
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Nuclear gastroenterology: novel techniques in clinical and experimental
gastrointestinal mobility, IBD and hepatology

Bennink, R.J.

Publication date
2004
Document Version
Final published version

Link to publication

Citation for published version (APA):
Bennink, R. J. (2004). Nuclear gastroenterology: novel techniques in clinical and experimental
gastrointestinal mobility, IBD and hepatology. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/nuclear-gastroenterology-novel-techniques-in-clinical-and-experimental-gastrointestinal-mobility-ibd-and-hepatology(7a7a0412-a443-42a5-94d7-bc7a3de0eb8b).html


Nuclear Gastroenterology 

 

 

Novel Techniques in Clinical and 

Experimental Gastrointestinal Motility, 

IBD and Hepatology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2004 Roelof J Bennink, Amsterdam, The Netherlands 
 
Nuclear Gastroenterology: Novel Techniques in Clinical and Experimental 
Gastrointestinal Motility, IBD and Hepatology 
Thesis University of Amsterdam 
 
ISBN 90-9017803-1 
 
 
Design cover: www.kruit.nl Gerald Vruggink 
Art cover: Gitte Bennink 
Printed by Print Partners Ipskamp 
 
 
Publication of this thesis was supported by Nuclear Diagnostics (main sponsor), Tyco 
Heathcare/Mallinckrodt, Amersham Health 

 



Nuclear Gastroenterology 

Novel Techniques in Clinical and Experimental 

Gastrointestinal Motility, IBD and Hepatology 
 
 
 
 

ACADEMISCH PROEFSCHRIFT 
 
 
 
 

ter verkrijging van de graad van doctor 
 

aan de Universiteit van Amsterdam 
 

op gezag van de Rector Magnificus 
 

prof.mr. P.F. van der Heijden 
 

ten overstaan van een door het college voor promoties ingestelde 
 

commissie, in het openbaar te verdedigen in de Aula der Universiteit 
 

op donderdag 29 april 2004, te 14.00 uur 
 

door 
 
 
 
 

Roelof Johannes Bennink 
 
 

geboren te Brussel 



Promotiecommissie 
 
 
Promotoren:  Prof. dr. B.L.F. van Eck-Smit 
   
   Prof. dr. S.J.H. van Deventer 
 
 
Co-promotoren: Dr. G.E. Boeckxstaens 
 
   Prof. dr. T.M. van Gulik 
 
    
 
Overige leden:  Prof. dr. M. De Roo, emeritus 
 
   Prof. dr. W.J.G. Oyen 
 
   Prof. dr. J. Tack 
 
   Dr. A.A. te Velde 
 
   Dr. R.A.F.M. Chamuleau 
 
 
 
Faculteit Geneeskunde 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Aan Gitte 
 

Voor mijn ouders 
 

Ter nagedachtenis aan mijn grootvader, R.H.J. Bennink 
 



 



Contents 

 
1. Introduction    

2. Comparison of total and compartmental gastric emptying and antral 
motility between healthy men and women 

3. Evaluation of small-bowel transit for solid and liquid test meal in healthy 
men and women 

4. Application of small-bowel transit scintigraphy: Validation of the lactose-
[13C]ureide breath test for determination of orocecal transit time by 
scintigraphy 

5. Validation of gastric-emptying scintigraphy of solids and liquids in mice 
using dedicated animal pinhole scintigraphy 

6. Application of gastric-emptying scintigraphy in mice: Postoperative ileus is 
maintained by intestinal immune infiltrates that activate inhibitory neural 
pathways in mice 

7. Noninvasive measurement of gastric volume by means of pertechnetate 
SPECT: limiting radiation dose without losing image quality 

8. Fundic accommodation assessed by gastric volume scintigraphy: 
comparison with the gastric barostat 

9. 99mTc-HMPAO WBC scintigraphy in the assessment of the extent and 
severity of an acute exacerbation of ulcerative colitis 

10. Evaluation of early treatment response and predicting the need for 
colectomy in active ulcerative colitis with 99mTc-HMPAO WBC 
scintigraphy 

11. Introduction: Evaluation of high-resolution pinhole SPECT using a small 
rotating animal 

12. Imaging of intestinal lymphocyte homing with a dedicated animal pinhole 
SPECT in a TNBS colitis mouse model 

13. In vivo evaluation of T lymphocyte homing in experimental colitis: imaging 
of 111In labelled T lymphocytes 

14. Preoperative assessment of liver function: A comparison of hepatobiliary 
scintigraphy with the indocyanine green clearance test 

15. Preoperative assessment of postoperative remnant liver function with 
hepatobiliary scintigraphy 

16. Summary and conclusions 

Samenvatting en conclusies 

Dankwoord 

Curriculum Vitae 

 

 

 

 

9 
31 

 
47 

 
65 

 
 

79 
 

97 
 
 

121 
 

141 
 

161 
 

177 
 
 

197 
 

215 
 

239 
 

257 
 

277 
 

297 
307 
317 
320 



 
 



 

 
   Roelof Bennink 

 
Department of Nuclear Medicine 

(Academic Medical Center Amsterdam, The Netherlands) 

 
 

 

 

 

 

 

Chapter 1 
 

 

 

Introduction 
 

 

 

 

 

 
 



Chapter 1 

10 

Introduction 

 
Nuclear Gastroenterology 

Most of the clinical manifestations of gastrointestinal (GI) disease reflect abnormal 

function. Dysphagia, dyspepsia, change in bowel habit, abdominal pain, GI bleeding, and 

jaundice are all manifestations of disturbed physiology. Whereas abnormal anatomy is 

usually best investigated by endoscopy, conventional radiology, ultrasound or computed 

tomography (CT), some functional abnormalities are better defined and explored by 

radionuclide techniques.1 Magnetic resonance imaging (MRI) has a large potential in the 

evaluation of GI physiology and motility disorders.2 However, the expensive technique, 

the limited expertise and availability for this kind of investigations and the lack of 

validation hamper wide implementation to date.2 Traditionally, investigating GI function 

requires intubation for sampling or prolonged intraluminal pressure monitoring. These 

techniques involve a degree of discomfort to the patient. Contrast studies and 

endoscopy, although excellent for anatomical detail, give only a very limited indication of 

functional disturbances. Scintigraphic studies show relatively poor anatomical detail but 

make their major contribution in the demonstration of abnormal function.1  

Major advances in positron emission tomography (PET) have resulted in a shift in 

nuclear medicine research with an exponential growth in submitted papers and with 

oncology as leading investigatory subject at the cost of conventional nuclear medicine.3 

Except for GI oncology, PET has no major indications yet for GI motility disorders. 

However, PET can be used to localize a source of cerebral activity, which can be used in 

research assessing the brain’s processing of visceral sensation and the role of abnormal 

visceral sensation in the pathophysiology of functional bowel disease.4 

Scintigraphy, however, has more potential than the routine clinical investigations 

currently available in most nuclear medicine facilities, frequently restricted to gastric 

emptying studies, limited hepatobiliary scintigraphy and localization of ectopic gastric 

mucosa in a Meckel’s diverticulum. The current applicability of scintigraphic methods in 

gastroenterology is larger and includes for instance detection and quantification of 

gastroesophageal and enterogastric reflux, esophageal clearance, gastric emptying, small 

bowel and colonic transit, calculous and acalculous biliary disorders, localization of 
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ectopic gastric mucosa in a Meckel’s diverticulum, localization of sites of GI hemorrhage 

and identification of sites of inflammation in the GI tract.5 

Research in GI motility, IBD and hepatology is making quantum leap progression 

increasing the demand for noninvasive validation of hypotheses and techniques. 

Therefore, the aim of this thesis was to further characterize existing nuclear medicine 

techniques in the evolving field of gastroenterology and to explore novel applications and 

techniques for clinical and experimental use in human and animal studies. 

 

 

Gastrointestinal motility 

 
Definition 

GI dysmotility symptoms are a major problem in routine clinical practice. If after 

careful history-taking, thorough physical examination, appropriate biochemical and 

hematological screening and the conducting of examinations like radiology or endoscopy, 

with or without biopsy, no structural, infectious or biochemical cause can be found, the 

diagnosis of functional GI motility disorder can be made.6 The advantages of 

radionuclide imaging for studying GI tract function have remained the same since the 

oral administration of 51Cr porridge to measure gastric emptying was introduced 30 years 

ago.7 In contrast to manometry, scintigraphy is noninvasive, does not disturb normal 

physiology, and permits quantification of bulk transit of solids and liquids. Compared 

with radiographic methods, scintigraphy results in low radiation burden, is easily 

quantified, and uses commonly ingested foods rather than non-nutrient substrates.8  

Evaluation of severe functional GI motility disorders requires an investigation of the 

entire GI tract. To determine the correct therapeutic option, it is important to 

differentiate between a diffuse GI motor disorder and the dysfunction of an isolated GI 

segment.9 Furthermore, it has been shown that whole gut transit scintigraphy frequently 

leads to a change in diagnosis and thus leads to improved patient management.10 
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Patient studies 

Dual isotope scintigraphy is now widely used for clinical and investigative purposes. It 

is a noninvasive, physiologic, easy to perform, safe and quantitative technique with a low 

radiation burden.11 It has become the gold standard for the evaluation of gastric emptying 

for solids and liquids in all types of gastrointestinal disorders and for assessing the 

efficacy of gastrokinetic drugs and surgical procedures.11 Further investigation of the 

pathophysiology of functional dyspepsia focused on antral dysmotility, abnormal gastric 

pacemaker function and myoelectric activity.12-15 These investigations have led to the 

conclusion that delayed gastric emptying of a solid meal is related to antral 

hypomotility.16 It was demonstrated that dynamic gastric scintigraphy allows visualization 

and characterization of antral contractions.17 It can also be used simultaneously to 

evaluate the compartmentalization of food inside the stomach and to quantify the 

emptying of a radiolabeled test meal from each compartment.18 

The normal values for scintigraphic gastric emptying studies are based on male 

controls or a mixed control population. Historically it has been assumed that men and 

women have identical rates of gastric emptying.19-21 The effect of gender on gastric 

emptying remains controversial though there is more and more evidence that women 

have slower gastric emptying rates for solids22-24 and possibly also for liquids.25  

The aims of the study presented in chapter 2 were (1) to confirm the difference in 

gastric emptying for solid and liquid test meal between healthy men and women,  

and (2) to investigate the origin of this difference in absence of pathology by studying 

regional gastric emptying and antral motility. 

In chapter 2, we confirmed a significant difference in gastric emptying of a solid test 

meal between healthy male and female volunteers. It has been demonstrated that gastric 

emptying is slower in healthy premenopausal women, where both half-emptying time 

(T½) and lag-phase (Tlag) are significantly more prolonged than in men. When 

evaluating small-bowel transit as part of an entire bowel transit protocol, determination 

of the 10% small bowel transit time (SBTT) for solid test meal could be different for 

male and female patients. Therefore, the purpose of the study presented in chapter 3 

was to define normal values of small-bowel transit in men and women, and to assess if 

there is a gender difference, or a difference between solids and liquids. 
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Accurate measurement of the orocecal transit time (OCTT) is an important step in 

achieving better insight in detecting dysmotility of the upper GI tract.26-36 Moreover, 

intestinal transit influences the functions of the colon by the supply of substrates.37, 38 

Efficiency of colonic fermentation (i.e., the metabolism of unabsorbed dietary 

components) is greatly influenced by the motility of the upper intestinal tract.39, 40 Hence, 

it is of major importance to be able to measure transit times, OCTT in particular, using a 

relatively simple, reproducible test. Methods for measuring intestinal transit should not 

interfere with normal GI functions and should cause minimal discomfort for the patient. 

