Principles of Nuclear
Medicine Imaging
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Nuclear medicine imaging makes use of
compounds labeled with small quantities of
radioactivity, called tracers, that emit gamma
rays detected by a gamma camera. All the
nuclear medicine procedures utilized by pedi-
atric urologists provide valuable diagnostic and
functional information. Renal perfusion can be
quantified which allows for accurate estimates of
glomerular filtration rate (GFR). The renal cor-
tex can be imaged very precisely, and any areas
of decreased or absent tracer uptake that would
signify hypoperfusion from acute pyelonephri-
tis, renal dysplasia, or renal cortical scarring are
clearly shown. Renal handling and clearance of
radiotracer can also be used to estimate split,
or differential, renal function and urinary drain-
age and can aid in the diagnosis of obstruction.
Ischemia associated with testicular torsion can be
differentiated from inflammation. The one proce-
dure that fails to provide functional information
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is direct radionuclide cystography (DRC) which,
however, offers a method to detect vesicoureteral
reflux that is comparable to fluoroscopic voiding
cystourethrography (VCUG) (Table 6.1).

The success of radionuclide renal imaging
depends on several factors, including: (1) plasma
protein binding and thus volume of distribution
of the tracer; (2) rapid delivery to and selective
uptake of the tracer by the target organ, e.g., the
kidneys, versus the “background”; (3) photon
attenuation by fluid collections and surrounding
organs; (4) renal function; and (5) technical
aspects such as selection of the region of interest
(the organs to be evaluated) as well as selection
of an appropriate background area.

In general, radionuclide image resolution is
diminished compared to, while the radiation dose
is similar or often lower than other radiologic
imaging modalities such as the conventional
VCUG, intravenous pyelography (IVP), and CT
scanning. Unlike standard radiology, radiation

Table 6.1 Common uses of nuclear studies in pediatric
urology

Estimation of renal plasma flow (GFR/global renal
function)

Evaluation of renal cortical lesions (pyelonephritis,
scarring)

Estimation of differential renal function (DRF)

Evaluation of urinary drainage, diagnosis of renal
obstruction

Evaluation and surveillance of vesicoureteral reflux

Determination of testicular blood flow in cases
of suspected testicular torsion
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dosage depends primarily on the amount of
radioactivity administered. Patient exposure is
independent of the number of images obtained,
and this allows for almost unlimited “real-time”
dynamic imaging which can be important when
determining time-dependent processes, such as
sporadic vesicoureteral reflux or renal drainage.
Administered activity (radiotracer dosage) guide-
lines can be found in the Society of Nuclear
Medicine website (Www.snm.org).

Radiopharmaceuticals

Radiopharmaceuticals for evaluation of the kid-
neys are classified into three general categories:
cortical agents, tubular agents, and glomerular
agents.

Cortical Agents

“mTc-Dimercaptosuccinic  acid (DMSA) is
extensively bound to plasma proteins (90 %),
and very little is taken up by red blood cells
(0-5 %) [1]. A small amount is glomerularly fil-
tered [2, 3], but this tracer accumulates predom-
inantly in the proximal convoluted tubules. Up
to half of the injected activity is retained in the
kidneys at 2 h and 70 % at 24 h postinjection
[1, 4]. The highest-quality images are obtained
about 2—4 h postinjection. These characteristics
of DMSA make it an ideal imaging agent for the
renal cortex to detect and define pyelonephritis,
and renal cortical scarring and to assess the size,
shape, and position of the kidneys, and to pro-
vide a reasonable estimate of split renal func-
tion. Due to its complex renal clearance, DMSA
is not useful for estimating global renal function
or GFR [5]. Similarly, it is not useful for evalu-
ating urinary drainage because only a small
fraction is eliminated in the urine (6 % at 1 h,
25 % at 14 h) [1]. DMSA has been used to aid in
localization of renal ectopia, but abdominopel-
vic ultrasonography may obviate the need for
this [6]. **"Tc-Glucoheptonate, another agent
used for renal cortical imaging, is no longer
available.
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Tubular Agents

These agents are excreted principally through the
tubules.”™Tc-Mercaptoacetyltriglycine (MAG3)
is the only approved tubular agent available for
use in the United States. It is largely bound to
plasma proteins (up to 90 %) with minimal
(1-2.3 %) binding to red blood cells. This results
in a significantly reduced volume of distribution
and a high target to background ratio which trans-
lates into improved image quality and increased
utility in younger patients [7-9]."Tc-MAG3 is
rapidly extracted and secreted by the proximal
renal tubules, in a manner qualitatively similar to
that of orthoiodohippurate. Renal uptake is
reduced by poor function. Up to 70 % of the
injected dose is eliminated within 30 min, and by
3 h, up to 90 % can be recovered in the urine [7,
10]. #"Tc-MAG3 can be used quantitatively or
qualitatively for evaluating obstructive uropathy,
renovascular hypertension, and renal allografts
and has been used to approximate effective renal
plasma flow (ERPF) measurement. However,
PmTc-MAG3 slightly underestimates split renal
function when compared directly to " Tc-DMSA.
This effect was magnified when there was a large
difference in function between kidneys but never
exceeded 4.3 % [11]. Some authors also have
used it for cortical imaging [12, 13].

Glomerular Agents

mTc-Diethylenetriaminepentaacetic acid (DTPA)
is excreted predominantly by glomerular fil-
tration and can be used to measure GFR. Like
PmTc-MAG3, ®“™Tc-DTPA can be used to assess
renal blood flow and function, renal allografts,
suspected renovascular hypertension, and obstruc-
tive uropathy [14, 15]. Its renal extraction frac-
tion, however, is only about 20 %, compared to
40-50 % for *"Tc-MAG3 (K). Renal excretion
is significantly affected by reduced renal func-
tion and performs inferior to *"Tc-MAG3 in
patients with poor renal function and in sus-
pected obstruction [16, 17]. It is not a good
agent for renal cortical imaging because of its
relatively rapid excretion.
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Iodine-125 iothalamate is used exclusively
for the nonimaging assessment of GFR. The
glomerular agents '*'I-orthoiodohippurate and
123T-orthoiodohippurate, once the mainstay of
radionuclide renal studies, are no longer avail-
able in the United States.

