.27; MTT, upper pole = 62 s; lower pole = 142 s. L left,
MTT mean transit time, pDRF Patlak differential renal function, R right, vDRF volumetric
differential renal function
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