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            Pediatric Gastrointestinal Nuclear Medicine James Claude Warrington, MD, PhD, and Martin Charron, MD General localization of gastrointestinal bleeding through the use of labeled red blood cells may be performed in children, or 99m Tc-pertechnetate may be used if a Meckel’s divertic- ulum is suspected. As in adults, cholecystitis and biliary leak may be assessed in children via 99m Tc-IDA derivatives. Gastroesophageal reﬂux can be evaluated by oral consumption of the child’s usual diet labeled with 99m Tc sulfur colloid. For the scintigraphic determination of pulmonary aspiration, a relatively high concentration of tracer within a drop of liquid is placed beneath the child’s tongue followed by dynamic imaging of the respiratory tract. Colonic transit scintigraphy can aid in the identiﬁcation and therapeutic decision-making in patients with functional fecal retention, the most common cause of chronic constipation in children. 18 F-DOPA positron emission tomography is useful for classifying pancreatic involvement in infantile hyperinsulinism as focal or diffuse, thereby differentiating between patients who should receive curative focal pancreatic resection versus those who should receive medical management. Assessment of protein-losing enteropathy can be conducted scintigraphically and, compared with fecal alpha-1 antitrypsin collection, the scintigraphic method can detect esophageal and gastric protein loss. Also, scintigraphic quantiﬁcation of protein loss can be performed without the requirement for fecal collection. Intestinal inﬂammation in children with inﬂammatory bowel disease can be evaluated using 99m Tc white blood cells. The scintigraphic method is safe, accurate, well-tolerated by children and complementary to endoscopy in most patients. Semin Nucl Med 37:269-285 © 2007 Elsevier Inc. All rights reserved. T his review describes both established examinations in pediatric gastrointestinal nuclear medicine as well as scintigraphic pediatric procedures that are either new or are less commonly used. The article covers facets of gastrointes- tinal (GI) bleeding, hepatobiliary scintigraphy, and splenic scintigraphy. Pediatric gastrointestinal transit is reviewed, in- cluding discussions of the scintigraphic assessment of gastro- esophageal reﬂux, esophageal transit, gastric emptying, pul- monary aspiration, and colonic transit in children. An emphasis is placed on the use of labeled white blood cells for the detection and assessment of inﬂammatory bowel disease (IBD) in children. Methodology for acquiring 99m Tc-labeled white blood cells images in IBD is described as well as advan- tages and disadvantages of the procedure compared with other diagnostic modalities. 18 FDOPA positron emission to- mography (PET) in the assessment of patients with congeni- tal hyperinsulinism of infancy is discussed. Scintigraphy in the assessment of protein losing enteropathy is also reviewed. Meckel’s Scan Pediatric patients presenting with GI bleeding may be suspected of having a Meckel’s diverticulum as the underlying cause. A Meckel’s diverticulum is an outgrowth on the antimesenteric side of the ileum and represents incomplete closure of the omphalomesenteric duct. It is usually located approximately 100 cm proximal to the ileocecal valve, occurs in 1% to 3% of the population, and is 3 times more common in male patients. The most common complication is intermittent and painless bleeding per rectum, which may occur at any age but is more likely to occur in childhood, often when the child is younger than 2 years of age. The cause of bleeding is mucosal ulceration of the Meckel’s diverticulum or adjacent ileum as ectopic gastric mucosa within the Meckel’s diverticulum produces hydrochlo- ric acid. Approximately 60% of cases of symptomatic Meckel’s diverticula contain ectopic gastric mucosa. Other potential com- plications of Meckel’s diverticula are partial or complete small bowel obstruction and Meckel’s diverticulitis (which tends to mimic appendicitis). Symptomatic Meckel’s diverticula should be surgically resected. 99m Tc pertechnetate localizes to gastric mucosa as well as to ectopic gastric mucosa in the intestinal tract. A dose of 3.7 MBq/kg of body weight is given intravenously, with minimal and maximal doses of 7.5 MBq and 370 MBq, respectively. A The Hospital for Sick Children, Toronto, ON, Canada. Address reprint requests to Martin Charron, MD, Department of Diagnostic Imaging, Division of Nuclear Medicine, The Hospital for Sick Children, 555 University Avenue, Toronto, ON M5G 1X8, Canada. E-mail: [email protected] 269 0001-2998/07/$-see front matter © 2007 Elsevier Inc. All rights reserved. doi:10.1053/j.semnuclmed.2007.02.005 
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 ediatric Gastrointestinal Nuclear Medicineames Claude Warrington, MD, PhD, and Martin Charron, MD
 General localization of gastrointestinal bleeding through the use of labeled red blood cellsmay be performed in children, or 99mTc-pertechnetate may be used if a Meckel’s divertic-ulum is suspected. As in adults, cholecystitis and biliary leak may be assessed in childrenvia 99mTc-IDA derivatives. Gastroesophageal reflux can be evaluated by oral consumption ofthe child’s usual diet labeled with 99mTc sulfur colloid. For the scintigraphic determinationof pulmonary aspiration, a relatively high concentration of tracer within a drop of liquid isplaced beneath the child’s tongue followed by dynamic imaging of the respiratory tract.Colonic transit scintigraphy can aid in the identification and therapeutic decision-making inpatients with functional fecal retention, the most common cause of chronic constipation inchildren. 18F-DOPA positron emission tomography is useful for classifying pancreaticinvolvement in infantile hyperinsulinism as focal or diffuse, thereby differentiating betweenpatients who should receive curative focal pancreatic resection versus those who shouldreceive medical management. Assessment of protein-losing enteropathy can be conductedscintigraphically and, compared with fecal alpha-1 antitrypsin collection, the scintigraphicmethod can detect esophageal and gastric protein loss. Also, scintigraphic quantification ofprotein loss can be performed without the requirement for fecal collection. Intestinalinflammation in children with inflammatory bowel disease can be evaluated using 99mTcwhite blood cells. The scintigraphic method is safe, accurate, well-tolerated by children andcomplementary to endoscopy in most patients.Semin Nucl Med 37:269-285 © 2007 Elsevier Inc. All rights reserved.
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 his review describes both established examinations inpediatric gastrointestinal nuclear medicine as well as
 cintigraphic pediatric procedures that are either new or areess commonly used. The article covers facets of gastrointes-inal (GI) bleeding, hepatobiliary scintigraphy, and spleniccintigraphy. Pediatric gastrointestinal transit is reviewed, in-luding discussions of the scintigraphic assessment of gastro-sophageal reflux, esophageal transit, gastric emptying, pul-onary aspiration, and colonic transit in children. An
 mphasis is placed on the use of labeled white blood cells forhe detection and assessment of inflammatory bowel diseaseIBD) in children. Methodology for acquiring 99mTc-labeledhite blood cells images in IBD is described as well as advan-
 ages and disadvantages of the procedure compared withther diagnostic modalities. 18FDOPA positron emission to-ography (PET) in the assessment of patients with congeni-
 al hyperinsulinism of infancy is discussed. Scintigraphy inhe assessment of protein losing enteropathy is also reviewed.