Radiation Dosimetry

In recent years, much has been written regarding
radiation dose limitation, specifically the concept of
“ALARA - as low as reasonably achievable.” This
has led authors to favor imaging modalities that do
not utilize ionizing radiation whenever possible,
such as ultrasonography or magnetic resonance
imaging. In situations where this is not feasible or
when US or MRI does not perform as well as
nuclear or radiographic studies, one needs to choose
the study that offers the greatest diagnostic informa-
tion and with the least radiation exposure.

The majority of nuclear studies, with the
exception of cystography, carry a significant radia-
tion burden (Table 6.2). In most cases, nuclear
medicine studies used in pediatric urology offer
similar or less radiation than other comparable
imaging modalities. An exception would be
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scrotal scintigraphy, whose nonnuclear imaging
counterpart is Doppler.”™Tc-DMSA renal corti-
cal imaging, because of its selective tubular uptake
and delayed excretion, provides one of the higher
effective radiation doses. This is similar to that of
IVP but offers greater sensitivity and specificity
[18]. Radionuclide cystography, due to the rela-
tively short period of time and distribution lim-
ited mostly to the bladder, provides a much lower
effective dose [19] than contrast voiding cystoure-
thrography (VCUG). However, strides have been
made in reducing the radiation exposure during
VCUG by limiting fluoroscopy time and techni-
cal refinements of the instrumentation. The use of
grid-controlled pulsed fluoroscopy decreases radi-
ation doses across all age groups by 10-50 % com-
pared to continuous fluoroscopy with an effective
dose comparable to that of DRC [19, 20].

GFR Measurement

Traditionally, GFR has been determined by clear-
ance of a substance that is (1) completely filtered
by the glomerulus; (2) not synthesized, destroyed,
reabsorbed, or secreted by the renal tubule; (3)
physiologically inert; and (4) not bound to plasma

Table 6.2 Estimated total body radiation dosimetry (effective dose) for various radiologic and nuclear imaging

studies
Effective
dose (mSv)
1 year of age
#mTc-DMSA cortical scintigraphy 0.8-0.9*°
#mTc-MAG3 diuretic renography/ 0.6-0.77*¢
indirect radionuclide cystography
*mTc-Pertechnate direct radionuclide 0.08¢
cystography
mTc-Pertechnate scrotal scintigraphy 1.4-1.9%¢
without thyroid blockade
Intravenous pyelogram (IVP) with grid 1.0°
Voiding cystourethrogram (VCUG) 0.45-0.894¢
Voiding cystourethrogram (VCUG) 0.053-0.069¢
with GCPL

aGadd et al. [88]
®Smith et al. [18]
°Stabin [19]
dFotakis et al. [89]
“Ward et al. [20]

Effective Effective dose as a percentage
dose (mSv) of total annual atmospheric
5 years of age radiation exposure (%)
0.8-0.93° 25-3
0.6-1.492¢ 19-51
25
1.4-1.9%¢ 45-61
1.2° 32-38
0.45-0.724¢ 14-28
1.7-2.2
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proteins [21]. Agents such as inulin, urea, and
creatinine have been used to measure GFR.
While inulin clearance is generally acknowl-
edged as the gold standard, it has limited clinical
utility as it must be continuously infused and
requires multiple timed blood samples. *"Tc-
DTPA, however, despite having minimal protein
binding, meets the above criteria and requires
only one injection [22].

GFR can be estimated via DTPA scintigraphy
with serial timed plasma samples or via a camera-
only method, which is less cumbersome, requires
less time, and does not involve blood sampling.
Briefly, DTPA is drawn up into a syringe, a 1-min
preinjection measurement of the amount of radio-
activity in the syringe is made, it is rapidly injected
intravenously, a 1-min postinjection measurement
of the empty syringe is made, and serial images of
both kidneys are acquired at 1-min intervals
between 1 and 3 min postinjection. The 2-3-min
interval is the best time for GFR measurement.
Both total and fractional GFR can be estimated.
The entire duration of the study is less than 10 min.

The camera-only technique was described by
Gates who compared DTPA measurements of
GFR to 24-h creatinine clearance values obtained
for each patient. There was an excellent linear cor-
relation (2>0.9) between the two measurements
across a wide range (1-113 mL/min) of renal
function. The DTPA study was repeated 2448 h
later, and a remarkable correlation coefficient
(99 %) with the first study confirmed the tech-
nique’s reproducibility [23]. Some studies suggest
that *"Tc-DTPA is not reliable for estimating
GFR in young children [24, 25]. Chandhoke et al.
reported significant inaccuracy in estimation of
GFR when compared to clearance of continuously
infused iothalamate in children. They postulated
that this may be due to the fact that the adult renal
depth correction used in the Gates method may not
be applicable to children [26].

Renal Cortical Scintigraphy

The very high uptake of *"Tc-DMSA by the
pars recta of the proximal tubules and its mini-
mal glomerular filtration and loss in the urine
allows for detailed images of the renal cortex

(Fig. 6.1). Traditionally, ®™Tc-DMSA cortical
imaging has been used to delineate areas of cor-
tical hypoperfusion that accompany acute pyelo-
nephritis and also to demonstrate renal scarring
from prior infections. Lesions associated with
acute pyelonephritis appear as areas of photope-
nia, with preservation of the normal renal con-
tour. In contrast, renal cortical scars appear as

a
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Fig.6.1 Normal DMSA renal cortical study. (a) There is
homogeneous distribution of activity throughout both kid-
neys on the pinhole images. The discrete round areas of
decreased activity (arrow) are the calyces. The pinhole
collimator distorts apparent organ size, which is why in
some of the views, one kidney appears larger than the
other. The coronal SPECT images (b) demonstrate homo-
geneous distribution of activity throughout the cortex of
both kidneys. Note that unlike their appearance on the
pinhole images, the kidneys are similar in size (With
respect to the orientation of the SPECT images, the ante-
rior most aspect of the kidneys is in the upper left image,
and the posterior most aspect is in the lower right image)
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Fig.6.1 (continued)

wedge-shaped areas of photopenia which distort
the renal contour (Fig. 6.2). This information can
aid in surgical planning and has been proposed
to identify patients who should be screened for
vesicoureteral reflux, the so-called top-down
approach [27, 28].

PmTc-DMSA cortical scintigraphy also can
provide information about differential renal func-
tion (Fig. 6.3). However, because it is filtered to a
small degree, and blood clearance occurs over a
period of hours, variations in renal DMSA uptake
are not always equivalent to true variations in
function. Thus, *"Tc-DMSA should not be used
to estimate absolute renal function or GFR [29].