Scintigraphy is usually considered the reference technique for measuring OCTT.41 Several 

drawbacks, however, limit its application in routine practice. Expensive equipment, time 

and specialized personnel are required, and the use of radioactive isotopes is associated 

with some irradiation (<3 mSv). It is not preferable to repeat the technique at short 

intervals in children, and in pregnant women the use of this technique should be avoided 

completely. Therefore, it was the aim of the study presented in chapter 4 to investigate 

the validity of the lactulose-[13C]ureide (LU) breath test (LUBT) by direct comparison 

with a well-established method, namely scintigraphy using 99mTc-sulfur colloid. 

 
Animal studies 

The use of mouse models has increased in GI research, particularly in GI oncology 

and GI immunology.42 In contrast, GI motility research would benefit from further 

development and application of mouse models.42 In the recent literature, a variety of 

techniques have been used to assess gastric emptying in small laboratory animals.43-48 In 

most techniques, the animals are sacrificed, the stomach and intestine are removed and 

weighed, and the content is analyzed,43, 46 by measuring its radioactivity,43 counting the 

number of glass beads it comprises47 or assessing it with phenol red photospectrometry.45 

Other techniques limit the number of animals needed for an experiment by measuring 

repetitively without sacrificing the animal, such as by using scintigraphy in a rat parabiosis 

model,44 MRI49 or 13C-octanoic acid breath testing in mice.48 The aims of the study 

presented in chapter 5 were: (1) to adapt a routine pinhole gamma camera system, 

suitable for murine gastric-emptying scintigraphy without the need of sedation or 

invasive parabiotic preparation, (2) to validate murine gastric emptying scintigraphy by 
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comparing it to an established technique such as phenol red recovery, and  

(3) to determine normal values for solid and liquid gastric emptying and evaluate effects 

of multiple handling, earlier sedation and/or analgesia on gastric emptying.  

An application of the model described and validated in chapter 5 is illustrated in 

chapter 6. In this study, our aim was to show in a murine model for postoperative ileus 

that leukocyte infiltrates recruited in the intestinal muscularis by selective small-intestinal 

manipulation affect the motility of parts of the gastrointestinal tract, distant from the site 

of manipulation, by triggering an inhibitory neural pathway. Gastrointestinal motility was 

assessed with pinhole gastric emptying scintigraphy in mice. 

 
Gastric volume scintigraphy 

Dyspepsia refers to pain or discomfort centered in the upper abdomen in the absence 

of structural or biochemical abnormalities.50 The pathophysiology of functional dyspepsia 

is largely unknown.51-53 Proximal stomach dysfunction has been demonstrated in patients 

with functional dyspepsia, with impaired gastric accommodation to meal ingestion54 and 

hypersensitivity to fundic distention.55 However, controversy remains and therapeutic 

effects of drugs targeting these mechanisms are often disappointing.56, 57  

The gastric accommodation response enables relaxation of the proximal stomach, 

providing a reservoir for food ingestion without a rise in pressure.58 Impaired relaxation 

of the proximal stomach may contribute to the development of meal-induced symptoms 

in conditions such as functional dyspepsia,54 diabetes mellitus59 or postfundoplication 

syndrome.60 To facilitate research on impaired gastric accommodation, a noninvasive and 

easy-to-perform test is needed to select patients for pharmacological testing and evaluate 

effects of therapeutic strategies.61 

Measurement of the gastric accommodation response to meal intake is technically 

difficult and available techniques have methodological drawbacks.61 The current gold 

standard for the measurement of accommodation is the gastric barostat, involving the 

introduction of a balloon into the gastric fundus.62 In addition to the discomfort 

associated with this invasive, and time-consuming procedure, the presence of a balloon in 

the stomach has been shown to cause dilatation of the antrum as a result of meal 

displacement and induction of exaggerated proximal gastric relaxation.63 Nonradiation 
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techniques, such as ultrasound or MRI have technical limitations or, in the case of MRI, 

potential advantages but limited availability for this type of studies.61, 64 

A scintigraphic technique based on pertechnetate uptake in gastric mucosa for 

measurement of gastric accommodation has been described.65-70 However, this technique 

requires relative high exposure to ionizing radiation and imaging can only be performed 

within a relatively short time interval after isotope injection.61 Despite these limitations, 

the technique could be applicable in clinical practice to select patients with impaired 

accommodation that might benefit from fundic relaxant agents.71  

The aim of the study presented in chapter 7 was to refine the scintigraphic method, 

limiting the radiation dose applied and increasing possible postinjection imaging time 

span without losing image quality, so that sequential (multiple measurements within  

1 test) and repetitive (measurements before and after treatment) measurements within  

1 subject become possible without increasing radiation burden.  

The technique of gastric volume scintigraphy has been shown to record changes in 

postprandial volume to a similar extent as the gastric barostat.66 It should be emphasized 

that in this study the barostat balloon was positioned in the proximal stomach during 

SPECT scanning, providing a positive pressure to the gastric wall and thereby actively 

distending the stomach. Under more physiological conditions, however, the stomach will 

remain collapsed. Consequently, the volumes measured by SPECT scanning will reflect 

intragastric content such as intragastric secretions, swallowed air and ingested foods or 

liquids. Based on these assumptions, we hypothesized in chapter 8 that in the absence of 

a barostat balloon, SPECT scanning will largely detect the volume effect of meal 

ingestion and will be a rather insensitive tool to detect fundic relaxation. To test this 

hypothesis, the ability to detect fundic relaxation of comparable magnitude evoked by 

meal ingestion or glucagon was compared between the two techniques performed at 

separate days. In addition, symptoms reported during the study were evaluated as indirect 

measure of procedure related discomfort. 
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Inflammatory bowel disease 

 
Patient studies 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease accompanied by 

frequent acute exacerbations. It is usually diagnosed by rectosigmoidoscopy, colonoscopy 

or double-contrast barium enema. 

Colonoscopic and contrast radiographic procedures have inherent disadvantages and 

can be cause of severe complications. In severe cases of the disease, colonoscopy should 

not be performed to assess the severity and the extent of the disease. Caution must be 

exercised in performing barium studies in acutely ill patients with severe colitis, because 

bowel preparation may worsen the disease or precipitate toxic dilatation of the colon. 

However, knowing the severity of disease is important for estimating the intensity of 

anti-inflammatory therapy and the risk of complications. Some recommendations for 

therapy are based on extent and severity of disease activity.72, 73 

Despite convincing evidence in the recent literature about the potential benefits of 
99mTc-hexamethylpropylene amine oxime (HMPAO)-labeled leukocyte scintigraphy in 

adults,74-78 and children,79, 80 the procedure is not performed routinely for UC in many 

hospitals. 

The aim of the study presented in chapter 9 was to determine if 99mTc-HMPAO 

labeled WBC scintigraphy could be an alternative to endoscopy with biopsy to determine 

the extent and the severity of the disease in these critically ill patients. 

Treatment of ulcerative colitis is mainly based on corticosteroids, administered orally, 

parenterally or rectally.72 A rapid and sustained response is usually seen within a few days 

following initiation of treatment. However, the overall rate of steroid treatment failure in 

acute exacerbations of UC remains high, and 20-30% of patients ultimately require 

surgery.81, 82 The introduction of cyclosporine as a potent immunosuppressive drug for 

treatment of corticosteroid-refractory UC benefits the short-term management in  

60-80% of patients.83, 84 However, several questions remain regarding the long-term 

maintenance strategies, since long-term prognosis is not overall impressive and 

cyclosporine treatment is known for its possible important side effects.83, 85 
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Prediction of the long-term prognosis of UC at the time of diagnosis and early 

identification of which patients with a severe exacerbation will respond to therapy 

remains difficult. However, it is of great clinical importance to be able to predict a need 

for step-up medical treatment or colectomy at an early stage of the acute attack.81, 86 

Therapeutic action is based on reduction of inappropriate gut inflammation, by means 

of glucocorticoids, immunomodulators like cyclosporine or biological therapeutic 

intervention in mucosal homing.87, 88 Since scintigraphy and histology correlate very well 

in this particular field, WBC scintigraphy could become a reliable, noninvasive prognostic 

tool in prediction of therapeutic response and the follow-up of treatment for CU. 

The aim of the study presented in chapter 10 was to determine if WBC scintigraphy 

can predict early treatment failure in patients with acute attacks of UC.  

 
Gantry validation 

During the development of new radiopharmaceuticals, the biological behavior and 

dosimetry are frequently studied by ex vivo measurements in animals.89, 90 However, the 

benefits of an in vivo technique, such as single photon emission computed tomography 

(SPECT), are numerous. The number of animals needed within an in vivo approach is far 

less compared to ex vivo measurements, where for a single measurement the animal has 

to be sacrificed. The reduced number of animals required within an in vivo approach is 

beneficial from an ethical point of view, but may also save research time and may 

therefore be more cost-effective. 

A prerequisite for the replacement of ex vivo experiments by SPECT imaging is that it 

enables an accurate quantification of tracer uptake and kinetics. For in vivo experiments 

with smaller animals, such as mice, hamsters, or rats, a SPECT system encounters its 

physical limits for resolution and sensitivity. The pinhole collimator has been used 

extensively to obtain greater detail in planar imaging. The application of pinhole SPECT, 

however, is difficult since it requires a heavy collimated detector to rotate around a small 

object with a precisely constant radius of rotation. To circumvent this problem, we have 

developed an animal pinhole SPECT system in which the mechanical misalignment is 

minimized.  
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Chapter 11 describes a dedicated animal pinhole SPECT device, in which the gantry 

and collimator are fixed and the animal rotates. To ensure that the rotation of the object 

does not introduce artifacts, calibration experiments were performed. Phantom 

experiments were done to investigate the extent to which accurate quantification of 

tracer uptake may be possible with this new system. In vivo experiments were performed 

using 2 animals of different size, a rat and a hamster, to test the clinical feasibility of the 

system. 

 
Animal studies 

Although the initiating events of IBD are still unknown, increasing evidence indicates 

that mucosal CD4+ T cells activated by enteric bacteria initiate and perpetuate the 

inflammation in genetically susceptible individuals.91 Molecular understanding of the 

mechanisms that guide lymphocyte trafficking into the gut is rapidly increasing.88 

Molecular control of lymphocyte trafficking in mucosal tissues under physiological and 

pathological conditions is a well-orchestrated interaction between lymphocyte receptors 

and corresponding endothelial ligands.88 In an inflammatory state endothelial adhesion 

molecules are upregulated and lymphocytes home to their target tissue.88 Imbalance of 

the immunomodulating mechanisms can result into a chronic nonspecific inflammation 

in IBD where a down-regulated response would be appropriate.92 Aberrant (excessive or 

inappropriate) homing of these cells to mucosal sites is believed to be a central element 

in the pathogenesis of IBD.34 This knowledge has fuelled enthusiasm for the 

development of novel anti-inflammatory strategies, by blunting the multistep lymphocyte 

adhesion cascade.88 To this end, designer drugs for IBD are created and subsequently 

tested in animal models for clinical potential. However, these animals are expensive and 

large numbers can be required. 