 he Hospital for Sick Children, Toronto, ON, Canada.ddress reprint requests to Martin Charron, MD, Department of Diagnostic
 Imaging, Division of Nuclear Medicine, The Hospital for Sick Children,555 University Avenue, Toronto, ON M5G 1X8, Canada. E-mail:
 [email protected]
 001-2998/07/$-see front matter © 2007 Elsevier Inc. All rights reserved.oi:10.1053/j.semnuclmed.2007.02.005
 eckel’s Scanediatric patients presenting with GI bleeding may be suspectedf having a Meckel’s diverticulum as the underlying cause. Aeckel’s diverticulum is an outgrowth on the antimesenteric
 ide of the ileum and represents incomplete closure of themphalomesenteric duct. It is usually located approximately00 cm proximal to the ileocecal valve, occurs in 1% to 3% ofhe population, and is 3 times more common in male patients.he most common complication is intermittent and painlessleeding per rectum, which may occur at any age but is more
 ikely to occur in childhood, often when the child is youngerhan 2 years of age. The cause of bleeding is mucosal ulcerationf the Meckel’s diverticulum or adjacent ileum as ectopic gastricucosa within the Meckel’s diverticulum produces hydrochlo-
 ic acid. Approximately 60% of cases of symptomatic Meckel’siverticula contain ectopic gastric mucosa. Other potential com-lications of Meckel’s diverticula are partial or complete smallowel obstruction and Meckel’s diverticulitis (which tends toimic appendicitis). Symptomatic Meckel’s diverticula should
 e surgically resected.99mTc pertechnetate localizes to gastric mucosa as well as to
 ctopic gastric mucosa in the intestinal tract. A dose of 3.7Bq/kg of body weight is given intravenously, with minimal
 nd maximal doses of 7.5 MBq and 370 MBq, respectively. A
 269
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 270 J.C. Warrington and M. Charron
 ositive study demonstrates near-simultaneous visualizationf gastric uptake and a focus of ectopic gastric mucosa duringhe study, usually by 30 minutes after tracer injection. Thectivity within both ectopic gastric mucosa and stomachhould concurrently intensify over time. The sensitivity andpecificity of scintigraphic detection of a Meckel’s diverticu-ar bleeding site are approximately 85% and 95%, respec-ively.1 Both ectopic gastric mucosa and gastric duplicationypically demonstrate simultaneous visualization with thetomach, whereas, intestinal duplications can be visualizedynamically before the stomach is seen. Intrathoracic foregutuplication cysts with functioning gastric mucosa may beisualized on delayed images (up to 24 hours) after gastricptake occurs. Initially, a photopenic area in the thorax cor-esponding to the duplication cyst may be visualized.2
 Certain pharmacologic maneuvers have been reported tomprove the detection of Meckel’s diverticulum. Pentagastrin6 mg/kg) given subcutaneously just before imaging can in-rease acid production and tracer uptake. Cimetidine (20g/d) may be given orally for 2 days before imaging. It in-ibits intraluminal secretion of tracer but does not blockptake. Glucagon (50 mg/kg IV) given 10 minutes after the
 9mTc pertechnetate administration has an antiperistaltic ef-ect on the smooth muscles of the gastrointestinal tract.1
 I Bleeding9mTc red blood cell (RBC) scintigraphy generally is useful forssessing GI bleeding in patients. Meckle’s diverticula alsoay be identified through this technique, although other
 auses of bleeding may include intussusception, IBD, He-och-Schonlein purpura, gastritis, duodenitis, Mallory-eiss tear, infectious enterocolitis, allergic enterocolitis,idgut volvulus, polyps, tumors, vascular malformations,
 nteric duplication cysts, nodular lymphoid hyperplasia, he-olytic uremic syndrome, and foreign body and trauma.3
 he main advantage of using 99mTc-RBCs is that doing soermits visualization of GI bleeding over the course of severalours. Bleeding rates as low as 0.1 mL/min to 0.4 mL/minay be detected. Large bowel endoscopy of actively bleedingatients has a low diagnostic yield, is potentially harmful tohe patient, and the small bowel is not successfully visualizedndoscopically. Angiography typically localizes bleedinghen the rate is greater than 1 mL/min. However, for bleed-
 ng to be identified, it should occur during the 20- to 30-sime interval during which contrast is administered. Scintig-aphy permits visualization of the entire GI tract.
 Labeling of RBCs is most efficient by the in vitro method98%) as compared with the in vivo (70%) and modified inivo (90-95%) methods. The disadvantage of lower labelingfficiencies is the possibility of secretion of free pertechnetateithin gastric mucosa into the duodenum and also excretionf free pertechnetate into the urinary collecting system in-reasing the likelihood of false positive studies.
 Positive studies demonstrate tracer activity outside of nor-al vascular structures with antegrade or retrograde motion
 f tracer through bowel. The motion is best detected on cin-
 matic display and may occur very rapidly. Small bowel 2 leeding may be distinguished from a colonic source by theemonstration of rapid distal progression through a series ofultiple small, centrally located, curvilinear segments on
 inematic display of the abdomen. Large bowel bleeding hasmore elongated pattern with peripheral location within thebdomen compared with bleeding within small bowel. Sta-ionary activity is more likely to represent a vascular abnor-ality, urinary or penile activity. In rare cases, a stationary
 ite may represent adherent blood clot to the bowel wall.99mTc sulfur colloid also has been used in the assessment of
 I bleeding. It has the advantage of detecting rates as low as.05 to 0.1 mL/min through achievement of a high bleedingo background ratio. Its disadvantages include a short dura-ion of imaging time to localize bleeding of approximately 20in and limited interpretation of potential bleeding sites inroximity to the liver and spleen as the liver and spleenccumulate 99mTc sulfur colloid during the test.
 The utility of 99mTc RBC scintigraphy is its ability to local-ze the site of GI bleeding before angiography and its ability toetect intermittent bleeding. Angiography is approximately0-fold less sensitive for the detection of GI bleeding thancintigraphy. Both 99mTc RBC scintigraphy and 99mTc sulfurolloid scintigraphy detect sources of venous and arterial GIleeding, whereas contrast angiography only detects arterialources. 99mTc RBC scintigraphy for GI bleeding has prognos-ic value and is predictive of transfusion requirements andhe need for angiography and surgery.1,4-7
 epatobiliary Scintigraphyiliary Atresia Versus Hepatitis
 iliary atresia and hepatitis in the neonate have similar clin-cal features. Biliary atresia has a slight female preponderancend occurs in approximately 1 in 10,000 live births. Neonatalepatitis more commonly affects male patients and is associ-ted with infection (CMV, rubella, toxoplasmosis, HSV, andiral hepatitis), alpha-1-antitrypsin deficiency, and idio-athic onset. Identification of patients with biliary atresiaefore 2 to 3 months of age is important to prevent irrevers-
 ble liver damage and complete deterioration of the extrahe-atic biliary tree. The Kasai procedure (choledochojejunalnastamosis) is often corrective of biliary atresia.
 99mTc IDA derivatives are used in hepatobiliary scintigraphyor the differentiation of biliary atresia and neonatal hepatitis.9mTc DISIDA or 99mTc mebrofenin are often the radiopharma-euticals chosen for hepatobiliary scintigraphy. Premedicationith phenobarbital (5 mg/kg/d divided bid for 3 to 5 days before
 cintigraphy) increases bile secretion and improves the diagnos-ic differentiation between biliary atresia and neonatal hepatitis.rsodeoxycholic acid has also been included in the pretreat-ent regimen to stimulate bile secretion.At most institutions, dynamic abdominal images are ac-
 uired for 1 h; however, at some centers, including our own,nly 15 min of dynamic imaging is acquired. Excretion intohe bowel excludes the presence of biliary atresia. If no bowelctivity is detected after 1 h of imaging, delayed images up to
 4 h are recommended to diagnose biliary atresia. However,
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 ormal liver uptake of tracer with no excretion up to 24 h canccur in severe cases of neonatal hepatitis, Alagille syndrome,ehydration, sepsis, TPN cholestasis, and bile plug syndrome
 n cystic fibrosis, thereby giving a similar scintigraphic ap-earance as biliary atresia. Neonatal hepatitis typically dem-nstrates poor hepatocyte uptake and poor hepatobiliaryransit with passage of tracer into the bowel.
 Cases in which hepatocellular uptake is severely impairednd bowel is not visualized are indeterminate. A repeat ex-mination with phenobarbital (if not already performed) mayrove useful. Conceivably, a single-proton emission com-uted tomography–computed tomography (SPECT/CT)
 Figure 1 Hepatobiliary imaging demonstrating acute cho(A) and delayed (B) images demonstrate nonvisualizatiodelayed views (not shown).