Description of Technique for
99mTc-DMSA Cortical Scintigraphy

In an effort to standardize reporting and method-
ology for renal cortical scintigraphy, several con-
sensus statements and procedure guidelines have
been issued, but there is still some variation in the

Y &%

timing of image acquisition (1.5—4 h postinjection),
the need for sedation, type of views (planar and
pinhole magnification vs. SPECT), and reporting
of results [30, 31]. For clarity, the described tech-
nique is that of the Society of Nuclear Medicine
Guideline publication in 1997, with some recent
modifications by Zeissman et al. [31]. Single-
photon emission computed tomography (SPECT)
imaging will be described separately as there is
considerable disagreement as to its utility versus
standard planar and pinhole magnification images
and also serious difficulties in multicenter stan-
dardization [31-34].

A large or standard field of view gamma cam-
era equipped with a parallel-hole high-resolution
collimator and/or a pinhole collimator with a
4 mm aperture is recommended. The patient is
placed supine for parallel-hole imaging and
prone for pinhole imaging. Imaging can begin at
1.5-2 h postinjection, although superior image
quality is obtained by waiting at least 4 h [31, 35].
Classically, images are acquired in the posterior
and the left and right posterior oblique planes.
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Differential function is calculated from the poste-
rior planar view using the parallel-hole collima-
tor. Background correction can be undertaken by
selecting a region of interest (ROI) around both
kidneys in the planar projection and then drawing
circumferential background regions approxi-
mately 2 pixels in width and 2 pixels away from
the kidney. Acquisition time for the images varies
by technique, with pinhole magnification requir-
ing fewer counts (150,000 vs. 300,000) but lon-
ger acquisition time than the parallel-hole
collimator (10 min vs. 5 min). For pinhole
images, the kidney should fill approximately 2/3
of the field of view. In cases of significant hydro-
nephrosis, furosemide can be given and/or
delayed images can be performed up to 24 h after
injection of radiotracer.

Various techniques have been described to
adequately image the cortex; most centers rely on
pinhole magnification to properly delineate renal
scarring and acute pyelonephritis. These images
should be correlated with other imaging modali-
ties such as ultrasonography and voiding cystog-
raphy, when available. A sample grading protocol
used in the RIVUR trial is described in Table 6.3
in which the renal cortex is divided into numbered
segments and severity graded by the quantity of
segments involved [31].

SPECT Versus Standard Planar/
Pinhole Imaging

Single-photon emission computed tomography,
or SPECT, provides a panoramic multi-image
view of both kidneys versus the standard three
views of planar and pinhole magnification. Some
suggest that SPECT is more sensitive and easier
to interpret than planar and pinhole images. Other
disagree contending that SPECT is less specific
than planar and pinhole imaging. In an interna-
tional multicenter survey of nuclear medicine
experts, SPECT was performed routinely by only
22 % of respondents and seldom performed by
45 % of respondents and never used by 33 % of
the respondents [30]. Further complicating mat-
ter is the absence of an accepted standard tech-
nique, with several authors reporting a range of

projections (60—120) and varying increments of
scanning time [35-37].

Interobserver Variability in SPECT
and Planar *"Tc-DMSA Cortical
Scintigraphy

#mTc-DMSA planar imaging has been shown
to have excellent interobserver agreement
in several reports using various measures.
Consensus opinion regarding ‘“normal” and
“abnormal” among expert observers was
93.5 % and 90.5 %, respectively [38, 39].
While the reliability and reproducibility of
planar and pinhole imaging is well estab-
lished, little has been published on SPECT
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Fig.6.2 Renal cortical scarring. Pinhole images (a) dem-
onstrate an area of decreased tracer uptake with associated
cortical volume loss (arrow), in the lower pole of the right
kidney. On the coronal SPECT images (b), the right lower
pole abnormality is equally well seen. In addition, the
right kidney is smaller than the left
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Fig.6.2 (continued)

interobserver agreement, and the absence of
a standard acquisition protocol hinders accu-
rate comparisons among studies. Craig et al.
suggest decreased reproducibility and interob-
server agreement in interpretation of SPECT
images compared to planar images [40]. Cost
also can be a factor; by one estimate, SPECT
costs up to 36 % more to perform than pla-
nar imaging. This is presumably due to longer
image acquisition times and a possible greater
need for sedation [41].

SPECT Versus Planar/Pinhole
Magnification Imaging Animal
Models

In comparison to standard planar and pinhole
imaging, SPECT is comparable, possibly at the
expense of decreased specificity and higher false-
negatives. The performance of standard planar
and pinhole magnification DMSA cortical

A XA NA

» 7)) ¢

imaging in the diagnosis of acute pyelonephritis
has been widely investigated, and most authors
agree on a sensitivity around 90 % and specificity
between 90 and 100 % [42, 43].

Craig et al. report the results of a meta-analysis
of published animal trials evaluating the overall
ability of *™Tc-DMSA cortical scintigraphy to
diagnose acute pyelonephritis. He initially found
an average sensitivity of 84 % and an average
specificity of 88 %; however, after correcting sta-
tistical errors and excluding some unusable data,
there were no significant difference between
SPECT and planar imaging [41].

In one elegantly designed study correlating
histopathology and cortical scintigraphy in pig-
lets, Majd et al. directly compared SPECT and
pinhole imaging for detection of pyelonephritis
1-10 days after infection. After evaluating all
zones of pyelonephritis over the entire time
period, SPECT carried a sensitivity of 91 % vs.
86 % for pinhole imaging but was less specific,
82 % vs. 95 % compared to planar imaging.
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Fig. 6.3 When performing renal cortical scintigraphy, it
also is possible to determine differential (split) renal func-
tion and to measure renal size

Table 6.3 Sample grading system for renal cortical
scarring in *“"Tc-DMSA scans (Zeissman et al. [31])

Number of affected

Grade Severity renal segments
0 Normal 0

1 Mild 1-2

2 Moderate 34

3 Severe >4

4 Global atrophy Diffuse scarring

Table 6.4 Detection
of acute pyelonephritis in

iglets (Majd et al. [42
piglets (Maj [42) SPECT

Table 6.5 Detection of
post-pyelonephritis renal
scarring in pigs (Rossleigh
et al. [34])

Pinhole magnification
SPECT

Pinhole magnification

Overall accuracy was similar for both techniques,
88 % for SPECT and 90 % for pinhole imaging
(Table 6.4) [42].