A noninvasive technique, able to assess inflammatory activity in bowel segments or 

lymphocyte recirculation and kinetics in the follow-up of experimental treatment for 

IBD, would not only benefit longitudinal studies, but also reduce the number of animals 

required for testing.93 Radioactive labeled purified lymphocytes have been shown to allow 

study of inflammatory activity, short-term lymphocyte recirculation kinetics and 

homing.94 111In-oxine is the most appropriate reagent for radiolabeling lymphocytes for in 
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vivo distribution studies. The 2,4,6-trinitrobenzene sulfonic acid (TNBS) model of colitis 

is characterized by a T helper 1 (TH1) cell mediated transmural colitis and resembles 

human Crohn’s disease in regard to many features, both on a histological and 

immunological level.95 Dedicated pinhole single photon emission computed tomography 

(SPECT) cameras have been shown to be able to image radioactivity distribution in vivo 

in small animals with a spatial resolution on the order of a few mm.96, 97 Therefore, the 

aim of the study presented in chapter 12 was to construct and validate an animal model 

for IBD, in which intestinal lymphocyte homing can be monitored non-invasively in vivo 

by means of pinhole SPECT. 

Under normal conditions, naïve T lymphocytes migrate randomly from blood to 

secondary lymphoid tissues for immune surveillance. When naïve T lymphocytes 

encounter an antigen in the draining lymph nodes of the gut, they differentiate into 

memory/effector cells. If such an encounter takes place in the mesenterial lymph nodes, 

migration is subsequently directed back to the intestinal mucosa.98 This process is 

controlled by the expression of different sets of adhesion molecules and chemokines.99, 100 

The integrin alpha(α)4 beta(β)7 is the principal gut-homing receptor and functions at 

several steps in the adhesion cascade by interacting with the mucosal addressin 

MAdCAM-1 present on endothelial cells.101, 102 Naïve lymphocytes express low levels of 

α4β7 but upon activation a significant amount of functionally active α4β7 appears on the 

surface.103 During intestinal inflammation MAdCAM-1 is upregulated resulting in an 

increased influx of lymphocytes. 

In inflammatory bowel disease, increased numbers of activated CD4+ TH1  

lymphocytes, that locally produce proinflammatory cytokines, such as interferon γ  

(IFN-γ) and tumor necrosis factor α (TNF-α), mediate mucosal inflammation and tissue 

damage.91 Blockade of lymphocyte recruitment to the intestinal mucosa is considered a 

useful therapy for inflammatory bowel disease. Indeed, administration of antibodies that 

bind either the α4 integrin alone or in combination with β7 has resulted in therapeutic 

benefit in experimental colitis104-106 and in patients with active Crohn’s disease.107 

Although these results are promising, the number of in vivo studies is limited. More 

insight into the complex migratory pathways of lymphocytes to the intestine and the role 

chemokines and their receptors play herein, is necessary.  
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In the study presented in chapter 13, we used dedicated animal SPECT for 

assessment of radioactive labeled 111In-oxinate purified T helper lymphocyte homing to 

the gut in TNBS-induced experimental colitis in mice. Further, we applied this technique 

to study blockade of intestinal lymphocyte influx in TNBS colitis with an anti-α4 integrin 

antibody. 

 

 

Liver disease 

 
Assessment of hepatocellular function 

Hepatic resection is the therapy of choice for malignant and symptomatic benign, 

hepatobiliary tumors. Recent years have shown a marked decrease in morbidity and 

mortality rates after major liver resections.108, 109 Refinements in operative techniques, 

better selection of patients and advances in perioperative care are thought to be 

responsible for this improvement.110 Nevertheless, perioperative blood loss and 

postoperative liver failure have remained the most significant complications after liver 

resections, particularly in patients with suboptimal liver function due to parenchymal 

liver disease such as cirrhosis or steatosis.111 The major cause of mortality after liver 

resection consequently is liver failure.108 For this reason it is important to estimate total 

and regional liver function before planning partial resection of the liver in order to 

predict function of the remnant liver. 

To date, the most frequently used test for evaluating preoperative liver function is the 

indocyanine green (ICG) clearance test.112 Alternatively, 99mTc-labeled iminodiacetic acid 

(IDA) analogues, transported in blood by binding to albumin in the same manner as 

ICG, can be used for hepatobiliary scintigraphy (HBS) in the assessment of liver 

function.113 HBS, requiring a single intravenous injection, provides visual and quantitative 

information of global and regional liver function as well as excretory function 

(intrahepatic and extrahepatic bile transport). Both ICG and 99mTc-mebrofenin are 

excreted in bile by the hepatocytes114 by the ATP-dependent export pump multidrug-

resistance associated protein 2, without undergoing biotransformation during their transit 

through the hepatocyte.115, 116 Therefore, these agents are well suited for the study of 
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hepatic transport. The aim of the study presented in chapter 14 was to examine 

correlation of the ICG clearance test with the uptake of 99mTc-mebrofenin as determined 

from the blood as well as from scintigraphical assessment. 

The maximum extent of resection compatible with a safe postoperative outcome 

remains unknown, but it is generally believed that the risk for perioperative 

complications increases when the remnant liver volume is too small.117 Therefore, 

preoperative assessment of hepatic function and remnant liver volume (RLV) is 

advocated.118 Measurement of preoperative and remnant liver volumes can be accurately 

estimated by CT.119, 120 However, most strategies evaluating preoperative hepatic function 

reserve and estimating the RLV rely on a homogeneous liver function.121 Unlike patients 

undergoing liver resection for metastatic cancer or benign liver conditions, patients with 

hepatocellular carcinoma (HCC) or obstructing tumors like cholangiocarcinoma may 

have underlying chronic liver disease or cholestasis with primary or secondary impaired 

total or segmental liver function.122-124 

There is a good correlation between the preoperative 99mTc-mebrofenin liver uptake 

rate and the ICG clearance test in patients scheduled for major liver surgery.125 

Therefore, the aim of the study presented in chapter 15 was to assess total and regional 

liver function before and after major liver surgery and to compare scintigraphic results 

with volumetric data and ICG clearance test results. Furthermore, the correlation 

between the immediate postoperative remnant liver function predicted on preoperative 

scintigraphy and measured 24 h after surgery with scintigraphy was assessed. Finally, the 

relation between liver function regeneration determined with HBS and volumetry was 

assessed. 
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Abstract 

 

There is increasing evidence of gender-related differences in gastric emptying. The 

purpose of this study was first, to confirm the difference in gastric emptying for both 

solid and liquid test meals between healthy men and women, and secondly, to investigate 

the origin of this difference by studying regional gastric emptying and antral motility. 

Methods. A standard gastric-emptying test with additional compartmental (proximal and 

distal) evaluation and dynamic imaging of the antrum was performed in 20 healthy 

women studied in the first 10 days of the menstrual cycle, and in 31 healthy age matched 

men. 

Results. In concordance with previous reports, women had a longer half-emptying time 

for solids as compared to men (86.2 ± 5.1 vs. 52.2 ± 2.9 min, P < 0.05). In our 

observations this seemed to be related to a significantly prolonged lag phase and a 

significant decrease in terminal slope. Dynamic antral scintigraphy did not show a 

significant difference. The distribution of the test meal within the stomach (proximal vs. 

distal) showed more early proximal retention in women as compared to men. The 

terminal slope of the distal stomach was significantly lower in women. We did not 

observe a significant difference in gastric emptying of the liquid test meal between men 

and women. 

Conclusion. Gastric emptying of solids is significantly slower in healthy women as 

compared to men. These findings emphasize the importance of using different normal 

values for clinical and research purposes in gastric emptying scintigraphy in men and 

women. The difference could not be explained by antral motility alone. Increased 

proximal retention and a lower terminal emptying rate in women are observations to be 

further investigated. 
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Introduction 

 

Studies of gastric emptying using scintigraphic techniques with radiolabeled standard 

meals were introduced by Griffith in 19661 and refined by Meyer2 and Harding3 with the 

introduction of simultaneous measurement of gastric emptying of both solids and liquids 

in 1976. Dual isotope scintigraphy is now widely used for clinical and investigative 

purposes. It is a noninvasive, physiologic, easy to perform, safe and quantitative 

technique with a low radiation burden.4, 5 It has become the gold standard for the 

evaluation of gastric emptying for solids and liquids in all types of gastrointestinal 

disorders and for assessing the efficacy of gastrokinetic drugs and surgical procedures.5, 6 

Further investigation of the pathophysiology of functional dyspepsia focused on antral 

dysmotility, abnormal gastric pacemaker function and myoelectric activity.7-10 These 

investigations have led to the conclusion that delayed gastric emptying of a solid meal is 

related to antral hypomotility.11, 12 It was demonstrated that dynamic gastric scintigraphy 

allows visualization and characterization of antral contractions.13, 14 It can also be used 

simultaneously to evaluate the compartmentalization of food inside the stomach and to 

quantify the emptying of a radiolabeled test meal from each compartment.15 

The normal values for scintigraphic gastric emptying studies are based on male 

controls or a mixed control population. Historically it has been assumed that men and 

women have identical rates of gastric emptying.2, 3, 16-19 The effect of gender on gastric 

emptying remains controversial though there is more and more evidence that women 

have slower gastric emptying rates for solids20-22 and possibly also for liquids.23 

The aims of this study were (1) to confirm the difference in gastric emptying for solid 

and liquid test meal between healthy men and women and (2) to investigate the origin of 

this difference in absence of pathology by studying regional gastric emptying and antral 

motility. 
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Materials and Methods 

 
Subjects 

We studied 20 healthy female volunteers (mean age 22.8 ± 0.38 yr) and compared the 

scintigraphic results with 31 healthy male volunteers (mean age 22.6 ± 0.93 yr). Every 

volunteer was questioned about medical history, use of drugs and gastrointestinal 

symptomatology. Exclusion criteria were a history of chronic or recent gastrointestinal 

disease or complaints, abdominal surgery and use of drugs with known interference on 

gastrointestinal motility.24, 25 Female volunteers were studied in the first 10 days of the 

menstrual cycle to exclude pregnancy and minimize progesterone effect.21 All volunteers 

gave written informed consent to participate in the study, which was approved by the 

medical ethics committee of the Leuven University Hospital. 

 
Scintigraphic test procedure 

All volunteers were studied after an overnight fast of at least 8 h. Gastric emptying 

was evaluated after ingestion of a standardized test meal consisting of 50 g scrambled egg 

labeled with 74 MBq 99mTc-sulfur colloid (Mallinckrodt), 2 slices of regular white bread 

and 150 mL water labeled with 3.5 MBq 111In-DTPA (Mallinckrodt). The meal contains 

approximately 230 kcal with 35% fat, 47% carboxyhydrate and 18% protein. 

Simultaneous 1-min anterior and posterior static images (128x128 pixels) of the stomach 

were acquired on the 140-keV 99mTc and 245-keV 111In peaks with the subjects sitting 

between the two detectors of a dual-head gamma camera. Images were taken every  

10 min for 1 h and every 15 min for the second hour. Anterior dynamic (64x64 pixels) 

frames of 1 sec each were also acquired for 4 min after every static acquisition. 