 Figure 2 Hepatobiliary scintigraphy showing dilation of t
 (B) representing Caroli’s disease. can could improve the accuracy of the examination by lo-alizing questionable activity to bowel lumen versus liver,pleen, genitourinary tract, or elsewhere in equivocal cases.8,9
 iliary Obstruction and Cholecystitisepatobiliary scintigraphy is useful in the assessment of patientsith right upper-quadrant pain (Figs. 1 and 2). Cholecystis isresumed to occur less frequently in children than in adults, but
 ts incidence in children has probably been underestimated.10
 holecystitis with underlying cholelithiasis is more common inhildren with hemolytic anemias. Acute calculous cholecystitis
 is in a 16-year-old girl with sickle cell disease. Dynamice gallbladder. Gallbladder activity was not seen on 3-h
 ahepatic bile ducts on dynamic (A) and delayed images
 lecystitn of th
 he intr
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 ccurs when the cystic duct becomes obstructed by gallstoneseading to gallbladder distension and edema. Bile stasis mayhen lead to bacterial overgrowth. Acalculous cholecystitis oc-urs infrequently in the adult population, but proportionately, ismore common cause of cholecystitis in children. Acalculous
 holecystitis can occur in prolonged illness, sepsis, or trauma.hese conditions (and their treatment) predispose increasingholesterol saturation, biliary stasis, and cholestatic hypofunc-ion. Biliary sludge may then form with resultant cystic ductbstruction. The associated inflammation and edema may com-romise blood flow and promote bacterial infection. Infectionsuch as scarlet fever and other streptococcal infections as well asasculitis from Kawasaki’s disease and polyarteritis nodosa canead to acalculous cholecystitis in children. Chronic cholecystitis
 ost often is related to gallstone formation; however, cases ofhronic acalculous cholecystitis (biliary dyskinesia) are believedo be related to gallbladder dysfunction causing chronic biletasis and sphincter of Oddi dysfunction.11
 Acute cholecystitis is associated with nonvisualization ofhe gallbladder on hepatobiliary scintigraphy with a diagnos-ic accuracy of 98%, and a specificity of 100% in adults.12
 owever, in children, visualization of the gallbladder doesot exclude cholecystitis as gallbladder visualization, though
 nfrequent, is possible in acalculous cholecystitis. In acalcu-ous cholecystitis, the cystic duct may be partially obstructednd associated edema of the cystic duct may result in gall-ladder nonvisualization. If the gallbladder is visualized, in-usion of 0.02 mg/kg sincalide permits further assessment.oor contraction of the gallbladder following sincalide mayccur in partial cystic duct obstruction, acalculous cholecys-itis or chronic cholecystitis. Chronic cholecystitis is associ-ted with a gallbladder ejection fraction of approximately lesshan 35%. No normal values for gallbladder ejection fractionave been established in children, and it is expected thathere is significant overlap between the normal and abnormalange. Additionally, chronic cholecystitis may be accompa-ied by a delay in gallbladder filling in the absence of hepaticysfunction. As in adults, morphine augmentation of hepa-obiliary scintigraphy of acute cholecystitis may help reducehe number of false positive studies in children and reduce
 Figure 3 Hepatobiliary scintigraphy demonstrating intensNote photopenia representing loops of bowel made appprominently on 2-h delayed images.
 canning time, however, in acute acalculous cholecystitis, it t
 ay overcome functional obstruction of the cystic duct re-ulting in a false negative examination.8,11,13-15
 iliary Leakbiliary leak may occur as a complication of trauma or surgery.
 n the case of surgery, 70 to 75% of bile leaks occur at the cysticuct. Hepatobiliary scintigraphy demonstrates activity withinhe peritoneal cavity, usually within the hepatic capsule or ad-acent to the liver (Fig. 3). Rarely, free bile ascites may occur.hrough the use of scintigraphy, the presence of a hepatobiliary
 eak and hepatic capsule integrity can be determined and a qual-tative assessment of the severity of the leak can be made. Largeiliary leaks require intervention, whereas small biliary leaks arellowed to heal spontaneously.
 Scintigraphy is more sensitive than CT or ultrasound for theetection of biliary leaks. CT and ultrasound may demonstratehe presence of a fluid collection; however, scintigraphy is betterble to establish an active hepatobiliary component associatedith the fluid collection. In the setting of a clinically high suspi-
 ion of biliary leak, endoscopic retrograde cholangiopancre-tography is often performed to identify the leak and in someases to also repair the leak. If the clinical suspicion for an activeiliary leak is low, then scintigraphy is preferred as it is a sensi-ive, noninvasive and inexpensive test.8,14,16
 astroesophageal Refluxastroesophageal reflux has been described as the presencef gastric contents within the esophagus. Infants with severeeflux typically present by 2 months of age. Sixty percent ofatients will have symptom resolution by 18 months of age,nd 30% of patients will have symptoms until 4 years of age.en percent of infants with reflux may develop severe com-lications, including strictures and possible death as a resultneumonia or failure to thrive if left untreated.
 99mTc sulfur colloid in milk or formula is often used for thessessment of GI reflux in children. The examination should beerformed at the time of the child’s scheduled feeding, and aeeding volume typical for the individual patient should be used..2 mCi to 1 mCi of radioisotope may be given orally in two
 epatic tracer accumulation resulting from a biliary leak.y tracer activity within the peritoneal space seen most
 e periharent b
 hirds of the expected feeding volume. The remaining unlabeled
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 Pediatric gastrointestinal nuclear medicine 273
 ne third of the feeding volume is then swallowed to clear anyesidual activity within the oropharynx and esophagus. The pa-ient is burped and placed above a gamma camera. Anterior 5-smages are acquired for 60 min. The acquisition of short-lasting-s images increases the sensitivity for the detection of short
 ived episodes of gastroesophageal reflux. Anterior acquisitionas the advantages of minimizing the patient to camera distancend preventing the thoracic spine from attenuating possible ac-ivity within the esophagus. The stomach and thorax are posi-ioned within the field of view of the camera. At 60 min, anteriornd posterior static images of the thorax can be acquired to lookor evidence of aspiration.
 The dynamic images should be reviewed with high-con-rast settings to best visualize any episodes of reflux. Theesults may be represented graphically by placing regions ofnterest around the entire esophagus and around the uppersophagus only to aid in the analysis of data. The number ofpisodes of reflux, level reached within the esophagus, andhe clearance rate of reflux episodes may then be determined.
 A pH probe also can be used for the detection of gastro-sophageal reflux. This method allows detection of refluxvents as decreased pH during a period of 24 h. A decrease ofH less than 4 is often used to define an acid reflux event. Theain advantage of a pH probe over scintigraphy is its ability
 o detect nocturnal episodes of reflux. However, 60-min scin-igraphic assessment has been shown to compare well with4-h pH-metry. Although considered the gold standard forssessment of gastroesophageal reflux, disadvantages includeossible adherence of refluxed gastric juice to the pH probe,esulting in the false appearance of a sustained reflux episode,nd the increase of pH by neutral feeds during the procedureeg, milk), causing false-negative findings and invasiveness ofhe test. The scintigraphic method includes additional infor-ation such as gastric emptying data, aspiration, and abnor-al esophageal contraction. Nonacid reflux does not affect
 he diagnostic accuracy of the test. It has been noted that 16%f children had predominantly alkaline reflux.17-23
 Several studies have demonstrated the relationship be-ween the scintigraphic assessment of gastroesophageal re-ux and patient symptomatic and pathologic states, suggest-
 ng further potential clinical utility for the study. In oneeries, 67 patients between 1 and 5 years of age with symp-oms of gastroesophageal reflux were assessed through upperI studies, scintigraphy and pH monitoring.24 Fifty-five per-
 ent of patients had intestinal malrotation and 83% had gas-roesophageal reflux disease (GERD). The mean nuclear gas-ric emptying time was 52 � 8 min in patients with primaryERD and 97 � 21 min in children with intestinal malrota-
 ion and GERD. Malrotation was shown to be an importantactor for delayed gastric emptying in GERD, and it was sug-ested that all children and infants with GERD and delayedastric emptying be assessed for intestinal malrotation. In aifferent study of 126 asthmatic children not responding tooutine antiasthmatic medications, 23% of patients withoutymptoms of GERD demonstrated gastroesophageal refluxn scintigraphy, whereas 39% with symptoms of GERD dem-nstrated gastroesophageal reflux on scintigraphy.25
 Delayed gastric emptying time is believed to contribute to the p
 ccurrence of gastroesophageal reflux in children with cerebralalsy. Seventy-six children with cerebral palsy were assessed foroth gastric emptying time and gastroesophageal reflux.26
 wenty-eight children with medication-resistant asthma as-essed for pulmonary aspiration formed the control group. Fif-y-one percent of patients with cerebral palsy demonstrated gas-roesophageal reflux. Gastric emptying time in cerebral palsyatients with reflux was no different from gastric emptying time
 n the asthmatic control group. Scintigraphy has been employedn the detection of gastroesphageal reflux in patients who havexperienced caustic esophageal injury. Such injury to the esoph-gus causes luminal narrowing and longitudinal contraction re-ulting in gastroesophageal reflux. Scintigraphy was shown toe useful for the detection of gastroesophageal reflux in seven-een children with caustic esophageal injury, and in the assess-ent of the outcome of antireflux surgery.27,28
 sophageal Transitsophageal transit scintigraphy may be used in the evaluation ofatients with esophageal motility disorders such as achalasia,iffuse esophageal spasm, nutcracker esophagus, tracheoesoph-geal fistula, Down syndrome, esophagitis, systemic sclerosis,nd diabetes mellitus. Before the examination, the patienthould fast for at least 3 h. The test may be performed with theatient in the supine position and having him or her swallow a0-mL bolus of water or milk labeled with 150 �Ci (5.55 MBq)f 99mTc sulfur colloid. A small radioactive marker may belaced over the cricoid cartilage for an anatomic reference. Pos-erior images are acquired, including the mouth and stomach, inhe camera field of view. A practice swallow with unlabelediquid is first performed. Images are acquired at 0.4-s intervalsor 150 frames. A radioactive bolus is placed in the mouth andwallowed on command followed by a dry swallow 30 s later.bnormal studies may be repeated in the upright position toetermine the effect of gravity.Image analysis involves drawing regions of interest around
 he upper, middle, and lower thirds of the esophagus and thetomach. Time activity curves derived from these regions ofnterest may demonstrate abnormal esophageal transit inathologic states. Condensed dynamic images may also besed to visualize esophageal transit. A condensed dynamic
 mage is acquired from a sequence of frames representingmages of esophageal transit taken from the time of swallow-ng to the end of the study. The esophagus, being a lineartructure oriented cranially to caudally, is digitized into oneertical activity profile with intensity variation representingctivity distribution for each acquired frame. These linearrofiles are sequentially placed side by side over time toenerate a condensed image of esophageal transit.