Rossleigh et al. compared SPECT to standard
planar imaging in the diagnosis of renal cortical
scarring in a refluxing piglet model with post-
study histopathologic confirmation. Each animal
after VCUG-confirmed VUR and *"Tc-DMSA-
confirmed pyelonephritis underwent another pla-
nar *“"Tc-DMSA and SPECT scan 3 months later.
They reported similar sensitivity, specificity, and
overall accuracy between planar images, pinhole
magnification, and SPECT (Table 6.5) [34].

SPECT Versus Planar Imaging for
Detecting Pyelonephritis

There are several human studies demonstrating
the ability of SPECT to detect more renal lesions
in acute pyelonephritis and renal cortical scars
than planar and pinhole imaging. Tarkington
et al. compared the ability of SPECT and pinhole
imaging to detect renal cortical defects of various
etiologies in 33 children, about 60 % of who did
not have UTI, VUR, or prior pyelonephritis. In
this heterogeneous population, 63 % of the pin-
hole image studies read as “normal” were found
to have cortical abnormalities on SPECT. They
also found that SPECT “clarified or enhanced”
the pinhole imaging in 71 % of the kidneys stud-
ied. Overall SPECT found 55 % more cortical
defects than pinhole imaging [44]. Yen et al.
compared SPECT to planar imaging in 27 infants
and 17 children upon diagnosis of acute pyelone-
phritis and at 3 months posttreatment and found
SPECT identified significantly more scarring
than planar imaging (33 % vs. 9.5 %, p<0.05) at

Sensitivity (%)  Specificity (%) Accuracy (%)
90 95 92
96 95 96

Sensitivity (%) Specificity (%) Accuracy (%)
74 99 92
59 98 87



6 Principles of Nuclear Medicine Imaging

3 months, particularly in the presence of high-
grade VUR than those found using planar imag-
ing [36]. The prospective data of Applegate et al.
seem to confirm prior human studies that SPECT
detects more “definite” lesions than pinhole and
planar images. Cortical defects were classified as
“possible” or “definite” and “single” or “multi-
ple” as defined by a consensus of three blinded
experts. However, they found that no technique
was superior for detecting multiple as opposed to
solitary defects [32].

SPECT Versus Planar/Pinhole
Imaging Summary

Data from studies in human subjects seem to
corroborate previous animal studies that dem-
onstrate increased sensitivity with SPECT, but
without histopathologic analysis, false-positives
cannot be excluded with certainty. As such, the
pooled data from the animal studies is slightly
less impressive but probably more accurate than
that reported in human subjects. Regardless of
technique, the performance of *"Tc-DMSA renal
cortical scintigraphy in the diagnosis of acute
pyelonephritis and the detection of renal cortical
scarring is excellent. At best, SPECT is slightly
more sensitive than, and is comparable in speci-
ficity to standard pinhole imaging. It seems that
the combination of SPECT and pinhole imaging
may improve interobserver agreement and may
be more useful than either test alone.

Description of Technique for
Diuretic Nuclear Renography

In 1992 the Society for Fetal Urology and the
Pediatric Nuclear Medicine Council released
a consensus statement regarding performance
of the “well-tempered diuretic renogram” in
response to a lack of standardization of tech-
nique and interpretation of dynamic renal imag-
ing. However, this protocol has not been adopted
universally, and debate continues regarding such
technical aspects as method of pretest hydra-
tion, need for urethral catheterization, timing of
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diuretic administration, and even the method of
calculation of urinary drainage [45, 46].

Patient Preparation

The infant kidney continues to mature, and GFR
continues to increase for the first year of life which
is reflected in the child’s ability to clear *™Tc-
MAG3 from the plasma [47]. In general, diuretic
renography should be performed after the child is at
least 1 month of age to limit spurious prolongation
of drainage and a potentially inadequate response
to diuretic challenge due to immature renal tubules
[46]. Oral hydration is encouraged, and IV hydra-
tion is provided as a 15 mL/kg bolus of D5 0.3NS
or D5 0.25NS 15 min prior to injection of radio-
tracer. Maintenance intravenous fluid is provided
throughout the study. A urethral catheter for con-
stant bladder drainage decreases the radiation dose
to the bladder wall and gonads and also minimizes
impedance of antegrade flow of urine from the col-
lecting system simulating delayed drainage.

Renogram Phase

PmTc-MAGS3 is administered intravenously with
the child placed in supine position and the gamma
camera under the bed. The field of view should
include the heart, kidneys, ureters, and the blad-
der. Digital images are collected at 20 s/frame,
and analog images are recorded for 30 min with
practitioner preference determining the timing.
A typical renogram acquisition is 1- or 2-min
image intervals for 30 min (Fig. 6.4).

For accurate estimation of split renal function
during the renogram phase, care must be taken
when selecting the region of interest (ROI). This
can be done manually or with computer assistance
in a semiautomated or fully automated fashion.
Regardless, the ROI must encompass the entire
kidney including the renal pelvis. The background
ROI should be approximately 2 pixels wide and
encircle the renal ROI. Acquisition time should be
a minimum of 20-30 min. To calculate differential
renal function (DRF), the total counts of the reno-
gram curve for each kidney minus the background
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counts are calculated during the interval from 60 s
post tracer injection until the appearance of activ-
ity in the collecting system. Usually this is within
the first 60—120 s of the study. There are several
methods used to estimate DREF, but the two most
commonly employed are the integral method
where area under the renogram curve is calculated
and the Rutland-Patlak plot which relies on the
mean slope of the ascending renogram curve. In
most situations, both methods are thought to be
equivalent [48].

Controversy exists over the so-called “supra-
normal” functioning kidney, split renal function
of >55 % in unilateral hydronephrotic kidneys,

which has a prevalence of 4-21 % [49-53].
Various explanations have been proposed, includ-
ing compensatory hyperfunction, artifact related
to background correction [49, 53], or variation in
the method of quantification of function [50, 54].
Reports of laterality are variable.