 
Data analysis 

Static images. Regions of interest (ROIs) were drawn around the total stomach for both 

isotopes, and also around the proximal and distal stomach for technetium at each time 

interval on anterior and posterior images. After correction for technetium decay and 

indium down scatter, geometric mean counts were determined for each region and 

percentages of meal retention were calculated at each time interval. Total stomach data 
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for solids were analyzed using the power exponential function y(t)=1-(1-e-kt)β, which 

permits determination of the solid lag-phase (Tlag), emptying rate (ER) and half-

emptying time (T½).15 The parameters k and β of this function were determined by a 

nonlinear least-squares fitting algorithm. Total stomach liquid emptying data were fit to a 

single exponential function to determine the emptying rate and half-emptying time. 

Compartmental stomach data for solids were analyzed on time-activity curves. The 

terminal slope of the distal stomach emptying was determined by linear regression of the 

mean time activity curve after peak activity for male and female volunteers. 

Dynamic images. The methodology used to process dynamic images has been described 

by our institution elsewhere.14 In summary, to allow for precise outlining of the antrum, 

each set of dynamic images was first reframed in a single 4-minute image and a ROI was 

drawn around the horizontal portion of the stomach between the incisura angularis and 

the pylorus. This region was then devided in three subregions representing the proximal, 

mid and distal antrum. A time-activity curve was generated for all subregions for each 

dynamic set of images. Curves were first normalized to their respective mean count. The 

autocorrelation function A(T)=∫C(t)⋅C(t+T)dt, where t is the time, and T the lag time of 

the correlation, was then applied to each set of normalized data. This function eliminates 

the background noise and the nonperiodical events in the defined time interval. The 

frequency (in contractions per min) and amplitude in the time domain (in percent 

variation around the mean) of the antral contractions were obtained for each set of 

dynamic acquisition using Fourier transform analysis F(w)=∆t∫A(T)⋅cos(wT)dT, where w 

is the pulsation frequency. A scintigraphic antral motility index (MI) equal to the 

frequency multiplied by the amplitude of the antral contractions was also determined. 

The dominant frequency, corresponding amplitude and MI of the entire antrum was 

calculated as a mean of the subregions per time interval and the average dominant 

frequency, corresponding amplitude and MI for the whole gastric emptying course were 

calculated for each subject. 

Statistical analysis. All results are expressed as mean ± SEM. Unpaired t tests were used 

to compare the T½ values, the Tlag, the ER and the regional percentages of meal 

retention, as well as the frequency of antral contractions, corresponding amplitude 
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Table 1.  Gastric-emptying values for solids and liquids in men and women 

 Solids    Liquids  
 
 

T½ (min) Tlag (min) ER (%/min)  T½ (min) ER (%/min) 

Men 52.3 ± 2.9 25.2 ± 2.20 2.4 ± 0.10  31.7 ± 2.4 2.5 ± 0.2 
Women 86.2 ± 5.1* 43.7 ± 4.7* 1.5 ± 0.1*  35.2 ± 2.7 2.1 ± 0.2 

Mean values ± SEM 

*P < 0.05 
 

 

and motility indices between men and women. Regression lines were also compared 

using a student’s t test. All statistical tests were 2-tailed, and differences were evaluated at 

the 5% level of significance. 

 

 

Results 

 
Total gastric emptying 

Total gastric emptying of solid test meal was determined in all 31 male and 20 female 

volunteers (Fig. 1A). Gastric emptying of the solid test meal was significantly slower in 

women as compared to men. We determined the T½, Tlag and ER for solid test meal in 

all male and female volunteers (Table 1). The T½ value of the solid test meal was 

significantly longer in women as compared to men (86.2 ± 5.1 and 52.2 ± 2.9 min, 

respectively). The Tlag was significantly longer and the ER was significantly slower in 

female volunteers (Fig. 2). 

Total gastric emptying of liquid test meal was determined in 26 male and 19 female 

volunteers (Fig. 1B). No significant differences were observed between male and female 

volunteers. The T½ value and ER for liquid test meal are shown in Table 1. No 

significant differences were observed for these parameters between men and women. 
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Figure 1.  Total gastric-emptying curves for solids and liquids in male and female 

volunteers 

Solid (A) and liquid (B) meal retention in the total stomach in male and female volunteers. 

Gastric emptying of solids is significantly slower in women as compared to men. *P < 0.05. 

Gastric emptying of liquids is not significantly different. (Mean values ± SEM) 
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Figure 2.  Parameters of gastric emptying 

(A) The half-emptying time (T½) and the lag-phase (Tlag) are significantly longer in women as 

compared to men (P < 0.0001 and P < 0.01, respectively). (B) The gastric emptying rate is 

significantly slower in women as compared to men (P < 0.001). 

 

 
Compartmental gastric emptying 

Regional tracer distribution of solid test meal between the proximal and distal 

stomach was determined in 12 men and 20 women (Fig. 3). We noted significantly longer 

tracer retention in the proximal stomach in women and a later occurrence of peak-

activity in the distal stomach. The terminal slope of the distal stomach emptying is 

significantly lower in women as compared to men (P < 0.001). 
 

Dynamic antral scintigraphy 

Frequency. The mean overall dominant antral frequency and corresponding amplitude 

and the mean dominant antral frequency and corresponding amplitude per time interval 

were determined in 12 men and 20 women (Table 2). The frequency of the antral 

contractions remains remarkable stable during gastric emptying with a mean of  

3.06 ± 0.06 and 3.07 ± 0.04 contractions per min in male and female volunteers.  
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Figure 3.  Regional gastric emptying curves for solids in male and female volunteers 

Solid meal retention in proximal (A) and distal (B) stomach. There is a significantly higher tracer 

retention in the proximal stomach and a later occurrence of peak activity in the distal stomach. 

*P<0.05 (Mean values ± SEM) 

 

This is in concordance with earlier results of Urbain et al.14 Neither at the level of the 

mean overall antral frequency nor at the level of the mean antral frequency per time 

interval (Fig. 4) could a significant difference be detected between men and women. 

Amplitude. The overall corresponding amplitude of the antral contractions had a mean 

value of 15.91% ± 1.59% and 15.04% ± 0.87% in male and female volunteers. Neither at 

the level of the mean overall antral amplitude nor at the level of the mean antral 

amplitude per time interval (Fig. 4) could a significant difference be detected. 

Motility index. The mean overall motility index had a value of 47.86 ± 4.13 and  

46.08 ± 2.76 in male and female volunteers. Neither at the level of the mean overall antral 

motility index nor at the level of the mean antral motility index per time interval (Fig. 4) 

could a significant difference be detected. 
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Table 2.  Dynamic antral scintigraphy for the solid test meal in men and women: 

mean overall values 

 

 
Frequency 

(contr./min) Amplitude (%) Motility index 

Men 3.06 ± 0.06 15.91 ± 1.59 47.86 ± 4.13 
Women 3.07 ± 0.04 15.04 ± 0.87 46.08 ± 2.76 

Mean values ± SEM 
 

 

Discussion 

 

Radionuclide gastric emptying studies are widely used for clinical and research 

purposes. The normal values for these studies are generally based on all-male or mixed 

populations, because it has been assumed that men and women have identical rates of 

gastric emptying.2, 3, 16-19 Over the last 10 years, however,  it has become increasingly  

evident that women have slower gastric emptying rates for solids20-22 and possibly for 

liquids.23 Since most dyspeptic patients seem to be female, it is of clinical importance to 

know whether present normal ranges of gastric emptying values can still be used to 

differentiate between normal and pathological values, or whether separate normal ranges 

for men and women need to be defined. 

In the scintigraphic determination of gastric emptying there are many parameters 

which can affect the final result. Factors such as meal size, meal composition,  

subject age and weight and measurement technique are known to influence gastric  

emptying.15-17, 23, 26, 27 It is therefore of prime importance that as much as possible 

standardized conditions are used in performing scintigraphic gastric emptying studies. 

In female volunteers “delayed” gastric emptying of solids seems to be related to a 

prolonged lag phase and slowing of the emptying rate. This phenomenon has also been 

observed in patients with idiopathic dyspepsia.28 Furthermore, our observations concur 

with the findings of another study comparing gastric emptying in men and women.29 In 

contrast, we observed no difference in antral motility between male and female  
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Figure 4.  Mean antral frequency, amplitude and motility index 

The mean antral frequency (A), corresponding amplitude (B) and motility index (C) per time 

interval are not significantly different between men and women. (Mean values ± SEM) 

 

 

volunteers. With regard to the compartmental gastric emptying curves, we observed 

prolonged tracer retention in the proximal and distal stomach in female volunteers. This 

phenomenon has also been demonstrated in patients with diabetes mellitus.14 Increased 

retention of solid test meal in the proximal stomach can explain the prolongation of the 

lag phase in women. In symptomatic and asymptomatic diabetes patients delayed gastric 

emptying of solids has also been attributed to a prolonged lag phase due to increased 

proximal retention14, 30, 31. A difference in fundic motor activity is a possible explanation, 

which should be further assessed. It has been stated that the lag phase calculated by the 

power exponential function reflects the peak antral filling.14 This correlates well with our 

data, where peak antral filling occurred later in women than in men. 

Besides a significantly slower emptying rate for the solid test meal in women, we 

observed a significantly decreased terminal slope of the distal stomach emptying, without 

a significant difference in antral motor activity. This is in contrast with delayed gastric 

emptying in patients with idiopathic dyspepsia or diabetes mellitus, in whom a 

significantly different antral motility has been observed.14, 28 Our observations suggest 

that antral motility is not a major factor in the gender-based difference in gastric 

emptying. This latter observation was also made in the study of Hutson et al.,21 who 

assessed antral motility with a multi-lumen perfusion catheter. However, we did observe 
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an increase in mean frequency, corresponding amplitude and motility index during the 

first 20 min as compared to the initial values in both male and female volunteers. This is 

probably caused by the phenomenon of lag phase and antral filling. Initially, the antrum 

is almost empty with a low scintigraphic signal, making dynamic evaluation hazardous. 

Normal gastric emptying requires optimal coordination of the proximal stomach, 

antrum, pylorus and duodenum.32 Different pyloric or proximal small bowel motility 

might play a role in different gastric emptying of man and women for solids. The amount 

of chyme emptied per unit of time is determined by the force of the antral contractions, 

the tone of the proximal stomach and the contractile activity of the pylorus and 

duodenum.33 

The fact that we observed no significant difference in gastric emptying of non-caloric 

liquids suggests that the caloric value of the test meal may play a role in generating this 

difference, since a difference between gender has been demonstrated in gastric emptying 

of orange juice as a liquid test meal.23 

In search for an explanation for the gender related differences in gastric emptying, the 

possible effect of sex hormones such as progesterone and estradiol was evaluated by 

comparing emptying rates of pre- and postmenopausal women. Estradiol and 

progesterone may distinct gastric emptying by a direct effect on gastrointestinal motility. 