 Pharyngeal bolus transit is quite rapid and usually requiresess than 1 s. The normal transit time through the esophaguss typically less than 10 s. Esophageal transit ranges from 3.4
 1 s for infants to 4.6 � 1.9 s for patients 8 to 16 years ofge. Gastroesophageal reflux or esophagitis are associatedith prolonged transit times.29
 Esophageal manometry may also be used to assess esophageal
 eristalsis and pressure behavior of the upper esophageal
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 274 J.C. Warrington and M. Charron
 phincter and lower esophageal sphincter. Contrast radiographyan be used to assess anatomical lesions of the esophagus, anducosal lesions such as those resulting from esophagitis and
 astroesophageal reflux. Endoscopy permits direct visualizationf the esophagus and biopsy when required. Advantages ofsophageal scintigraphy include its noninvasive nature, quanti-ability and low radiation burden. Its clinical utility is not well-efined. It has been suggested that esophageal transit scintigra-hy may be useful when esophageal manometry is unavailabler not tolerated by the patient, or when the results of manometryre equivocal, when the results of manometry are negative butlinical concern for esophageal dysmotility is high and to mon-tor disease and/or its response to therapy.21,30-35
 astric Emptyingatients with rapid or delayed gastric emptying may presentith nausea, vomiting, epigastric fullness, and early satiety.here is often a poor correlation between severity of symptomsnd the degree of abnormal gastric emptying; however, assess-ent of gastric emptying helps to guide treatment decisions.eurologically impaired children frequently demonstrate
 ymptomatic delayed gastrointestinal motility and determina-ion of gastric emptying rate can aid in assessing therapeuticnterventions. Gastric emptying may provide an objective as-essment of the transit abnormality pre or postoperatively toelp guide treatment decisions, an example being that scinti-raphic determination of prolonged or rapid gastric emptyingssessed preoperatively predicts postoperative retching follow-ng antireflux surgery.36 Also, 289 children were assessed scin-igraphically before undergoing antireflux surgery.37 Those withostoperative paraesopheal hernia were more likely to have hadelayed gastric emptying preoperatively compared with thoseho did not develop postoperative paraesopheal hernia. In an-ther study, children with scintigraphic evidence of delayedastric emptying refractory to medical therapy underwent bal-oon pyloroplasty.38 Scintigraphic normalization of gastric emp-ying was seen in all patients reassessed postoperatively. In aifferent assessment, 27 children had double-isotope scinti-raphic evaluation of gastric emptying before and after gastricundoplication.39 Prediction of postfundoplication delayed gas-ric emptying was found to be accurate for solids but not foriquids by the double-isotope method employed.
 Another study used scintigraphic determination of solidastric emptying in 10 children with repaired esophagealtresia and in 11 healthy control children (ages 5 to 11 yearsf age).40 Gastric emptying half-time, lag phase values, and0- and 90-min retention values were greater in the patientroup compared with the healthy control group. Values forastric emptying of solids in healthy children correspondedell to gastric emptying values reported in healthy adults. Indifferent study, 15 children with gastroesophageal reflux
 nd scintigraphically demonstrated delayed gastric emptyingnderwent repeat gastric emptying scintigraphy 3.6 yearsfter fundoplication and antroplasty.41 The mean 90-minastric retention improved from 72% to 40% postopera-ively, and improvement was seen in three-quarters of pa-
 ients. Fundoplication with antroplasty was recommended r or symptomatic children with documented gastroesopha-eal reflux and delayed gastric emptying. Also with regard toastric emptying, it has been shown that children with dia-etes have a high incidence of abnormal gastric emptyingfter 1 year of disease history, but the correlation betweenymptoms, risk factors, and gastric emptying becomeseaker after a longer period of disease history.36
 Rapid gastric emptying may accompany partial gastric resec-ion. A proximal gastric resection may cause loss of accommo-ation of food contents within the stomach inducing rapid gas-ric emptying. A distal gastric resection may result in loss ofntropyloric resistance and result in rapid gastric emptying.amage to the vagus nerve may occur during esophageal sur-ery, and consequently increase gastric emptying.42 Nonsurgicalauses of rapid gastric emptying include Zollinger-Ellison syn-rome, carcinoid syndrome, duodenal ulcer, and medicationsuch as cisapride, metoclopramide, erythromycin and ondanse-ron.30 It was shown that the presence of Helicobacter pylori in-ection correlated with accelerated gastric emptying in forty-even children with nonulcer dyspepsia.43
 Delayed gastric emptying may be secondary to pyloric ste-osis, duodenal stenosis, duodenal web, hypokalemia, aci-osis, hypothyroidism, autonomic neuropathy associatedith diabetes mellitus, opioid or anticholinergic medica-
 ions, central nervous system disease, vagotomy, systemicupus erythematosus, dermatomyositis/polymyositis, myo-onic dystrophy, infection, or gastric arrhythmia.
 The rate of gastric emptying assessed scintigraphically, haseen shown to be dependent on the test meal used. Liquids,olids and indigestible solids have different rates of emptying,ith liquids typically emptying faster than solids. Liquids gen-
 rally follow an exponential clearance of activity, whereas solidsemonstrate a lag-period followed by near linear disappearance.olid particles must be reduced to 1 mm before passing throughhe pylorus.30 Caloric content delays gastric emptying and theffect is separate from that of size of the meal.44 Increased osmo-ality also delays gastric emptying. Cow’s milk has been demon-trated to empty at a slower rate than human milk. Whey-basedormulae empty more rapidly than casein-based formulae per-aps due to effects of variable precipitation and formation ofolid materials within the stomach which may affect tracer bind-ng and apparent clearance pattern.45
 Milk or formula is used to assess gastric emptying in infants.he child’s usual feeds generally are given. A region of interest israwn around the stomach. Activity from the bowel should note included in the region of interest. Correction for radioactiveracer decay and background subtraction should be performed.he rate of gastric emptying was determined in 28 normal new-orns and young infants with a mean age of 25 days.46 Theabies were given 15 �Ci of 113mIn-microcolloid in 50 mL ofilk. The half-time for emptying was demonstrated to be 87 �
 9 min. Extrapolation of this data gives a range of normal gastricmptying range of 48% to 70% at 60 min, and 24% to 48% at20 min.21 In another study, the normal range for gastric emp-ying was assessed in a group of infants and children who wereeing evaluated for gastrointestinal reflux and who were in ret-ospect determined to be within normal limits. The normal
 ange for gastric emptying in 41 infants (mean age, 5.7 months)
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 t 1 hour was 32% to 64%. The normal range for gastric emp-ying in 8 children (mean age, 9.1 years) at 1 h was 44% to8%.47
 In older children, solid or combined solid and liquid empty-ng can be assessed. Solid gastric emptying may be performed byaving the patient eat an egg sandwich containing 99mTc sulfurolloid (250 to 300 �Ci). When combined solid and liquidastric emptying is to be assessed, the liquid phase may include0 �Ci of 111In DTPA in water. A ratio of 99mTc to 111In counts oft least 6:1 should be used to minimize the effects of downscatterf 111In photons into the 99mTc energy window. The meal shoulde scaled according to patient size (where adults are given 4 eggsnd 50 mL of water). Thirty second anterior images are acquiredvery 10 min. Between images the patient should sit upright.mages are acquired until 120 min.
 Simultaneous anterior and posterior acquisition allows calcu-ation of a geometric mean that corrects for the posteroanterior
 igration of tracer through the stomach giving an artifactuallyelayed appearance of gastric emptying when anterior viewsnly are acquired. This correction is more useful in older chil-ren or obese children, in whom attenuation effects play areater role in count detection. Other potential sources of errorre including added counts in the gastric region of interest fromverlying duodenal activity and scatter from adjacent bowel intohe gastric region of interest. Correction for downscatter into theower isotope energy window should be performed when twosotopes are used.19-21
 One study demonstrated good correlation between gastricmptying and epigastric impedance measurements in sevennfants.48 Epigastric impedance was found to be sensitive topontaneous patient movement, which creates artifacts re-ulting in nonvalid measurements.49 It was determined thatpigastric impedance measurement of gastric emptying re-uires that the patient fall asleep to acquire meaningful re-ults.48,50,51
 ulmonary Aspirationhronic pulmonary aspiration in the neurologically impairedhild or in children after upper airway surgery can be theource of frequent episodes of pneumonia. Two scintigraphictudies can identify pulmonary aspiration: the salivagramnd the milk scan. The salivagram primarily detects aspira-ion during swallowing (antegrade events) and the milk scans more likely to detect events related to gastroesophagealeflux (retrograde events).