Diuretic Phase
Furosemide at a dose of 1 mg/kg (max 40 mg) for
children <1 year and 0.5 mg/kg for children >1

year is given IV after completion of the renogram
phase, usually at 20-30 min (F+20-30) or when

YT

3 sec/fr 19 20

Fig. 6.4 Normal diuretic renography. On the flow phase
(a) of the study, the abdominal aorta (arrow) appears in
frame 2. The kidneys (arrows) are seen about 3 s later, in
frame 3. Visualization of the kidneys within 2-3 s after
visualization of the abdominal aorta generally is equated
with normal renal perfusion. In the case of the renal trans-
plant (not shown), the kidney should appear within 2-3 s
after the iliac artery is seen. On the functional phase (b) of
the study, the kidneys are similar in size, and there is

prompt appearance of activity in the collecting systems
and urinary bladder. Adequate hydration is important to
the success of diuretic renography. Activity should appear
in at least one of the collecting systems within 3—-5 min
after radionuclide injection. Alternatively bladder activity
should appear within 10 min after injection. In this patient,
activity is clearly seen in both collecting systems and the
urinary bladder on frame 1 or about 3 min after injection
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Fig.6.4 (continued)

the collecting system is thought to be full. Other
centers advocate simultaneous administration of
tracer and diuretic (FO) in cases of known hydro-
nephrosis [55]. To ensure uniform distribution of
radiotracer throughout the collecting system, the
child may be placed prone or in the sitting posi-
tion to maximize drainage. In the setting of hydro-
nephrosis, the ROI for the diuretic time-activity
curve should only include the renal pelvis and col-
lecting system. The background ROI should cir-
cumscribe the kidney excluding the hilum. For
children with hydroureteronephrosis, the ROI for
the diuretic time-activity curve should be placed
around the dilated renal pelvis with a separate
ROI circumscribing the ureter to the level of the
UVIJ making sure to exclude the urinary bladder.
Computer frame rates are recorded every
20 s for 40 min. Drainage can be calculated
by determining the time it takes for half of the
tracer activity to leave the collecting system

after diuretic administration (t;, washout), esti-
mating output efficiency (OE), or calculating
normalized residual activity (NORA) (Fig. 6.5).

Defining Renal Obstruction

The differentiation of antenatal hydronephrosis
from significant renal obstruction that causes
deterioration in function is by nature a retrospec-
tive diagnosis. Prior to the advent of routine ante-
natal ultrasound screening, most cases of UPJ or
UV/J obstruction were detected later in life when
patients developed symptoms. Since the 1970s,
antenatal hydronephrosis has been commonly
detected via ultrasound. Because this antena-
tally detected hydronephrosis (presumed urinary
obstruction) is asymptomatic in the majority of
cases, this poses a diagnostic and therapeutic
dilemma for the pediatric urologist. Determining
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Fig. 6.5 Numeric data from the patient study illustrated
in Fig. 6.4. The regions of interest drawn around the kid-
neys as well as the background regions (arrows) are
shown in the upper left image. The top left graph is a rep-
resentation of renal flow, and the top right graph repre-

which of these patients will require surgery and
which will resolve has been challenging.

Historically, several diagnostic tests were used
to predict obstruction, including IVP, and direct
measures of renal pelvis pressure differentials
(Whitaker test). Standard nuclear renograms fol-
lowed, and renal transit times and/or visual anal-
ysis of renogram curves that tracked the passage
of radiotracer through the kidney was used to
define obstruction. Difficulties with poor image
resolution and variations in patient hydration and
a significant number of false-negative studies in
hydronephrotic patients with delayed renograms
without evidence of obstruction limited the use-
fulness of this technique.

O’Reilly et al. introduced the diuretic reno-
gram (DRG) in the late 1970s in an effort to iden-
tify the children with dilated, nonobstructed
collecting systems and separate them from chil-
dren with true obstruction. The analysis of drain-
age curves was born, and various patterns of

TIME IN SECONDS

TIME IN SEOCONDS

sents renal function. The two graphs below are the
individual functional curves of each kidney, with the ver-
tical bar (arrowheads) indicating the time (approximately
21 min) at which diuretic was administered

drainage were defined. The shape of a normal
post-diuretic renal drainage curve was described
as brisk and exhibited rapid elimination of tracer
(pattern I). The “obstructive” pattern (pattern II)
showed little response to the diuretic with a flat
and sometimes rising drainage curve as activity
continued to accumulate within the collecting
system. A third pattern (/lla) was described
which revealed a normal and rapid response to
diuretic even after a continually rising or plateau
renogram curve. The fourth pattern ({/11b), thought
to represent obstruction as well, was a rising or
plateau renogram curve with no response to
diuretic [56, 57].

To further characterize these patients, the
concept of t;, washout, or the time it takes for
half of the radiotracer to drain after diuretic
injection, was introduced. Three categories were
created to stratify patients at risk: t;,, of less than
10 min, definitely normal; t;, of 10-20 min,
indeterminate; and t;, greater than 20 min,
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obstructed (Figs. 6.6 and 6.7). Each of these
parameters has significant shortcomings, and
none have proven accurate enough to make the
definitive diagnosis of obstruction in equivocal
cases. Several authors have documented sponta-
neous resolution of hydronephrosis in children
previously thought to be obstructed by drainage
curve and t,,, washout [58-60].

Calculation of Halftime of Washout
or t,; Washout

The halftime for elimination of radiotracer begin-
ning at the time of diuretic injection, or t,;, wash-
out, has traditionally been the preferred way to
define significant urinary obstruction [46, 61]. It
is measured in minutes, with less than 10 min

being thought of as normal or nonobstructed,
1020 min as indeterminate, and greater than
20 min as significantly obstructed. Analysis
begins at time # when the diuretic is administered,
usually 20-30 min after injection of the radionu-
clide or when the collecting system is seen clearly.
There is usually a short plateau and then a rapid
decrease in activity that corresponds to diuretic
response, which then plateaus as drainage of the
radioactivity is completed. The shape of the drain-
age curve can supply useful information. Flat or
rising curves are thought to represent obstruction.
Use of the t,, alone is troublesome, as it depends
on several factors, including the state of hydration
of the patient, the presence of significant hydrone-
phrosis, and the amount of radioactivity at the
time of diuretic injection and at the end point of
the drainage phase. For example, in kidneys with

13 14 15

3 SEC/FR 19 20

Fig. 6.6 Obstructed left kidney. Flow (a) and functional
(b) images. On the initial images in the flow phase, it
appears as if activity is moving retrograde in the aorta
(arrows). The patient was injected in a lower extremity
vein, and this actually is activity ascending through the

16 17 18

inferior vena cava. The left kidney is considerably larger
than the right. The right collecting system drains sponta-
neously prior to diuretic challenge, while there is little or
no drainage from the left collecting system before or after
diuretic challenge



A.J.Krill and C.J. Palestro

13 14 15
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Fig.6.6 (continued)

normal function with almost complete drainage
before the diuretic injection, the drainage curve
will be flat and the t;, washout can be signifi-
cantly prolonged even though drainage is normal.
This underlies the importance of examining the
drainage curve and not simply categorizing chil-
dren by their t;, washout values alone. As such,
t;» washout values should NOT be reported for
kidneys that drain prior to diuretic administration
(Fig. 6.7). While the t;,, washout is very useful for
excluding obstruction in the setting of normal
drainage, there is a significant portion of patients
with indeterminate drainage values, and this can
lead to diagnostic uncertainty.