Progesterone may also act indirectly, by decreasing plasma levels of motilin, a 

gastrointestinal smooth muscle-stimulating hormone.26 Animal studies showed that sex 

hormones are responsible for slowing gastrointestinal transit but that absolute levels of 

hormones are not important as demonstrated in rats.34 In non-pregnant premenopausal 

women the effect of the time point in the menstrual cycle on the rate of gastric emptying 

remains controversial; however this seems not of paramount importance.23, 34, 35  

Postmenopausal women not taking sex hormone replacement therapy have significantly 

more rapid gastric emptying with rates similar to men.21 

The slower gastric emptying in premenopausal women is not related to a decrease in 

antral motility, although the emptying rate of the antrum is significantly lower. In a  

2-compartment model of the stomach the first major difference is situated in the fundus, 

which might be related to a difference in fundic motor activity. Whether hormones have 

an effect on fundic motor activity, without affecting antral motility is unclear. It is not 
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very likely, though, that a different fundal tonus affects the emptying rate of the antrum 

after peak filling. Other mechanisms such as a decrease in gastric outflow related to a 

decrease in pyloric relaxation or in antroduodenal coordination could play a role. It is 

also questionable whether quantitative or qualitative changes in variation of the chemical 

breakdown of the test meal may differ with gender. The possible role of these 

mechanisms on gastric emptying should be further assessed in separate male and female 

subpopulations. 

 

 

Conclusion 

 

Dual-isotope scintigraphy is the gold standard for evaluation of gastric emptying. With 

the addition of powerful tools such as regional gastric emptying and dynamic antral 

scintigraphy the test is even more informative without increasing the radiation burden 

excessively.36 

We demonstrated that gastric emptying of solids is significantly slower in women as 

compared to men. In contrast with pathological situations such as idiopathic or diabetes 

mellitus gastroparesis, where antral motor activity is affected, the antral motor activity 

does not seem to play a major role in the gender difference. In our opinion, the gastric 

fundus is also responsible for delaying the gastric emptying in females. 

Gastric emptying of a noncaloric liquid test meal did not differ significantly in males 

and females. 

For routine clinical purposes, each nuclear medicine facility should define 2 separate 

sets of normal gastric emptying reference values for men and premenopausal women. As 

regards future experimental work, we believe it is of major interest that investigations are 

carried out separately for men and women. This might clarify some of the contradictions 

in the literature, possible caused by different ratios of men and women in study 

protocols. 
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Abstract 

 

Evaluation of severe functional gastrointestinal motility disorders requires an 

investigation of the entire gastrointestinal tract. This should be possible with a single 

radionuclide imaging study. The purpose of this study was (1), to define normal values of 

small-bowel transit in men and women, and (2), to assess a possible difference between 

gender or test meal, since it has been shown that women have slower gastric emptying 

than men, and gastric emptying of solids is slower than liquids. 

Methods. A standard gastric-emptying test for a solid (99mTc-sulphur colloid, 230 kcal) 

and liquid (111In-DTPA water) test meal was performed in 12 healthy male and 12 healthy 

female volunteers. After 135 min the volunteer was placed in supine position for static 

imaging of the abdomen every 15 min for 6 h. Decay and cross-over corrected geometric 

mean gastric-emptying data were fit to a modified power exponential function to 

determine the 10% stomach emptying time for solids and liquids separately. A ROI was 

drawn around the cecum and ascending colon to determine the arrival time of at least 

10% of the solid and liquid test meal. 10% small bowel transit time (10%SBTT) and 

orocecal transit time (OCTT) were calculated. 

Results. The OCTT for males and females, respectively for solids and liquids, were  

294.6 ± 18.8; 301.3 ± 24.5; 294.6 ± 18.8 and 301.3 ± 24.5 min. The 10%SBTT for males 

and females, respectively for solids and liquids, were 280.3 ± 18.4; 280.6 ± 24.0;  

288.2 ± 18.9 and 297.4 ± 24.4 (mean ± SEM) min. We observed a simultaneous transfer 

of solids and liquids from the terminal ileum to caecum (r = 0.90, P < 0.01). There was 

no statistically significant difference in small-bowel transit time (SBTT) between gender 

or solids and liquids. 

Conclusion. In contrast to the gastric-emptying time, the SBTT of solids and liquids 

were not significantly different nor a gender difference was found. Determination of the 

OCTT seems to be the simplest and most accurate approach to measure SBTT. Finally, 

our observations confirm that an 111In-DTPA labeled liquid test meal can also be used 

for the determination of colon transit in a single imaging, whole-gut study protocol since 

ileocecal transfer occurs as a bolus phenomenon. 
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Introduction 

 

Symptoms of functional gastrointestinal (GI) disorders occur to some degree in about 

25% of apparently healthy people.1, 2 Most of them, however, do not seek medical help. 

Subjective interpretation of symptoms, in addition to psychological and socio-cultural 

factors, determine whether medical help is sought.2 GI dysmotility symptoms are a major 

problem in routine clinical practice. If after careful history-taking, thorough physical 

examination, appropriate biochemical and hematological screening and the conducting of 

examinations like radiology or endoscopy, with or without biopsy, no structural, 

infectious or biochemical cause can be found, the diagnosis of functional GI motility 

disorder can be made.3 Irritable bowel syndrome is an example of one of the most 

frequent functional disorders of the digestive tract, presenting with possible motor 

disorders in all parts of the intestine.4 Constipation can also be the result of GI transit 

disorders at different levels in the gut.5 

Evaluation of severe functional GI motility disorders therefore requires an 

investigation of the entire GI tract. To determine the correct therapeutic option, it is 

important to differentiate between a diffuse GI motor disorder and the dysfunction of an 

isolated GI segment. If conservative management fails and finally partial resection is 

considered, it is useful to investigate preoperative function of the remaining intestine.6 

Radionuclide gastric-emptying studies are routine investigations in most nuclear 

medicine departments. Without increasing radiation exposure, it is possible to extend a 

radionuclide gastric emptying study to assess small intestine-, ileocecal- and colon 

motility and create a noninvasive tool for documenting dysmotility of any segment of the 

gastrointestinal tract.6 

Recently, we confirmed a significant difference in gastric emptying of a solid test meal 

between healthy male and female volunteers.7 It has been demonstrated that gastric 

emptying is slower in healthy premenopausal women, where both half-emptying time 

(T½) and lag-phase (Tlag) are significantly more prolonged than in men.7 When 

evaluating small-bowel transit as part of an entire bowel transit protocol, determination 

of the 10% small bowel transit time (10%SBTT) for solid test meal could be different for 

male and female patients.  
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The purpose of this study was to define normal values of small-bowel transit in men 

and women, and to assess if there is a gender difference, or a difference between solids 

and liquids. 

 

 

Materials and Methods 

 
Subjects 

We studied 12 healthy female volunteers (mean age 22.8 ± 0.5 yr) and compared the 

scintigraphic results with 12 healthy male volunteers (mean age 22.6 ± 0.9 yr). All 

volunteers had a body mass index within 20-25 kg/m2. Exclusion criteria were a history 

of chronic or recent gastrointestinal disease or complaints, abdominal surgery and the use 

of drugs with known interference on gastrointestinal motility.8, 9 Female volunteers were 

studied in the first 10 days of the menstrual cycle to exclude pregnancy and minimize 

progesterone effect.10 All volunteers gave written informed consent to participate in the 

study, which was approved by the medical ethics committee of the Leuven University 

Hospital. 

 
Scintigraphic test procedure 

All volunteers were studied after an overnight fast of at least 8 h. Gastric emptying 

was evaluated after ingestion of a standardized test meal consisting of 50 g scrambled egg 

labeled with 74 MBq 99mTc-sulfur colloid (Mallinckrodt), 2 slices of regular white bread 

and 150 mL water labeled with 3.5 MBq 111In-DTPA (Mallinckrodt). The solid test meal 

contains approximately 230 kcal with 35% fat, 47% carboxyhydrate and 18% protein. 

The liquid test meal is noncaloric to standardize methodology of gastric emptying 

scintigraphy with previous trials conducted in our center.7, 11, 12 Simultaneous 1-min 

anterior and posterior static images (128x128 pixels) of the stomach were acquired on the 

140-keV 99mTc and 245-keV 111In peaks with the subjects sitting between the 2 detectors 

of a dual-head gamma camera. Images were taken every 10 min for 1 h and every 15 min 

for the second h. After the second h, the volunteer was placed in supine position. A 2-

min static image of the abdomen was made every 15 min for 6 h. An additional 1-min 
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image with anatomical 99mTc-point source reference on the right upper anterior iliac spine 

was made after every frame. Finally, an additional 5-min image of the abdomen was made 

after 24 h. 

The volunteer received a standardized (nonlabeled) meal consisting of 1 ham or 

cheese sandwich, and 20 mL mineral water 4 h after the start of the study to mimic as 

closely as possible a physiological situation of meal intervals (breakfast – lunch).  

After 8 h, the volunteer was free to eat and drink. 

 
Data analysis 

Gastric emptying images. Regions of interest (ROIs) were drawn around the total stomach 

for both solids and liquids at each time interval on anterior and posterior images. After 

correction for technetium decay and indium down scatter, geometric mean counts were 

determined. Because of interval scanning, total stomach data for solids were analyzed 

using the power exponential function y(t)=1-(1-e-kt)β which permits determination of the 

lag-phase (Tlag), emptying rate (ER), 10% gastric-emptying time (T10) and half-emptying 

time (T½).13 This function permits the separate identification of the 2 phases of the 

emptying process: the initial delay portion of the curve characterized by the lag phase, 

and the second phase, characterized by a constant emptying rate. The parameters k and β 

were determined by a nonlinear least squares algorithm, where k represents the emptying 

rate in min-1 and β the Y-intercept extrapolated from the terminal portion of the curve. 

The lag-phase can be defined as the time in min when the second derivative of the 

function becomes zero and is numerical equal to ln β /k (Tlag). Total stomach liquid 

emptying data were fit to a single exponential function to determine the ER, T10 and T½. 

Abdominal small-intestine and colon-filling images. The small bowel transit images were 

corrected for decay and crossover. A geometric mean was calculated. Terminal ileum, 

caecum and colon were located on the images comparing all frames, and referring to the 

anatomical marker on the right upper anterior iliac spine. A ROI was drawn around the 

caecum and ascending colon to observe the phenomenon of ileocecal transfer (i.e. ileal 

emptying and colon filling) and to determine the moment of at least 10% arrival of the 

solid and liquid test meal. The 10% small bowel transit time (10%SBTT) was calculated 

by subtracting the 10% gastric emptying time of the 10% colon arrival time. The orocecal 
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transit time (OCTT) was also determined as the time interval between the start of the 

study and colon arrival of the tracer. The correlation between colon filling of solids and 

liquids was determined at the moment of at least 10% arrival of tracer in the caecum. 

Therefore, the percentage of total activity of solids and liquids in the ROI (caecum – 

ascending colon) was calculated separately. The relation between the standard lunch 

administered 4 h after start of the test and timing of colon filling was observed. Finally, 

the percentage of total activity in the colon for solids and liquids respectively was 

calculated after 8 and 24 h. 