 The milk scan is typically not very sensitive for detectingastroesophageal reflux causing aspiration, in part, perhaps be-ause the frequency of retrograde reflux events as a cause ofspiration may be less than that of antegrade reflux events par-icularly in the neurologically impaired in whom these tests areore likely to be performed. It has been noted that increasing
 he concentration of tracer during swallowing (2.5mCi in 20 mLf 99mTc sulfur colloid in water) in adults increased the sensitiv-ty of detection of antegrade aspiration compared with video-uoroscopy. The salivagram, uses a small amount of total fluid,nd therefore does not stress the swallowing mechanism; how-
 ver, a higher concentration of radiotracer is used compared o ith the milk scan (approximately 300 times greater), therebyncreasing the sensitivity of the method for demonstrating pul-
 onary aspiration of salivary secretions.A salivagram is performed by placing a small drop of liquid
 100 �L) containing 300 �Ci 99mTc sulfur colloid on theatient’s tongue. Posterior images are obtained for 60 min-tes (often ends at 10-15 min) with patients in the supineosition. In abnormal cases, aspiration of saliva is clearlyocumented by tracheobronchial activity and/or lung activ-
 ty. The mouth, chest, and stomach should be included in theeld of view (Fig. 4). Imaging can be continued until oraladioactivity is no longer present.19,29,52
 The salivagram is more frequently positive than video-uoroscopy or the milk scan in the detection of pulmonaryspiration. The salivagram was positive in 56% of patients,ideofluoroscopy was positive in 39% and the milk scanas positive in 6% of patients with severe cerebral palsy.53
 t was noted that each test assesses different aspects ofulmonary aspiration and there was little correlation be-ween different methods, though, the strongest correlationetween tests was for the salivagram and videofluoros-opy. The number of inpatient days for treatment ofespiratory tract infection for 30 children with chronicspiration pneumonitis who underwent laryngotrachealeparation were compared with 27 children with chronicspiration pneumonitis who did not undergo laryngotra-heal separation during a 10-month period.54 Eleven of 15atients who underwent laryngotracheal separation hadositive preoperative radionuclide salivagrams. This sameroup was effectively controlled by laryngotracheal sepa-ation as a significant difference in the number of inpatientays for treatment of respiratory tract infection was seen inatients with positive salivagrams referred for laryngotra-heal separation compared with children who had nega-ive salivagrams who did not undergo laryngotrachealeparation. In another study, patients with chronic pul-onary congestion and persistent hypoxemia were diag-osed with chronic aspiration by use of a radionuclidealivagram.55 These same patients were treated with con-tant positive airway pressure via tracheotomy which re-ulted in improvement in clinical symptoms and a corre-ponding marked decrease in saliva aspiration asocumented on the radionuclide salivagram.
 olonic Transithe incidence of constipation in the general population is high,nd is the chief complaint of 3% of pediatric outpatient visits.56
 efore puberty, boys are more affected than girls, after whichirls are more affected than boys. Constipation is a symptom butay be caused by a number of underlying disorders, which can
 e divided into organic and nonorganic causes. The majority ofhildren with constipation have nonorganic causes such as func-ional fecal retention, infant dyschesia or grunting baby syn-rome. Functional fecal retention is the most common chronicefecation disorder in children. It is characterized by the passage
 f enormous stools, with bowel movements occurring at weekly
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 ntervals with onset after 1 year of age. The child associatesefecation with pain and fear.57
 Organic causes of constipation are rare in comparison withonorganic causes and include Hirschprung’s disease (1% ofhildren presenting with constipation), anorectal malforma-ions, hypothyroidism, cystic fibrosis, spina bifida, Downyndrome, and medications such as opiates and anticholin-rgics.57 Patients with severe chronic constipation refractoryo dietary, behavioral, and medical therapy without a knownnderlying cause for constipation or encopresis, may benefitrom colonic transit scintigraphy to establish whether theause is attributable to slow colonic transit versus functionalecal retention.21,58-60
 In one study, 180 children with intractable constipationere assessed scintigraphically. It was shown that the find-
 ngs of either slow colonic transit, normal colonic transit andunctional fecal retention determined scintigraphically di-ides patients into groups which respond distinctly to differ-nt therapies.59 In another study, 101 children with chronicdiopathic constipation with soiling were assessed. The totaladiation dose from the scintigraphic study was determinedo be equal to that of two plain abdominal radiographs. Fiftyatients demonstrated slow colonic transit, 24 patients hadormal transit, 22 patients had definite functional fecal re-ention, and 5 patients had borderline results. Radionuclideolonic scintigraphy is an accurate method of measurementf colonic transit in children. It also has the advantage ofermitting additional assessment of gastric and small bowel
 Figure 4 Radionuclide salivagrams positive for aspirationynx, trachea and bronchi bilaterally on anterior views ininfant with head turned laterally to the left. There is bilcobalt flood source posterior to the patient, providing a
 ransit.58 Scintigraphic screening of gastrointestinal transit up c
 o 24 h in 109 patients presenting with nausea, vomiting,iarrhea, or constipation has demonstrated slow or normalastric, small bowel and colonic transit in those presentingith constipation and normal or fast results in patients pre-
 enting with diarrhea.61
 plenic Scintigraphyplenic scintigraphy may be performed by intravenous ad-inistration of 1.85 MBq/kg of 99mTc sulfur colloid to a max-
 mum of dose of 111 MBq. Imaging may be performed after0 to 15 min after tracer delivery. The tracer clears with aalf-time of 2.5 min. The particle size ranges from 0.01 to 1.0m.Alternatively, 99mTc-denatured RBCs may be used. RBCs
 ithdrawn from the patient are labeled with 99mTc. They arehen denatured to improve splenic localization. Denaturationonsists of incubation of the labeled blood in a constant tem-erature bath at 49.5°C for 12 to 15 min. The labeled, dena-ured RBCs are then reinjected slowly into the patient withmages acquired at least fifteen minutes after tracer adminis-ration.
 Increased ligamentous laxity may allow the spleen to be-ome mobile within the abdomen giving the false appearancef an abdominal neoplasm on anatomic imaging. 99mTc sulfurolloid or heat damaged RBC scintigraphy can distinguishhe “wandering spleen” from abdominal neoplasm.62 In some
 e is intense continuous activity outlining the orophar-. (D) and (E) demonstrate anterior thoracic views of anbronchial activity. Note that (C) and (E) also include ane of the form of the patient’s body.
 . Ther(A-C)
 ateral
 ases a “wandering spleen” can undergo torsion. Twisting of
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 Pediatric gastrointestinal nuclear medicine 277
 he spleen about its vascular pedicle may result in ischemiand scintigraphic nonvisualization splenic tissue.
 Accessory spleens or splenules are present in as many as0% of patients. They are most frequently situated at theplenic hilum and may represent failure of early embryologicusion of multiple buds of splenic tissue. After splenectomy,hese residual buds may hypertrophy and create or recreaten appearance of hypersplenism. Splenic scintigraphy is use-ul for establishing the presence of splenic tissue versus neo-lastic proliferation.26 SPECT imaging can help to better vi-ualize the presence and distribution of splenic tissue.PECT/CT imaging can conceivably be useful for precise cor-elation of splenic scintigraphic foci with uncertain anatomicndings in this clinical setting.Splenosis occurs with fragmentation of the spleen after
 plenic trauma with subsequent autotransplantation ofplenic tissue. Simultaneous splenic injury and diaphrag-atic rupture can result in thoracic splenosis and should be
 onsidered in a patient presenting with a thoracic mass and arevious history of splenic trauma.8,14 Splenic scintigraphyith 99mTc sulfur colloid or 99mTc heat-damaged RBCs can betilized in making this distinction.