Gravity-Assisted Drainage

The standard diuretic renogram s performed with
the patient in the supine position. Patients who
have nonobstructive significant hydronephrosis

10 11 12

LASIX 130 IV

16 17 18

22

and those who have residual atonic renal pel-
vis after pyeloplasty often exhibit delayed t;,
in the “indeterminate” or “obstructed” range.
Several authors suggest that renal drainage can
also be positional, with possible improvement
in renal drainage upon upright imaging [62, 63].
Wong et al. reported the effects of gravity-
assisted drainage (GAD) in a mixed cohort of
postoperative pyeloplasties, tapered ureteral
reimplants, and children who were managed
nonoperatively. GAD was performed by hold-
ing the child upright for 5 min after completion
of the diuretic phase followed by acquisition of
one final image. The upright image was then
compared to the last 5 min of the diuretic phase.
Using a cutoff value of >50 % residual activity
after 5 min of GAD to define obstruction helped
to stratify patients with halftimes in the “inde-
terminate” range. In patients with a t,, washout
of 10-20 min, sensitivity, specificity, and accu-
racy for GAD >50 % in defining obstruction
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Fig. 6.7 Numeric data from the patient illustrated in
Fig. 6.6. The numeric data confirm the visual impression.
There is virtually no drainage from the left collecting sys-
tem at any time during the test. Although the calculated
T, washout from the left collecting system is 80 min, the
curve is nearly flat and we would report this simply as no
response to diuretic challenge, consistent with obstruc-
tion. Note also that the T,, washout from the right

were 100 %, 79 %, and 83 %, respectively. In
patients with t;, washout >20 min, sensitivity
was 88 %, specificity was 74 %, and accuracy
was 84 % [63]. GAD should be a standard com-
ponent in all diuresis renography studies as it
can help clarify and correctly categorize some
of those children with indeterminate or equivo-
cal t,,, washout.

Renal Output Efficiency (OE)

Chai defined OE as the total renal output up to a
time ¢ expressed as a percentage of the total renal
input, i.e., the amount of tracer that has left the
kidney at a selected time expressed as a percent-
age of what the kidney has extracted from the
blood [64]. OE provides an objective measure

collecting system is 13 min, which is an equivocal
response to diuretic challenge. When the diuretic chal-
lenge was given (arrow), however, nearly all the activity
already had drained from the collecting system, and con-
sequently, this value is not meaningful. We report these
situations as spontaneous drainage prior to diuretic chal-
lenge and do not report a T,,, washout

of the renal response to diuretic challenge taking
into account renal function and thus may be more
useful in children with reduced renal function.
Images of the left ventricle are used to gener-
ate a blood clearance curve which is fitted to the
rising phase of a background-corrected whole
kidney time-activity curve. This represents the
kidney input as a function of time. Post-diuretic
background-corrected renal output is then sub-
tracted from input and expressed as a percentage
of the corrected renal input. OE can be calculated
at any point during the study (time #); however,
the input images during the first 1-2 min of the
study must be used.

An OE for “normal kidneys” is defined as at
least 78 % in adults [64]. Saunders et al. com-
pared OE to DRG in 74 young children (91
renal units) with a median age of 4 months.



104

Final outcomes were determined by surgical
pathology and clinical follow-up. OE was calcu-
lated at 20 min post-diuretic injection and after
gravity-assisted drainage. The children were
initially stratified by DRG findings; obstruction
on DRG was defined as at least two of the fol-
lowing: t;,>20 min, split renal function <40 %,
and by visual assessment of a flat or rising post-
diuretic drainage curve. Normal OE values were
obtained by assessing the non-hydronephrotic
contralateral kidney. In non-hydronephrotic kid-
neys, the mean OE was 96 % compared to 93 %
in hydronephrotic but unobstructed kidneys.
The lower limit of normal was defined as 79 %
(2 SD below the mean in hydronephrotic nonob-
structed kidneys). T,, washout on diuretic
renography initially stratified the patients as 52
nonobstructed, 20 indeterminate, and 19
obstructed. Using a value of <79 %, OE classi-
fied 61 patients as normal and 20 as obstructed.
The final diagnosis revealed true obstruction in
22 and no obstruction in 69. This resulted in an
overall diagnostic accuracy for OFE of 89 %. In
the indeterminate group, OE correctly classified
all cases of obstruction, and 56 % of those found
not to be obstructed. Interestingly, OE per-
formed well in a subgroup of patients with
reduced differential renal function (mean DRF
32 %) detecting all true cases of obstruction and
classifying ~70 % of unobstructed patients cor-
rectly. This resulted in a sensitivity of 100 %, a
specificity of 82 %, and an accuracy of 80 % in
children with mild to moderate renal dysfunc-
tion [65].

Normalized Residual Activity
(NORA)

Normalized residual activity (NORA), first
described by Piepsz et al. in 2000, can be thought
of as complementary to OE [66]. It is the ratio
between any 60-s interval of renal activity during
a given time and the first 60—120 s of the study.
NORA can be calculated at any point during the
study regardless of whether diuretic has been
given. Typical acquisition times are at the end of
the renogram, the end of the furosemide test, and
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after voiding. In other words, while OE describes
what has left the kidney, NORA describes what
remains behind.