 
Dosimetry 

Using 74 MBq of 99mTc-sulphur colloid and 3.5 MBq of 111In-DTPA administered 

orally, the effective whole body dose equivalent was 3.9 mSv in female and 3.0 mSv in 

male volunteers per study, with the largest single organ dose to the large bowel wall.14 

 
Statistical analysis 

Data was tested for normal distribution by means of normal probability plots and 

Shapiro-Wilk statistics. All data showed a normal distribution, except the T10 for liquids 

in female volunteers. All results are expressed in min as mean ± SEM (normal 

distribution) or median and interquartile range (non-normal distribution). ER results are 

reported in percent/min. A student’s t test for comparison of 2 samples was used in case 

of normal distribution. The Mann-Whitney U test for nonpaired samples was used for 

comparison of non-normal distributed data. All statistical tests were 2-tailed, and 

differences were evaluated at the 5% level of significance. A Bonferroni correction was 

applied for multiple comparison testing (n = 28), and differences were considered 

significant when P < 0.002. The correlation between colon filling of solids and liquids 

was determined with a nonparametric rank correlation test. 
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Table 1.  Male vs female gastric emptying data 

 Male  Female 
 
 n Mean SEM Med IQR  Mean SEM Med IQR P 

T10(s) 12 14.3 2.1 11.3 12.3  20.7 2.3 21.1 11.1 NS 
T10(L) 12 6.4 0.9 4.9 10.0  3.9 0.5 3.3 5.3 NS 
T½(S) 12 50.5 3.9 46.6 25.6  84.0 7.1 75.3 25.3 <0.002 
T½(L) 12 35.4 3.5 34.3 38.4  29.8 2.8 29.5 15.5 NS 
Tlag(S) 12 23.3 4.3 19.2 27.5  37.0 3.8 41.5 20.3 NS (*) 
ER(S) 12 2.28 0.2 2.15 0.75  1.42 0.2 1.46 0.58 <0.002 
ER(L) 12 2.34 0.3 2.20 1.55  2.33 0.4 2.10 1.90 NS 

Mean values, SEM, median (Med) and interquartile range (IQR)  

Parameters reported separately for solids (S) and liquids (L) 

Reported values of 10% gastric-emptying time (T10), half-emptying time (T½), lag-time (Tlag) and 
gastric-emptying rate (ER) 

(*) Significant before (P < 0.05), but not after Bonferroni correction 
 

 

Results 

 
Gastric emptying 

The determined mean and median T10, T½ and Tlag values are shown separately for 

male and female volunteers in Table 1. There is a significant difference between gender 

in half emptying time and emptying rate of solids (P < 0.002). The difference between 

gender in Tlag for solids is significant before (P < 0.05), but not after Bonferroni 

correction. The differences between gender in T10 for solids and liquids, and in T½ for 

liquids are not significant. As expected, there was a significant difference between solids 

and liquids in T½ both in male and female volunteers (Table 2). The T10 of solids and 

liquids was significantly different in female volunteers. In male volunteers, T10 was 

significantly different before (P < 0.01), but not after Bonferroni correction. The same 

occurred for the ER of solids and liquids in both male and female volunteers. Current 

trial gastric-emptying data were compared with gastric-emptying data of another trial in 

normal volunteers acquired under identical circumstances and recently published.7   
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Table 2.  Solid vs liquid gastric emptying data 

 Solid  Liquid 
 
 n Mean SEM Med IQR  Mean SEM Med IQR P 

T10(M) 12 14.3 2.1 11.3 12.3  6.4 0.9 4.9 10.0 NS (*) 
T10(F) 12 20.7 2.3 21.1 11.1  3.9 0.5 3.3 5.3 <0.002 
T½(M) 12 50.5 3.9 46.6 25.6  35.4 3.5 34.3 38.4 <0.002 
T½(F) 12 84.0 7.1 75.3 25.3  29.8 2.8 29.5 15.5 <0.002 
ER(M) 12 2.28 0.2 2.15 0.75  2.34 0.3 2.20 1.55 NS (*) 
ER(F) 12 1.42 0.2 1.46 0.58  2.33 0.4 2.10 1.90 NS (*) 

Mean values, SEM, median (Med) and interquartile range (IQR)  

Parameters reported separately for male (M) and female (F) 

Reported values of 10% gastric-emptying time (T10), half-emptying time (T½) and emptying rate 
(ER) 

(*) Significant before (P < 0.05), but not after Bonferroni correction 
 

 

There was no significant difference between the current and previous data for the 

different gastric emptying parameters. Combination of data of both trials for male and 

female gastric emptying of solids showed a significant gender difference (P < 0.002) in 

Tlag (Table 3). 

 
Small-bowel transit 

Small-bowel transit was observed on the sequential plain images of the abdomen, 

both for solid and liquid test meal. After leaving the stomach, the tracer migrated in all 

volunteers without signs of obstruction. In every single volunteer a phenomenon of 

accumulation in the terminal ileum has been observed, before the occurrence of ileocecal 

transfer. In all volunteers ileocecal transfer occurred within the 6-h period of abdominal 

scintigraphy. 

 
Colon filling 

In all 24 volunteers, quantification of colon activity as a percentage of the total activity 

for solids and liquids was performed separately at least once just after ileocecal 
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Table 3.  Lag-time for gastric emptying of solids 

 
 n Mean SD Med IQR 

Male 43 24.7 ± 2.0 13.0 23.4 47.3 
Female 32 41.3 ± 3.3 * 18.0 41.9 25.2 

Mean values ± SEM, SD, median (Med) and interquartile range (IQR)  

(*) P < 0.002 
 

 

transfer of a minimal of 10% tracer. In 4 volunteers, colon activity was measured at  

2 separate time intervals. There was good correlation between colon filling of solids and 

liquids (r = 0.90, P < 0.01). 

The 10%SBTT and OCTT values are shown in Table 4. Although not identical, there 

was no statistically significant difference in SBTT for gender or between solids and 

liquids. A SBTT, as determined by the OCTT of 297 ± 65 min with a 95% range of  

154–440 min, was calculated as a normal value in this investigation. 

All female and 8 male volunteers had additional imaging for quantification of total 

colon activity. Four male volunteers refused additional imaging. Ten of 12 female 

volunteers had more than 90% and 12/12 had 100% of ileocecal transfer after 8 and  

24 h, respectively. Six of 8 male volunteers had more than 90% and 8/8 had 100% of 

ileocecal transfer after 8 and 24 h, respectively. 

 

 

Discussion 

 

When evaluating small bowel transit as part of a scintigraphic entire-bowel transit 

protocol, there are several possible ways to calculate the Small bowel transit time (SBTT). 

One of the possibilities is the analysis of gastric-emptying and colon-filling curves, by 

subtracting them from normalized total abdominal activity to yield a small-bowel transit 

curve.15 Another possibility is subtracting the 10% time for gastric-emptying from the 

time of 10% colon filling, to yield the 10%SBTT.16 As a variant, the 50%SBTT can also 
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Table 4.  Male and female small-bowel transit data 

 Male  Female 
 
 n Mean SEM Med IQR  Mean SEM Med IQR P 

OCTT(S) 12 294.6 18.8 285 60.0  301.3 24.5 285 101.3 NS 
OCTT(L) 12 294.6 18.8 285 60.0  301.3 24.5 285 101.3 NS 
10%SBTT(S) 12 280.3 18.4 262.2 65.0  280.6 24.0 67.2 112.4 NS 
10%SBTT(L) 12 288.2 18.9 280.1 269.0  297.4 24.4 278.9 101.6 NS 

Mean values, SEM, median (Med) and interquartile range (IQR)  

Parameters reported separately for solids (S) and liquids (L) 

Reported values of orocecal transit time (OCTT) and 10% small-bowel transit time (10%SBTT)  
 

 

be determined.17, 18 Finally, SBTT can be measured by means of the OCTT, analogous to 

the principle of breath testing. 

In recent years, it has become more and more evident that women have slower 

gastric-emptying rates for solids.10, 19-21 We recently confirmed a significant difference in 

gastric emptying for gender.7 In the assessment of small-bowel transit, this might have an 

important repercussion on results of calculations where the SBTT is determined on 

observations depending on gastric emptying. 

When generating a small-bowel transit curve or calculating the 10%SBTT, the starting 

point of the exercise is dependent on gastric emptying, in this case the lag-phase and the 

post-lag slope. In a previous article, we not only confirmed a significant difference in T½ 

of solids, but also a significant longer Tlag in women.7 The results of gastric emptying 

obtained in the present study are not significantly different of those previously 

determined. The T10 was not significantly different between solids and liquids, or for 

gender. The Tlag for solids was not significantly different after Bonferroni correction, 

but was significantly different between gender in our previous study (P < 0.001), where a 

larger number of volunteers were observed.7 When combining the Tlag of all volunteers 

in both studies, the difference for gender is highly significant (P < 0.002). 

A method defining the SBTT, depending on gastric emptying, will result in a different 

starting point in men and women. The same consideration can be made for a liquid test  
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Figure 1.  Gastric-emptying and colon-filling curves 

A schematic illustration of normal time-activity curves of gastric emptying and colon filling in 

males and females for solids and liquids. The 10% gastric-emptying and colon-filling time points 

are marked and the different small-bowel transit times are illustrated. These differences are not 

significant in healthy people. 

 

 

meal, which has a shorter gastric T½ and no or a minimal lag-phase, depending on the 

caloric value as compared to a solid test meal. 

It has been shown that solids and liquids, once reached the small bowel, move at the 

same speed with a mean transit time of approximately 160 min.22 Visual interpretation of 

the 15-min interval dual isotope abdominal images in our population of female and male 
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volunteers gave the same impression of simultaneous transit of the solid and liquid test 

meal. However, we have to consider the relative lack of resolution, even more 

pronounced on the 111In-DTPA liquid-phase images. In most cases it is very difficult to 

distinguish between different small-bowel loops, and interpretation of small-bowel transit 

is made on the varying shape of the abdominal activity mass, indicating net propulsive 

movement towards the terminal ileum. Whether liquids reached the terminal ileum earlier 

than solids could not be visually determined because of the 15-min time-interval 

acquisition and the inherent difference in quality of 99mTc and 111In images. 

Another issue is the terminal ileum, which has been described as a region of relative 

stasis that appears to serve as a reservoir before filling of the colon.15 It has been 

proposed that the rate of isotope accumulation in the terminal ileum can be used to 

calculate an index of small-bowel motility.23 This technique was not used in our study. 

However, we did observe the phenomenon of stasis in the terminal ileum in all studies 

performed. 

We observed ileocecal transfer by placing a ROI over the caecum and ascending 

colon. The cecal arrival time was defined as the time for accumulation of at least 10% of 

total abdominal counts in the caecum and ascending colon. It has been described that 

ileocecal transfer occurs as a multiple-bolus phenomenon.24 This could not be 

determined in our study population because of the 15-min interval scintigraphy. Except 

for a few cases, the first frame with cecal activity consisted of 10% or more of the total 

abdominal activity. The mean cecal arrival time (i.e. OCTT) in the present study was 

identical for solids and liquids, both in male and female volunteers. There was no 

significant difference for gender. We found that there was an excellent correlation 

between the percentage of solid and liquid test meal detected in the cecal ROI just after 

ileocecal transfer of 10% or more. This suggests that liquids, despite the minor advantage 

of earlier gastric emptying, are mixed up completely or accumulate longer in the terminal 

ileum before simultaneous ileocecal transfer. One could argue that simultaneous 

administration of solids and liquids increases the likelihood of mixing in the stomach, 

reducing possible differences in small-bowel transit. However, other authors also report 

solids leaving the stomach at a slower rate as compared to liquids, but describe separate 

progression of both phases at similar speeds once the small bowel is reached.22 On the 
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other hand, if a minimal difference in transit speed were to be expected, it would be 

difficult to prove this difference by means of scintigraphy on separate occasions because 

of the inherent intra-individual daily variability.25 

As a consequence, the observations described above might give a false impression of 

slower small-bowel transit of liquids than solids, or faster small-bowel transit in females 

than in males when assessing the subject by means of the 10%SBTT. This phenomenon 

is illustrated in Figure 1. This effect could be even more pronounced when the 

50%SBTT is calculated because the difference in half-emptying time values for solids are 

more pronounced for gender or between solids and liquids than the 10% gastric 

emptying time or lag time values. However, the 10%SBTT was not statistically 

significantly different between solids and liquids or for gender. This can partially be 

explained by the methodological difference in determination of the 10% gastric-emptying 

time by means of a fitted curve and the cecal-arrival time by means of 15-min interval 

scintigraphy. The latter is also responsible for the identical OCTT values for solids and 

liquids, both in male and female volunteers. Since ileocecal transfer of both phases seems 

to occur at the same time, cecal accumulation of at least 10% of total abdominal activity 

of tracers will be detected in the same time frame on a 15-min interval scintigraphy. 