 yperinsulinism of Infancyongenital hyperinsulinism induces hypoglycemia in infantsnd treatment is required to prevent possible neurologicomplications. Forty percent of cases of hyperinsulinism inhildren are focal resulting from pathologic adenomatousancreatic � cells. Diffuse hyperinsulinism involves thehole pancreas with enlarged abnormal �-cell nuclei. Tenercent of cases of infantile hyperinsulinism are atypical andt neither classification. Focal hyperinsulinism is cured byesection of the adenoma, whereas diffuse pancreatic in-olvement may be treated with subtotal pancreatectomy.63
 18F-DOPA PET has been used to preoperatively classify theorm of infantile hyperinsulinism. Fourteen patients withongenital hyperinsulinism underwent 18F-DOPA PET. Fiveatients were determined to have focal hyperinsulinism andere normoglycemic after the resection of the pancreatic fo-
 us. The remaining 9 patients demonstrated diffuse pancre-tic disease on 18F-DOPA PET. Three of these patients under-ent subtotal pancreatectomy with diffuse disease confirmedistologically. Six patients with diffuse pancreatic disease
 dentified on 18F-DOPA PET were successfully conservativelyreated with octreotide and/or diazoxide.64 In another study,
 patients with congenital hyperinsulinism underwent 18F-OPA PET. A PET diagnosis of focal hyperinsulinism wasonfirmed pathologically in 4 patients who received curativeocal pancreatic resection. Three patients with the diagnosisf diffuse disease identified on 18F-DOPA PET had subtotalancreatectomy and pathologic confirmation of diffuse hy-erinsulinism.65
 rotein-Losing Enteropathyrotein-losing enteropathy refers to gastrointestinal disor-
 ers associated with excessive plasma protein loss into the d umen of the gut.66 Protein-losing enteropathy is thought toe caused by loss of integrity of the cell membranes of en-erocytes joined at apical tight junctions. Mechanisms thatan cause disruption of enterocyte barrier are mucosal ero-ion or ulceration, mucosal disease without ulceration butith increased barrier permeability, and increased intestinal
 ymphatic pressure, causing intestinal lymphatic villi rupturend loss of lymph containing proteins.67
 The resulting loss of protein includes loss of albumin andecreased plasma oncotic pressure. Patients can becomedematous. Also, patients may acquire infections secondaryo immunoglobulin and lymphocyte loss. Malabsorption ofong-chain fatty acids and a deficiency of fat-soluble vitamins
 ay also occur. Some causes of protein-losing enteropathy ashe result of lympatic obstruction are primary intestinalymphagiectasia and secondary causes of intestinal lymphan-iectasia such as cardiomyopathy, constrictive pericarditis,ost-Fontan procedure, lymphoma, tuberculosis, radiationherapy, and chemotherapy. Other causes of protein-losingnteropathy caused by mucosal erosion or ulceration are of-en classified as infectious such as Clostridium difficile, Sal-onella, Giardia, Helicobacter pylori, and cytomegalovirus
 r noninfectious such as Menetrier’s disease, gluten-sensitiventeropathy, milk and soy-induced enteropathy, graft versusost disease, neonatal necrotizing enterocolitis, ulcerative co-
 itis, Crohn’s disease, systemic lupus erythematosus, and He-och-Schönlein purpura.66-68
 The diagnosis of protein losing enteropathy was first per-ormed using 131I polyvinyl pyrrolidone. It was replaced by31I albumin, which was considered to be more physiologic.his marker was limited by 131I thyroid uptake and absorp-
 ion of 131I albumin into the intestinal tract sometimes yield-ng indeterminate results.69 51Cr labeled albumin overcameifficulties associated with 131I albmumin and became theadionuclide of choice for these studies.67
 It was demonstrated that patients with protein-losing en-eropathy have elevated levels of alpha-1 antitrypsin in theirtool. Alpha-1 antitrypsin is an endogenous protein and isot secreted, absorbed or digested within the bowel. It isasily detected in stool, is stable within stool over several daysnd not excreted in urine. Alpha-1 antitrypsin levels in stoolre determined by immunoassay.67
 Radionuclide demonstration of protein losing enteropathyas been regarded as providing unnecessary radiation dose,articularly in children. Patients required hospitalization for8- to 72-h stool collection. Urine contamination of samplead to be avoided, though the task may be difficult in chil-ren. Fecal alpha-1 antitrypsin (FA1-At) is not associatedith these difficulties and has been regarded as the method of
 hoice for diagnosing protein losing enteropathy.67 A limita-ion of FA1-At is instability in acidic gastric secretions. There-ore, esophageal or gastric protein loss may go unrecognizedy this method.68
 99mTc-labeled albumin has been used for diagnosis of pro-ein losing enteropathy, but has the added advantage of per-itting imaging of the gastrointestinal tract with potential
 ocalization of a site of protein loss, thereby, assisting in the
 iagnosis of the underlying condition, or directing resection
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 278 J.C. Warrington and M. Charron
 or surgically correctable causes of enteric protein loss. 99mTc-SA scans were more likely positive in patients with lower
 lbumin and total protein levels, possibly related to higherates of protein loss.70-74
 99mTc-dextran was evaluated for its use in detecting proteinosing enteropathy. The findings suggested improved sensi-ivity compared with previous documented studies using9mTc-HSA, possibly because of faster background clearance,ess electrostatic repulsion from vascular endothelium, lessepatic uptake, and better in vivo stability.75-77
 111In transferrin was evaluated for its ability to provideoth imaging and detection of protein-losing enteropathyhrough one examination. Quantification was performed byotal body imaging after 3 hours and at 5 or 6 days after tracerdministration. Other possible advantages of 111In transferrinmaging includes its stability with significantly less likelihoodor urinary excretion compared with 99mTc HSA. The com-ined imaging and quantification approach has advantagesver FA1-At measurements in that it obviates the require-ent for accurate fecal collection and that gastric protein lossould be detectable.78
 iscellaneouswenty-one children with various causes of liver cirrhosisuspected of having hepatopulmonary syndrome underwentcintigraphic assessment of intrapulmonary arteriovenoushunting.79 Scintigraphic evidence of arteriovenous shuntingas demonstrated in 29% of patients. No correlation be-
 ween the scintigraphic degree of arteriovenous shunting andhe etiology or stage of underlying disease was found. How-ver, in a study on 21 patients (19 children and 2 adults) whoeceived a liver transplant and had intrapulmonary shunting,he shunt index determined by 99mTc MAA pulmonary scin-igraphy correlated significantly with PaO2 (on room air and00% O2), hematocrit and duration of dyspnea before trans-lantation.80 The duration of hepatopulmonary syndromeesolution was significantly correlated with the preoperop-rative scintigraphic shunt index in surviving patients.
 In another study, 15 patients with cirrhosis of the liverith underlying viral infection had hepatic and portal bloodow measurement through H2
 15O PET.81 Portal blood floweasurement correlated with patient Child-Turcotte classifi-
 ation score, portal shunt index (assessed by per rectal ad-inistration of 99mTc pertechnetate) and receptor index (as-
 essed by intravenous 99mTc galactosyl human serumlbumin). H2
 15O PET assessment of hepatic and portal bloodow, therefore, correlated significantly with the degree ofortal systemic shunt and hepatic functional reserve and maye useful in studies of liver disease. Though this study in-olved adult patients, it is likely that similar results would bebserved in children. A different study demonstrated the usef 111In-labeled hepatocytes in the short-term noninvasivenalysis of the biodistribution of transplanted hepatocytes inpediatric patient with ornithine transcarbamoylase defi-
 iency.82
 Endoscopy was performed on 1120 children with abdom-
 nal pain. Ninety-two patients showed endoscopic features of t uodenogastric reflux, of which 59 demonstrated duodeno-astric reflux by scintigraphy. Prokinetic agents were of ben-fit in treating children with inflammatory lesions of gastricucosa with duodenal reflux.83
 Three patients with chylothorax underwent scintigraphyor the detection of lymphatic leak after the oral administra-ion of an 123I labeled long-chain fatty acid derivative of io-ophenyl pentadecanoic acid.84 Lymphatic leakage of intes-inal origin was correctly identified in all three patients andhe method was used to guide surgical treatment of the leakn 2 of the patients.
 Intestinal permeability was assessed by oral administrationf lactulose/mannitol and 51Cr-EDTA/14C-mannitol followedy measurement of urinary marker excretion.85 Seventy pa-ients with intestinal disorders and 65 control subjects weressessed. Excretion of mannitol and 14C-mannitol (small-ore permeability markers) correlated to urinary volume,hereas the correlation was weak for lactulose and absent for
 1Cr-EDTA (larger-pore permeability markers). The excre-ion of large-pore markers was higher for the patient grouphan the control group. The excretion of small-pore markersas less for the patient group than the control group, and the
 arge-pore to small-pore marker excretion ratio was higheror the patient group compared with the control group.