Normal values were described in Piepsz’s
study comparing NORA values to OE in 175
normal kidneys and 82 postoperative dilated but
not obstructed kidneys. As expected, NORA in
normal kidneys at 20 min was almost always
<1.0 because normal adequate drainage has
already occurred. When NORA is plotted ver-
sus OE values obtained at 20 min, there is an
excellent linear correlation (R>=-0.917), which
further confirms the complementary nature
of the two parameters. Of note, the choice of
background correction plays a role in NORA
calculations with perirenal or subrenal back-
ground ROIs making up 67 or 83 % of the
value obtained without background -correc-
tion. Therefore, background correction should
be standardized when reporting this parameter
[67]. NORA has been found to be less robust
than OE in patients with diminished renal func-
tion [68]. The results of this new quantitative
parameter are interesting and potentially useful,
but further study is required to compare values
in patients with known obstruction.

Radionuclide Cystography

Traditionally, VCUG utilizing fluoroscopy has
been the standard for the initial diagnosis of
vesicoureteral reflux. In an effort to minimize
radiation exposure, Winter introduced direct
radionuclide cystography in 1959 [69]. Because
image resolution is inferior to that of VCUG and
precise grading is not possible, most centers in
the United States use radionuclide cystogra-
phy selectively. In a survey of North American
pediatric urologists, Ellison et al. reported that
only 1-3 % of those polled routinely ordered
radionuclide cystography for children with ante-
natal hydronephrosis or after a first febrile UTI
compared with 97-99 % who ordered VCUG.
Radionuclide cystography was, however, utilized
more frequently in the setting of vesicoureteral
reflux follow-up (44 %) and in sibling screening
(29 %) [70].
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Direct Radionuclide Cystography

Access to the bladder is made sterilely either by
urethral catheter (5-8 Fr), by Foley catheter with
a deflated balloon during the voiding portion of
the study, or by direct percutaneous suprapubic
injection [71]. **Tc-Pertechnate is the most
commonly used radiotracer, but " Tc-sulfur col-
loid or ®™Tc-DTPA should be used in children
with augmented bladders as these compounds
are not absorbed via the bowel mucosa used in
the augmentation [72]. The administered dose
(0.5-1.0 mCi/kg) is the same for all three tracers.
The radiotracer is mixed in 250-500 mL of ster-
ile saline and hung approximately 70-100 cm
above the table. Filling is complete when the age-
appropriate volume is reached or upon cessation
of flow from the bottle of solution.

The gamma camera is placed under the supine
patient during the filling phase, and computer

.

10 cc

90 cc 100 cc
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images are obtained at 5 s/frame. Once filling is
complete, the cooperative patient is positioned
upright with the camera posterior. Computer
images are obtained every 2—-10 s, and analog
images are taken every 30-60 s. Pre- and post-
void bladder images are taken, and regions of
interest are drawn around the bladder to calculate
the postvoid residual.

The presence and duration of reflux, and if
possible the estimated bladder volume during
reflux, are reported. Grading is categorized as
mild, tracer only in the ureter; moderate, tracer in
a nondilated collecting system and ureter; and
severe, tracer within a dilated collecting system
and ureter (Fig. 6.8). Some authors have
attempted to correlate reflux with bladder vol-
umes and voiding with limited success [73, 74].

Acknowledged sources of error include inad-
equate bladder drainage in smaller caliber cathe-
ters, leakage of urine (and tracer) around the

40 cc

‘.- >

120 cc 130 cc

Fig.6.8 Severe vesicoureteral reflux on direct radionuclide cystography. Activity extending into a dilated left pelvis/
collecting system (arrow) can be appreciated when the urinary bladder volume is 120 cm?
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catheter, and skin contamination by urine. The
latter two may result in false-positive exams.

Percutaneous Direct Radionuclide
Cystography Technique

This technique, proposed by Wilkinson et al. in
2002, was aimed for use in older, toilet-trained
children who seek to avoid the discomfort of
urethral catheterization [71, 75]. EMLA or topi-
cal lidocaine is applied to the suprapubic area of
puncture 45 min prior to initiation of the study.
The child is encouraged to drink liquids, and blad-
der fullness is assessed by ultrasound. Ultrasound
is also used to measure the distance between the
skin and bladder, if less than 12 mm a 25 gauge
needle can be used to inject the radiotracer directly
into the full bladder. Larger needles may be nec-
essary in older or more obese children.

Indirect Radionuclide Cystogram

The indirect radionuclide cystogram relies on
patient cooperation to a much greater extent than
direct cystography. As there is no urethral cathe-
terization, the child must be able to voluntarily
void and must remain still, or the test cannot be
completed. The radiotracer of choice is *™Tc-
MAG3, but ™Tc-DTPA can also be used at a
dose of 0.08-0.12 mCi, administered either via
venipuncture or IV catheter. Indirect cystography
requires a conventional dynamic renal scan prior
to the voiding phase of the study.

The child is placed supine with the camera
posterior. Images are acquired at 1-4-s intervals
for the first minute, followed by images at 1-5-
min intervals for 30-60 min or until at least 80 %
of the tracer has left the collecting system and
entered the bladder. If necessary, the child can be
positioned upright to aid in kidney drainage prior
to voiding images. For the voiding phase, the
child is asked to sit, and the camera is again
placed posterior. When the child reports the urge
to void, 2-10-s computer images are obtained
until the end of voiding. Any patient movement
during image acquisition can lead to spurious
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results. Of note, reflux can only be detected
during the voiding phase, and if the patient can-
not void, the test cannot be interpreted.

Direct Radionuclide Cystography
Versus VCUG

Early studies suggest that DRC is comparable to
VCUG in the detection of VUR and may be
slightly more sensitive. Agreement between DRC
and VCUG has been reported to be around 80 %
with DRC detecting 17 % of cases missed by
VCUG [76-78]. Kogan et al. report several cases
of clinically significant VUR detected only on
DRC and missed by VCUG in a highly selected
population. They recommend supplemental DRC
in those children with negative VCUG who have
a clinical history of multiple febrile UTIs and/or
cortical imaging suggestive of renal scarring due
to occult reflux [78]. McLaren et al. found DRC
to be even more sensitive than VCUG when pro-
spectively examining infants presenting with
febrile UTI. Each patient underwent both diag-
nostic studies yielding a sensitivity of 45 % for
VCUG and 91 % for DRC. However, DRC
missed half of grade 1, 20 % of grade 2, and 6 %
of grade 3 VUR found on VCUG [79].