Continuous abdominal scintigraphy would provide more accurate information in both 

cases, but is unfeasible in clinical practice. Fitting of cecal activity on the other hand does 

not seem feasible because of multiple bolus transfer observed by other authors.24 

When addressing the problem of functional GI motility disorders, it is known that in 

the case of gastroparesis, the lag phase can be altered (prolonged).11, 26 When ileocecal 

transfer is not delayed, a prolonged lag phase would have a more pronounced effect on 

10%SBTT values, giving the impression of even faster small-bowel transit than in healthy 

people. The difference in 10%SBTT values between solids and liquids will also be more 

pronounced since gastric emptying of liquids is far less affected or not at all in idiopathic 

gastroparesis.11 The OCTT values for solids and liquids might not be affected and are 

interesting parameters to observe.  

The Tlag, ER and the shape of the gastric-emptying curve will have an effect on 

small-bowel transit as an input function. If transport of solids and liquids, once the small-

bowel is reached, move at the same speed and accumulate and mix up in the terminal 
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ileum, it is not clear whether a prolonged lag phase or delayed gastric emptying has an 

immediate effect on ileocecal transfer time. Although there is a significant difference in 

gastric emptying for solids, as determined by T½ and Tlag, we did not observe a 

significant difference in mean cecal arrival time for gender. The same reflection can be 

made for the difference in gastric emptying of solids and liquids, which does not result in 

a significant difference in cecal arrival times. This would in fact suggest that accumulation 

in the terminal ileum compensates for differences in small-bowel input. 

When the ileocecal transfer is unchanged, the OCTT would not be different in case of 

delayed gastric emptying with normal small-bowel transit. This is in contrast to the 

10%SBTT, which is influenced by gastric-emptying values as a starting point of 

measurement. The hypothesis that OCTT measurement is more reliable than 

determination of 10%SBTT has to be evaluated in a trial comparing patients with 

gastroparesis to data from normal subjects. 

Determination of the OCTT is an easy approach, analogous to the principle of breath 

testing, with the advantage of visual correlation of quantitative data, where breath testing 

only gives normal or abnormal values and scintigraphy enables regional abnormal 

gastrointestinal function to be visualized. An abnormal OCTT can immediately be 

correlated with detailed regional gastric and small-bowel transit data to determine the 

localization of the delay. 

It has been described that there might be a relationship between the phenomenon of 

ileocecal transfer and an ingestion of a so-called “push” meal.24 All our volunteers 

received a standardized lunch 4 h after the start of the test, which can be regarded as a 

push meal at a fixed moment. Although 7/24 bolus transfers occurred within 30 min and 

another 6/24 within 60 min after ingestion of the push meal, it is not possible to 

determine a relation for these data without control studies with another timing of the 

push meal. 

We observed almost total ileocecal transfer at 8 h and total ileocecal transfer for solids 

and liquids at 24 h in all volunteers observed. Orally administrated 111In-DTPA has been 

compared with direct cecal intubation in the assessment of colon motility, without a 

significant difference.27 Our observations of ileocecal transfer support the hypothesis that 

the ileocecal transfer bolus phenomenon can be used as a start for colon motility studies 
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without the need for less physiologic techniques using capsules, dissolving in the terminal 

ileum or using techniques of cecal instillation of tracer.28-31 A study, using the liquid 111In-

DTPA fraction from the entire-gut transit scintigraphy to evaluate colon transit, is 

currently being performed on patients with severe functional gastrointestinal dysmotility. 

 

  

Conclusion 

 

Unlike gastric emptying, the SBTT of solids and liquids is not significantly different, 

nor was a significant difference for gender found in healthy volunteers. Determination of 

the OCTT seems to be the simplest and most accurate approach to measure SBTT by 

means of scintigraphy, because of less dependence on gastric emptying, even though no 

significant difference could be demonstrated in healthy controls. Whether or not, 

defining the 10%SBTT as well will be helpful in differentiating between gastric and small 

bowel dysmotility in idiopathic gastroparesis remains to be elucidated. Since ileocecal 

transfer occurs as a bolus phenomenon, an 111In-DTPA labeled test meal can also be 

used for the determination of colon transit in a single imaging, whole-gut study protocol. 
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Application of small-bowel transit scintigraphy: 

  

Validation of the lactose-[13C]ureide breath test for 

determination of orocecal transit time by scintigraphy 
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Abstract 

 

The breath test using oral administration of a 13C-labeled substrate, lactose-ureide 

(LU), to measure orocecal transit time (OCTT) was validated against 99mTc-scintigraphy. 

Although LU is not absorbed in the human small intestine, colonic bacteria readily 

metabolize LU, producing 13C-labeled CO2. The time at which 13CO2 appears in the 

breath corresponds to the OCTT. 

Methods. Twenty-two healthy volunteers ingested a meal labeled with 99mTc and 13C-LU. 

Scintigraphy was performed over 8 h at time intervals of 10 or 15 min. OCTT with 

scintigraphy was defined as the time at which at least 10% of the label had entered the 

colon. Breath samples were obtained every 10-15 min for 10 h and measured by isotope 

ratio mass spectrometry. OCTT was defined as the time of first significant increase above 

baseline. The results were compared using correlation and Altman-Bland statistics. 

Results. OCTT results from scintigraphy (mean OCTT = 283 ± 53 min) and breath test 

(mean OCTT = 292 ± 58 min) correlated well (r = 0.94). Altman-Bland statistics showed 

close agreement between scintigraphy and breath test. No significant difference between 

male and female subjects was observed. 

Conclusion. The breath test using 13C-LU is a valid alternative to scintigraphy 

techniques for measuring OCTT. 
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Introduction 

 

Physiological events in the small intestine are complex and difficult to study and 

include many intrinsic functions. The small bowel serves as its own motor, its own food 

absorptive capacity, its own conduit and seems to influence propulsive action of other 

organs (ileal brake). Despite difficulties, significant advances have been made in 

describing the propulsion of the intestinal contents, the contractions responsible for 

these movements and the regulation of motility. Numerous techniques have been used to 

record and describe motor activity of the small intestine including scintigraphy,1-3 

manometry and electromyography,4-6 echoplanar MRI,7 metal sphere detection,8 tracing 

of ingested magnetic material,9, 10 blood analysis11, 12 and breath hydrogen after ingestion 

of nondigestible carbohydrates.13 With each of these techniques different aspects of the 

same basic event may be recorded and at different regions of the small intestine. In the 

clinical context, however, it is of great value to have a technique to monitor global 

intestinal motor activity in a simple and reliable manner. 

Accurate measurement of the orocecal transit time (OCTT) is an important step in 

achieving better insight in detecting dysmotility of the upper gastrointestinal (GI)  

tract.14-24 Moreover, intestinal transit influences the functions of the colon by the supply 

of substrates.25, 26 Efficiency of colonic fermentation (i.e., the metabolism of unabsorbed 

dietary components) is greatly influenced by the motility of the upper intestinal tract.27, 28 

Hence, it is of major importance to be able to measure transit times, OCTT in particular, 

using a relatively simple, reproducible test. Methods for measuring intestinal transit 

should not interfere with normal GI functions and should cause minimal discomfort for 

the patient. Scintigraphy is usually considered the reference technique for measuring 

OCTT.29 Several drawbacks, however, limit its application in routine practice. Expensive 

equipment, time and specialized personnel are required, and the use of radioactive 

isotopes is associated with some irradiation (<3 mSv). It is not preferable to repeat the 

technique at short intervals in children, and in pregnant women the use of this technique 

should be avoided completely. To overcome these problems, the hydrogen breath test 

has been advocated to measure mouth-to-cecum transit time (OCTT). Many authors, 
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however, have shown that osmotically active carbohydrates, like the frequently used 

lactulose, alter transit time through the small intestine. 

Breath tests involving the stable carbon isotope, 13C, have been successfully 

introduced for many purposes, including gastric emptying.30 Glycosyl ureides have been 

studied extensively for their physical and chemical properties.31-35 The enzymes of the 

brush border of the human intestine are not able to split the bond of sugars to urea. 

Because glycosyl ureides are only slightly absorbed in the small bowel without further 

metabolism, they reach the large bowel unaltered. The colonic flora, by contrast, splits 

the bond of sugars to urea,36, 37 after which further metabolism by colonic bacteria can 

take place. These properties make these ureides well suitable to be used as markers for 

the measurement of intestinal transit time using a breath test with the urea moiety labeled 

with a carbon isotope. 

Bacteria in the colon will split and metabolize glycosyl-ureide and produce, among 

other products, CO2. If the urea moiety of the molecule is labeled with 13C, the isotope 

will be set free in the breath of the host as 13CO2. Therefore, breath sampling after oral 

administration of the labeled molecule, at regular time intervals for an appropriate length 

of time, allows the time of appearance of the label in breath to be defined. This point in 

time indicated the time needed by the marker molecule, together with the meal in which 

it was integrated, to reach the cecum. 

It was the aim of this study to investigate the validity of the lactulose-[13C]ureide (LU) 

breath test (LUBT) by direct comparison with a well-established method, namely 

scintigraphy using a 99mTc-sulfur colloid labeled test meal. 
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Materials and Methods 

 
Subjects 

Twenty-two healthy volunteers (11 women, 11 men; age range 22-58 y) were studied 

simultaneously with scintigraphy and breath test. They were all nonsmokers and had no 

history or symptoms of GI disease. Women were all studied in the first week of the 

menstrual cycle. Subjects who had used antibiotics in 3 mo before the study were 

excluded. Also, no medication having any effect on GI functions was allowed. All 

volunteers gave written informed consent to participate in the study, which was approved 

by the medical ethics committee of the Leuven University Hospital. 

 
Breath test 

The methodology of the LUBT described by Heine et al.36 and Wutzke et al.37 was 

used with slight modification. The protocol is illustrated in Figure 1. 