 99mTc-HMPAO WBCs have been used for the detection ofppendicitis.86,87 99mTc-HMPAO WBC imaging is limited be-ause of time delay associated with the labeling procedure, asell as concerns regarding potential administration of alood product to the wrong patient and the possibility ofxposure of nuclear medicine technologists or radiopharma-ists to blood products from HIV or hepatitis-infected pa-ients. Radiolabeled monoclonal antibodies have been uti-ized to overcome many of these difficulties. Forty childrenith suspected acute nonclassic appendicitis were assessedith 99mTc-labeled antigranulocyte murine antibody Fab’
 ragment (sulesomab).88 Of the 40 patients, 21 underwentppendectomy, whereas the other 19 patients had resolutionf their presenting signs and symptoms. Correlating scanndings with final diagnoses sensitivity and specificity wereetermined to be 95% and 90%, respectively. 99mTc anti-D 15 monoclonal antibody (LeuTech) was used in 200 pa-
 ients presenting with equivocal signs and symptoms of ap-endicitis. The sensitivity of the examination was determinedo be 90% and the specificity was 87%.89
 The 13C-urea breath test is often described as a safe andoninvasive method for assessing the presence of H. pylori
 nfection in children.90-92 13C levels in exhaled air (nonradio-ctive) are measured by mass spectrometry, an expensiveechnique.93,94 The 14C-urea breath test uses a radioactiveabel and, consequently, has been avoided in children. Theiokinetics and dosimetry of 14C-urea breath testing was per-ormed in nine adults and eight children undergoing testingor Helicobacter pylori infection.95 Adults received a dose of10 kBq of 14C-urea and children received a dose of 55 kBq of
 4C-urea. The effective dose was was 2.1 � 0.1 �Sv in adultsnd 0.9 to 2.5 �Sv in children. On the basis of the findings,t was determined that from a radiation protection perspec-
 ive, there is no reason for restrictions on even repeated
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 creening investigations with 14C-urea in whole families, in-luding children.95,96
 The intraoperative localization of tumors through the usef intraoperative probes has been reviewed in 68 surgicalrocedures.97 The procedures included successful excisionsf osteoid osteoma, osteoblatoma, hamartoma, Brodie’s ab-cess, chronic bone infection, ectopic parathyroid adenoma,nd metastatic neuroblastoma. Successful surgical localiza-ion of lesions by intraoperative probe was assisted by lesionocalization on preoperative images of primary and meta-tatic lesions.
 BDBDs are complex diseases that frequently begin in late child-ood or adolescence. For many years, barium enema was theornerstone of diagnostic testing and, more recently,olonoscopy has been used more liberally.98-100 Endoscopicethods are invasive and require sedation, involve some
 isks of instrumentation, and often can only evaluate a lim-ted segment of the colon. There appears to be no justificationor repeated routine endoscopic assessment of colonic in-ammation because there is a poor correlation between clin-
 cal symptoms and endoscopic101-103 and histological find-ngs.98-100 The endoscopic findings do not predict theesponse to treatment99,101-103 Also, recognition of the emo-ional impact of intrusive routine diagnostic studies is essen-ial.104 It has been demonstrated that there is overall patientreference with less perceived discomfort and embarrass-ent associated with 99mTc-WBC imaging compared with
 arium enema and colonoscopy.105 Because of these limita-ions of colonoscopy, there appears to be a role for a nonin-asive technique such as the 99mTc-WBC scan.
 Inflammatory bowel diseases include two chronic idio-athic illnesses: ulcerative colitis (UC) and Crohn’s diseaseCD). In most patients, UC and CD may be distinguishedith clinical, radiological, endoscopic, and histologic fea-
 ures; the remaining 10% to 25% is designated as havingindeterminate colitis.” The etiology of IBDs is unknown.ccasionally systemic and extra intestinal features areresent, and consist of weight loss, arthralgia and arthritis,utritional deficiency, mucocutaneous lesion (oral aphtoidlcer, erythema nodosum, pyoderma gangrenosum), renalalculi, hepatobilliary disease and ocular manifestations suchs uveitis, iritis, and episcleritis. IBD are characterized bynpredictable exacerbations and remissions, and variable re-ponse to therapy.
 Most children are diagnosed between the age of 5 and 16ears old (less than 5% before 5 years of age). As many as 20%f patients have an affected relative. Features that distinguishBD in children, versus the adult population, are the higherrequency of pancolonic involvement, likelihood of proximalxtension of distal disease and risk of colectomy. Localizationnd quantification of inflammation in CD and UC are crucialo determining diagnosis, prognosis, and optimal therapy;specially because the small intestine has been particularlynaccessible to evaluation. Distinguishing the 2 diseases,
 onitoring their progression, and tailoring their therapy are a
 ajor challenges, incompletely met by the currently availableiagnostic tools.The inflammation in UC begins in the rectum and extends
 roximally and continuously. Segmental disease does notccur. The mucosa in UC may reveal diffuse erythema,dema, a granular appearance, friability, and superficial ul-eration that are never seen on the background of a normalucosa. The inflammation is generally and characteristically
 imited to the lamina propria. Backwash ileitis consists oferminal ileal involvement in continuity with right colon in-ammation. The typical clinical features of UC are a mixturef blood with stool and lower abdominal cramps during def-cation. The complications of UC include rectal abscess, fis-ula, perforation, stricture, and rarely massive hemorrhage.pproximately 10% of patients have a single episode and0% have persistent incapacitating disease.In CD, the inflammation is often transmural and charac-
 erized by skip areas. The terminal ileum is frequently in-olved and the rectum is generally not involved. When theisease is diagnosed, the typical endoscopic findings areharacterized by focal aphthoid ulcers surrounded by normalucosa. As the disease progresses to more severe form, cob-
 lestoning, loss of haustra, pseudopolyp, and foreshorteningre seen more frequently. Complications of CD consist ofbstruction, fistulas, abscesses, perianal disease and vitamin-12 deficiency. Granulomas are present in no more than0% of cases. Children with CD often exhibit growth diffi-ulties preceding the diagnosis by several years. Patients withD have greater morbidity than patients with UC. The site ofisease is an important determinant of morbidity and prog-osis as patients with colonic disease are more refractory toreatment.
 adiographic Evaluationhere is poor correlation between the anatomic findingsepicted by CT or barium studies and the disease activity
 n patients with IBD.106-108 Patients with mild-to-moderateolitis usually have normal radiological findings. Fluoro-copic methods show only indirect evidence for inflamma-ion (edema, fibrosis, and ulceration), and entails consid-rable radiation exposure. 99mTc-WBC scintigraphy haseen shown to be more sensitive than CT for detectingowel wall inflammation in IBD.109 Radiological methodsend to produce discomfort related to instrumentation orreparation for the procedure (eg, bowel cleansing). Sev-ral studies may be needed to analyze the entire bowel.ndoscopy is more sensitive than radiological studies andllows tissue to be obtained for histologic evaluation. Theffective dose equivalent for a 99mTc-WBC study is approx-mately 3 mSv, whereas it is of the order of 6 mSv for aarium small bowel follow through or 8.5 mSv for a bar-
 um enema110,111 Notwithstanding the numerous afore-entioned disadvantages, cross sectional imaging with CT
 requently is used to assess complications of IBD such as
 bscesses, strictures, and fistulas.
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 valuation With 99mTc-WBChe biodistribution of 99mTc-WBC includes the presence of
 ung activity (partially cleared by 4 h), the excretion of 99mTcn the urine, and gallbladder visualization in about 10% ofatients. The normal distribution of 99mTc-WBC is character-
 zed by uptake in the lung, liver, spleen, bone marrow, kid-ey, and bladder.
 maging Protocolhe labeling of leukocytes with 99mTc with 20 to 45 mL ofenous blood has been described.112 Imaging is performedith a large field of view gamma camera fitted with a low-
 nergy, high-resolution collimator and images are obtainedt 0.5 h and 2 to 3 h after the injection of 99mTc-WBC. If aingle head camera is used, anterior 8-min and posterior-min images of the abdomen and pelvis are recorded innalog and digital form. For dual-head cameras, the sameime may be used for both anterior and posterior images.elvic outlet views (tail on detector)112 are also obtained, toistinguish bladder activity from rectal activity. Anterioriews of the abdomen with the patient standing up are ob-ained to separate the transverse colon from the liver. Theatient voids before each imaging. The lateral projectionarely confers additional information, and is, therefore, notoutinely acquired. In patients suspected of having CD, an-erior chest images may be performed with the upper limit ofhe field of view at the level of the mouth to evaluate forsophageal and gastric activity.