Direct Radionuclide Cystography
Versus Indirect Radionuclide
Cystography

Due to the nature of IRC, which relies on bladder
filling after a dynamic renogram, only the void-
ing and postvoiding phases can be interpreted.
The injected radiotracer must be cleared from the
blood and excreted by the kidneys, and only after
tracer has exited the collecting system and ure-
ters can the study begin. Early reflux can poten-
tially be masked by tracer already present in the
ureter, or conversely ureteral tracer from the
drainage phase could be interpreted as VUR. This
significant limitation to the technique may
potentially lead to false-negative or false-positive
results. Early reports comparing the two tests
confirm this concern. In a study of 137 patients
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who underwent concurrent DRC and IRC,
Conway et al. reported that 21 % of cases of VUR
occurred only during the filling phase and would
not be detectable by IRC [80].

Despite the logistical advantages (ease of
interpretation, decreased radiation dose) of DRC
versus IRC, many centers in Europe and Australia
prefer IRC because it avoids urethral catheteriza-
tion despite decreased sensitivity and specificity
versus VCUG or DRC. When compared to VCUG
as the standard, sensitivities range from 41 to
82 % and specificities from 44 to 90 % [81-86].

Percutaneous Direct Radionuclide
Cystography Versus IRC and VCUG

In Wilkinson’s report proposing suprapubic
injection of radiotracer, 94 % of injections were
successful in one attempt, and approximately
82 % of patients reported the suprapubic injec-
tions caused less discomfort than the IV place-
ment required for IRC. Detection of reflux by
PDRC was approximately half that of previously
reported by IRC in the same patients (28 % vs.
66 %), but 30 % of the patients studied by PDRC
had previously undergone corrective surgery for
their reflux. Additionally, PDRC was performed
in most cases up to a year after the initial IRC,
thus allowing some cases of VUR to potentially
resolve [71]. Jose et al. reported slightly better
results in a more carefully selected patient popu-
lation with VCUG and PDRC concordant in
90 %. Sensitivity, specificity, and accuracy com-
pared to VCUG were 76 %, 100 %, and 92 %,
respectively. Given its feasibility and excellent
patient tolerability, it seems to be a technique that
warrants further study, especially in older chil-
dren who seek to avoid catheterization [75].

Scrotal Scintigraphy

Differentiating testicular torsion from epididymo-
orchitis relying solely on clinical judgment can
be quite challenging and often results in unneces-
sary scrotal exploration. Scrotal scintigraphy,
first introduced in 1973 by Nadel et al. [87] to
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evaluate acute testicular pain, for many years was
used as a first-line diagnostic modality to distin-
guish testis ischemia from inflammatory pro-
cesses. More recently, color and power Doppler
ultrasonography has been shown to be a powerful
and noninvasive tool for evaluating testicular
blood flow that does not involve ionizing radia-
tion. This has obviated the need for scrotal scin-
tigraphy in most situations. Several authors
advocate combined ultrasonography and scrotal
scintigraphy in equivocal cases.

Scrotal Scintigraphy Technique

PmTc-Pertechnate is given intravenously at a
dose of 0.1 mCi/kg, with a minimum dose of
2 mCi and a maximum dose of 15 mCi. To pre-
vent tracer uptake by the thyroid gland, 6 mg/kg
of potassium perchlorate is given orally prior to
the study. The patient is placed supine and the
penis is secured superiorly and the scrotum is
gently elevated above the thighs. The exam is
then performed in two phases, angiography and
static scintigraphy.

Tracer is given IV as a rapid bolus, and a low-
energy collimator is used to record one frame per
second for 60 s for the flow phase. After the flow
phase is completed and without moving the cam-
era, a single static image of the scrotum is
obtained for 300,000-500,000 counts. A lead
apron is placed over the thighs and under the
scrotum to minimize background interference,
and another lead apron is placed over the supra-
pubic area to obscure any bladder activity. Once
appropriately shielded, another anterior static
image is acquired using a pinhole collimator for
150,000 counts. If necessary, a cobalt 57 line
source, or lead strip, may be placed in the midline
to delineate the scrotal raphe.

Interpretation of Scrotal
Scintigraphy

Normally, tracer activity is rarely seen in the
scrotum during the flow phase of the study due to
the relatively low blood flow in the area. Instead,
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Perfusion

Fig.6.9 Late testicular torsion. An 11-year-old boy pre-
sented with a 3-day history of right scrotal pain. There is
mildly increased blood flow (arrow) to the right hemis-
crotum on the perfusion (flow) phase of the study. On the
blood-pool phase, in the near left image, there is a discrete
photopenic defect (arrow) in the right hemiscrotum.

tracer is more often visualized in the iliac and
femoral vessels and in the soft tissue of the
thighs. The static images should show symmetric
uniform tracer uptake in the scrotum.

During early acute torsion (<24 h), the flow
phase often is normal, but on static images, there
is reduced or absent uptake in the affected hemis-
crotum. After a few hours of symptoms, there is
sometimes a rim of increased tracer uptake sur-
rounding the involved testicle.

In late torsion (>24 h), the flow phase may
show a central region of decreased or absent
activity corresponding to the affected testis.
There can also be a peripheral rim of increased
activity. Static images also show a similar pattern
of decreased or absent activity surrounded by an
area of increased activity (Fig. 6.9).

Blood pool

There is a hyperemic rim (arrows, center image) sur-
rounding this region. This is the typical presentation of
late torsion. On the far right image, a lead shield has been
placed on the median raphe (arrow), to help distinguish
the right and left halves of the scrotum. A necrotic right
testis was removed at surgery

In contrast to testicular torsion, inflamma-
tory processes such as epididymitis and orchitis
will appear as increased activity on both the
flow and static images (Fig. 6.10). An abscess
may have an appearance similar to that of late
testicular torsion. The often irregular border of
an abscess and a rim of hyperperfusion that is
not always completely circumferential may
help to differentiate this condition from late
torsion.

Torsion of the epididymal appendage is rarely
if ever demonstrated on scrotal scintigraphy as it
lacks the necessary resolution. A torsed append-
age can appear as normal or increased flow on the
flow phase and appears as normal on the static
image. However, the aim of study is to exclude
testicular torsion.
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Perfusion

Blood pool

Fig. 6.10 Inflammation. A 4-year-old boy presented
with a 4-day history of right scrotal pain. There is very
mild hyperperfusion to the right hemiscrotum on the per-
fusion phase of the study. On the blood-pool images, there
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