 Two to 3 h after injection, and no later, an 8-min static-nterior supine view of the abdomen and pelvis is obtainedollowed by SPECT imaging. SPECT imaging provides supe-ior localization of disease distribution with a slight increasen sensitivity for detection of inflammation.113 Volume-ren-ered images using the maximum activity projection or max-
 mum intensity projection technique also are derived fromhe SPECT data. The maximum activity projection imagesncreases continuity of structures and facilitates understand-ng of spatial relationships.114 This technique has advantagesnd limitations that have been enumerated.113
 iming of Imaginghe exact timing of the first and second sets of images varies
 rom institution to institution.115 In a series of 87 patients,antto116,117 found a sensitivity of 88% for detecting IBD andbdominal infection at 30 minutes and 95% at 2 h. Theemporal pattern of uptake of 99mTc-WBC suggests there is amall gain in sensitivity with images acquired at 3 to 4 h afternjection of the radionuclide.118 However, most (88%)118
 tudies are positive by 30 min and the test can be terminatedf needed (Fig. 5).
 Delayed scans are associated with late physiologic excre-ion of 99mTc-WBC in the right lower quadrant. This washought to be a shortcoming adversely affecting the accuracyf imaging the abdomen with 99mTc-WBC116,117,119,120 Theseoncerns have led to the suggestion by many to image pa-
 ients early after injection of 99mTc-WBC to lower the number q f false positives. In other reports, physiologic bowel uptakeas not noted before 2 h and was rarely seen at 3 h.112,121-125
 his late accumulation (seen in 19% of controls)126 is prob-bly the result of the biliary excretion of noncell-bound9mTc-labeled secondary hydrophilic complexes.127 Withime, because of bowel peristalsis, these complexes eventu-lly accumulate and concentrate sufficiently to be visualizednly on the late 4-h scans. Characterization of patterns thatermit identification of this late physiologic excretion and itsifferentiation from active inflammation has been de-cribed.126 One essential criterion to identify this physiologicctivity is its migration with time into distal segments. Con-ersely, this does not apply to segments of bowel involvedith acute inflammatory exacerbation of IBD. Additionally,
 he intensity of uptake in IBD is typically greater than thishysiologic excretion of 99mTc-WBC.126
 In most patients, at 2 to 3 h, this free activity is in the distalmall bowel and migrates into the cecum at approximatelyh. When these free complexes are in the distal small bowelne cannot identify a distinct segmental shape that wouldndicate a bowel segment (as seen in IBD), but rather themalgam of many different segments.126 In summary, physi-logic late accumulation of 99mTc-WBC in the right lower
 igure 5 99mTc-WBC anterior abdomino-pelvic image at 30 min.ntense continuous right lower-quadrant activity within the termi-al ileum representing inflammation from Crohn’s disease.
 uadrant is characterized by (1) accumulation at no less than

Page 13
						

3fdWpsi
 ielplstiaqlcofiopspwcmmppifo8cgtep
 AStcscistbt9
 mls
 taftoooirm9
 casfsim
 edgucW
 ndbCtmtiiG
 riaqhdgv
 tsmclsdspct
 Pediatric gastrointestinal nuclear medicine 281
 h, (2) no accumulation in other segments of the bowel, (3)aint accumulation of lesser intensity than the iliac crest, (4) aiffuse accumulation pattern, (5) migration of the 99mTc-BC into the cecum over time. Recognition of this excretion
 attern assures accurate differentiation of active CD of themall bowel from migration and accumulation of 99mTc-WBCn the right lower quadrant of the abdomen.
 Interestingly, it has been shown that 99mTc-WBC activ-ty correlates well with ESR level during inflammatory flarepisodes in children with Crohn’s disease. No such corre-ation was observed in children with UC.128,129 Sixty-fourediatric patients were imaged using 99mTc-stannous col-
 oid WBC imaging yielding a sensitivity of 88% and apecificity of 90%.130 These results are comparable withhose of other WBC imaging agents. Benefits of this label-ng method over other WBC labeling methods were citeds lower cost, shorter preparation time, and smaller re-uired blood volumes. Immunoscintigraphy using 99mTc-
 abeled antigranulocyte antibodies was performed on 66hildren with histologically confirmed IBD.131 Twenty-ne children with suspected IBD subsequently not con-rmed were used as controls. Immunoscintigraphy dem-nstrated high sensitivity for the detection of IBD in youngatients compared with colonoscopy, enemas and ultra-onography, thus decreasing the rate of diagnostic delay inatients. However, the specificity of immunoscintigraphyas low, requiring histologic confirmation of positive
 ases. A prospective study using 99mTc-antigranulocyteonoclonal antibody imaging for the detection and assess-ent of inflammatory bowel disease in children showedoor sensitivity of detecting IBD per bowel segment onlanar images with improved detection utilizing SPECT
 mages.132 18F-fluorodeoxyglucose PET imaging was per-ormed in 25 pediatric patients with suspected IBD.133 Theverall sensitivity and specificity was determined to be1% and 85%, respectively. In another study involving 65hildren with abdominal pain, the use of 18F-fluorodeoxy-lucose-PET enabled researchers to correctly identify ac-ive IBD in 80% of children with IBD and showed novidence of inflammation in children without IBD butresent with recurrent abdominal pain.134
 dvantages and Disadvantagescintigraphy with 99mTc-WBC has been reported to be sensi-ive for the detection of inflammation in adults122,135-143 Theorrelation between scintigraphic and endoscopic findings isufficiently close that scintigraphy can supplement left-sidedolonoscopy in the event that total colonoscopy is technicallympossible in selected cases116,122,136,139,144-149 99mTc-WBCcintigraphy can be used as a monitoring tool for inflamma-ory activity in place of colonoscopy.150 Scintigraphy also cane used to document proximal extension of ulcerative proc-osigmoiditis151,152 or postoperative recurrence of CD.153 The9mTc-WBC scan is occasionally useful to assess the inflam-atory component of a stricture seen on a small bowel fol-
 ow-through studies. The combined use of the 99mTc-WBC
 can and transabdominal bowel ultrasound has been shown a o be accurate in the diagnosis of small bowel CD (154). Thegreement between colonoscopy and 99mTc-WBC imagingor the localization and evaluation of the extent of inflamma-ion is excellent. The 99mTc-WBC scan is superior to radiol-gy procedures at showing the correct intensity and locationf inflammation. The 99mTc-WBC scan seems ideally suited tobtain a precise temporal snapshot of the distribution138 andntensity of inflammation in the large and small bowel whileadiographic modalities of investigation tend to representore chronic changes.155-157 An additional advantage of the
 9mTc-WBC study is high patient acceptability, especiallyhildren.158 Three-dimensional images of 99mTc-WBC may becquired and have the advantage of being easy to interpret, ofhowing the continuity of structures and allowing better dif-erentiation of small bowel from large bowel. The 99mTc-WBCcan can be performed easily and should be readily availablen any of the 5,000 facilities with nuclear medicine equip-
 ent in North America.The 99mTc-WBC scan is noninvasive and can evaluate the
 ntire bowel in just one study. The 99mTc-WBC scan pro-uces less radiation exposure compared with barium radio-raph studies and, thus, is quite useful when repeated eval-ations are necessary.110 The overall cost for endoscopy inhildren has been reported to be higher than that for 99mTc-
 BC scanning ($3,500 vs $800).155
 However, 99mTc-WBC scintigraphy has limitations. It isot useful in defining anatomic details such as prestenoticilations, strictures or fistulas, which are best evaluated byarium radiographic studies. Occasionally, in a patient withD when the uptake of 99mTc-WBC is focal it can be difficult
 o differentiate the large bowel from small bowel since land-arks are not clear. The presence of GI bleeding occurring at
 he same time as the 99mTc-WBC study can mimic IBD if latemages are not obtained, ie, clearance of uptake from thenitial site on the delayed images indicates the presence of aI bleed.Late accumulation of 99mTc-WBC in the right lower quad-
 ant of the abdomen has been recognized as a potential lim-tation. However, criteria have been established to differenti-te this late physiologic accumulation in the right loweruadrant from active IBD.126 The scan does not allow foristologic evaluation, which may be necessary to confirm theiagnosis and exclude other entities, such as eosinophilicastroenteritis, lymphoma, adenocarcinoma, or cytomegalo-irus colitis.
 Endoscopic and radiological methods of disease localiza-ion are more invasive when compared with the 99mTc-WBCcan and tend to produce more discomfort related to instru-entation and preparation for the procedure (eg, bowel
 leansing). Moreover, several studies may be needed to ana-yze the entire bowel. The 99mTc-WBC scan is practical andafe even in acutely ill patients who may not tolerate an en-oscopic or radiological study. Although the 99mTc-WBCcans cannot replace endoscopy, it is complementary in mostatients. The 99mTc-WBC scans are superior to radiology pro-edures in depicting the intensity and location of inflamma-ion. The 99mTc-WBC scan has a role in the initial evaluation,
 nd follow-up of patients with IBD.
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