The day before the test, 1 g unlabeled LU was administered in a glass of water three 

times (morning, noon and evening) to induce the proper enzyme activity in the colonic 

bacteria. On the morning of the test, after an overnight fast, the subjects were given a 

test meal consisting of 1 scrambled egg, 2 slices of white bread and 1 glass of water. Five 

hundred mg of the marker molecule LU was mixed with the total egg before baking. Two 

breath samples for basal 13C excretion were obtained in exetainers (Europa Scientific) 

before ingestion of the test meal. Sampling was performed by having the subjects blow 

through a drinking straw into the exetainer. After ingestion of the test meal within  

10 min, time was started for breath sample collection. During the first h, a 13C sample 

was obtained every 10 min. 13C sampling continued for another 9 h every 15 min (total 

sampling time 10 h). Four h after the test meal was eaten, 1 sandwich with cheese or ham 

was eaten together with 1 glass of water. No other food or drink was allowed until 8 h 

after completion of the test meal, i.e. 2 h before sampling ended. 13C samples were 

measured in the continuous flow isotope ratio mass spectrometer ABCA 20-20 IRMS 

(Europa Scientific). Results in isotope ratio mass spectrometry of 13C are expressed as 

delta in permil. δ13 = (S/R – 1)*1000 with S and R the isotope ratios (13C)/(12C) in the 

sample. 
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Figure 1.  Protocol of LUBT: timing of enzyme induction, test meal and 13C breath 

test sampling 

 

 

To assess OCTT with the 13C label, calculations were performed directly on measured 

delta values. OCTT was taken as the time at which, in breath, a significant increase from 

the background in 13C was seen. For this purpose a statistical measure of significance was 

assumed: 2.5 times the SD of all previous points above the running average of all 

previous points. 

 
Scintigraphy 

In the test meal egg, 37 MBq of 99mTc-sulphur colloid (Mallinckrodt) was mixed in as a 

marker for scintigraphy. Measurement of the activity in the GI tract was performed using 

a dual-head gamma camera, equipped with low-energy, parallel-hole collimators. 

Scintigraphy information was obtained by scanning every 10 min for the first h after the 

test meal and then every 15 min for the next 7 h, bringing the total scintigraphy sampling 

time to 8 h. OCTT according to scintigraphy was assumed as the first sampling point in 

time at which 10% or more of the total activity was detected in the cecal region. 
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Figure 2.  Example of 13C breath excretion curve from LUBT in one healthy 

volunteer with indication of OCTT 

 

 
Statistical analysis 

The relationship between scintigraphy and breath test was evaluated by Spearman 

correlation analysis and Altman-Bland statistics. Differences between men and women in 

OCTT were assessed using Student’s t  test.  

 

 

Results 

 

LU was found to be tasteless, both as a watery solution and integrated in the egg of 

the test meal. The integration of the marker in the test meal did not cause any problems. 

The low doses of unlabeled induction substrate and of 13C-labeled substrate were not 

found to cause any intestinal discomfort in any of the subjects.  

For the breath test, unambiguous interpretation of the OCTT in all subjects was 

possible using the criterion of significant increase above baseline. Figure 2 shows an 

example of a breath 13CO2 excretion curve, with OCTT indicated. 
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Figure 3.  Correlation of OCTT by LUBT and OCTT by scintigraphy 

Broken line = line of equality; dashed line = regression line. 

 

Figure 4.  Difference in OCTT between methods against mean of methods 

Dashed line = mean difference ± 2SD 
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The maximal increase (peak value) in 13C abundance in breath, expressed as delta-

value, varied between 3.4 and 27.15 permil. The time of maximal increase in 13C excreted 

in breath was 421 ± 99 min and showed a correlation of r = 0.76 (Spearman) with OCTT 

(P < 0.001). 

No significant difference was found between female and male subjects with OCTT by 

breath test 289 ± 58 min and 295 ± 61 min, respectively. Also, no significant sex-

determined difference was observed with scintigraphy. 

The mean value for OCTT assessed by the LUBT for all subjects was 292 ± 58 min 

(mean ± SD), whereas for scintigraphy a value of 283 ± 53 min was found. Correlation 

of both methods was highly significant with r = 0.94 (P < 0.001, Fig. 3). The difference 

between methods to the mean of both methods shown in Figure 4 confirms this 

correlation. The linear regression of the data in Figure 3 does not display a y-axis 

intercept significantly different from 0 min. 

 

 

Discussion 

 

The criterion for determination of OCTT using 13C-LU allowed unambiguous and 

objective assessment. This is important, because it was found that on scintigraphy it is 

sometimes difficult to unambiguously interpret an image. 

The mean value for OCTT found in this study is in accordance with the values found 

by Heine et al.36 (6.0 + 2.2 h), but is considerably longer than that found by Wutzke et 

al.37 (3.02 ± 1.4 h) also using the LUBT. In these studies, no validation against 

scintigraphy was performed, and the labeled LU was (unlike in this study) not integrated 

in a solid meal and different meals were used. The lack of significant sex-determined 

difference in OCTT confirms the findings of Degen et al.,38 in which mean OCTTs for 

men and women were found to be 254 and 256 min, respectively. These scintigraphically 

determined values are in agreement with ours. Also, the values reported by Camilleri et 

al.,39 using radiolabeled fiber and pellets, and by Lartigue et al.,40 both using scintigraphy, 

are in accordance with these data. 
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A large range in increase in 13C abundance in breath in this group of healthy 

volunteers might indicate a large interindividual variability in bacterial enzyme activity, 

despite the identical induction regime of unlabeled LU the day before the test. This 

certainly deserves further study, especially because the exact mechanism of bacterial 

metabolism of LU and glucose-ureide is unclear. The more fundamental study of the 

underlying biochemistry of colonic bacterial metabolism certainly may not be neglected 

and deserves close attention. The significant correlation between OCTT and time of peak 

value in the breath test, however, seems to indicate that the shape of the breath test 

curve, independently of its height, is a reflection of the pace at which the chyme reaches 

the cecum, rather than of bacterial activity. A similar correlation was observed in the 

earlier study with 13C-LU.36 

The highly significant correlation (r = 0.94) of OCTT measured using LUBT and the 

scintigraphically determined OCTT in these healthy volunteers shows that the breath test 

is a valid alternative for scintigraphy. The Altman-Bland statistics further confirm this 

and additionally shows that there is neither a proportional nor a constant difference 

between both methods.  

 

  

Conclusion 

 

The LUBT could be an excellent alternative for 99mTc-colloid scintigraphy for the 

measurement of OCTT. Further research in pathological conditions and under 

pharmacological modulation of transit should be undertaken for further validation. 
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Abstract 

 

Gastric emptying in small laboratory animals is a useful parameter to assess 

gastrointestinal motility for physiological, pharmacological or other research purposes. In 

mice, phenol red recovery is considered the gold standard for determination of gastric 

emptying. However, this method requires sacrifice of the animal and yields only data of 

gastric emptying at 1 time point. Gastric-emptying scintigraphy, the gold standard 

technique in humans, allows sequential and serial measurements in the same subject. In 

this study we developed and validated a novel method of gastric-emptying scintigraphy 

applied in mice, by comparing it with phenol red photospectrometry. 

Methods. A dedicated animal pinhole gamma camera was equipped with a specially 

designed mouse application device. Gastric emptying was measured in unanesthetized 

mice using pinhole scintigraphy. First, gastric emptying determined with scintigraphy was 

compared to gastric phenol red recovery simultaneously within the same population. 

Subsequently, normal values for gastric emptying of solids and liquids in mice were 

established and finally, effects of handling stress and late effects of frequently used 

anesthetics or sedatives on gastric emptying were assessed by scintigraphy. 

Results. Gastric emptying of liquids measured by pinhole scintigraphy did not 

significantly differ from that measured by phenol red recovery. For the same 

information, 80% fewer animals were needed for the scintigraphic method. More stress-

related delay in gastric emptying was induced by multiple handling of the mice, compared 

with the less frequent handling that was associated with taking measurement every  

10 min or more (P < 0.05). The mean half-emptying time for solids measured by 

scintigraphy was significantly slower than liquid emptying (P < 0.01). Previous anesthesia 

did not significantly affect gastric emptying 6 h after induction. 

Conclusion. Dedicated small-animal pinhole gastric-emptying scintigraphy is a reliable 

tool to investigate GI motility in mice, significantly reducing the number of laboratory 

animals needed for statistical power in trials and enabling sequential and serial 

measurement within 1 subject and is thus useful for follow-up investigations, which can 

be performed even after invasive procedures that require anesthesia. 
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Introduction 

 

Gastric-emptying scintigraphy is widely used for clinical and investigative purposes. It is a 

noninvasive, physiological, easy to perform, safe, quantitative test and is considered the 

gold standard for the evaluation of gastric emptying for solids and liquids in all types of 

gastrointestinal (GI) disorders.  It also allows the assessment of the efficacy of 

gastrokinetic drugs and the effect of surgical procedures on gastric emptying.1-3 

The use of mouse models has increased in GI research, particularly in GI oncology and 

GI immunology.4 In contrast, GI motility research would benefit from further 

development and application of mouse models.4 In the recent literature, a variety of 

techniques has been used to assess gastric emptying in small laboratory animals.5-10 In 

most techniques, the animals are sacrificed, the stomach and intestine are removed and 

weighed, and the content is analyzed,5, 8 by measuring its radioactivity,5 counting the 

number of glass beads it comprises9 or assessing it with phenol red photospectrometry.7 

Other techniques limit the number of animals needed for an experiment by measuring 

repetitively without sacrificing the animal, such as by using scintigraphy in a rat parabiosis 

model,6 MRI11 or 13C-octanoic acid breath testing in mice.10  

The aims of this study were: (1) to adapt a routine pinhole gamma camera system, 

suitable for murine gastric-emptying scintigraphy without the need of sedation or 

invasive parabiotic preparation, (2) to validate murine gastric-emptying scintigraphy by 

comparing it to an established technique such as phenol red recovery, and  

(3) to determine normal values for solid and liquid gastric emptying and evaluate effects 

of multiple handling or earlier sedation and/or analgesia on gastric emptying. Our results 

indicate that dedicated small animal pinhole gastric-emptying scintigraphy is a reliable 

tool to investigate GI motility in mice, reducing significantly the number of laboratory 

animals needed for statistical power in trials and enabling sequential and serial 

measurement within one subject useful for follow-up investigations. 
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Materials and Methods 

 
General description 

Gastric emptying mouse model. Female BALB/c mice were purchased from Charles River 

(Charles River, Someren, the Netherlands) and maintained under standard conditions at 

our animal care facility. Mice were used at 8 to 10 wk old. After an overnight fast, the 

animals received a test meal and subsequently were scanned without sedation. All animal 

experiments were performed with approval of the Animal Research Ethics Committee of 

the University of Amsterdam and following its guidelines. 

Camera design. For imaging of gastric emptying in mice, a gamma camera (Philips 

ARC3000) situated in a dedicated animal care facility was equipped with a pinhole 

collimator fitted with a 3-mm tungsten insert. The pinhole collimator faced up. On top 

of the collimator, a specially designed mouse application device was fixed, permitting 

scintigraphy of anterior projections of mice at a standard orientation and distance from 

the pinhole aperture without the need for sedation (Fig. 1). The gamma camera was 

interfaced to a NUD (Nuclear Diagnostics) Hermes acquisition and processing station. 

Static images of the entire abdominal region were obtained for 30 sec at the 140 keV 
99mTc-peak with a 20% window in a 128x128 matrix. 

Test meal and labeling. Three different test meals were used. (a) The liquid noncaloric test 

meal consisted of methylcellulose (OPG Pharma) dissolved in water (30 mg/mL). The 

solution was labeled with 100 MBq 99mTc-albumin colloid (Albures; Nycomed-

Amersham) per mL. Mice were fed 0.1 mL by intragastric gavage. (b) For comparison of 

gastric emptying assessed with scintigraphy and photospectrometry, 0.05% of phenol red 

(Merck) was added to the 99mTc-albumin colloid labeled liquid methylcellulose solution. 

(c) A caloric solid test meal consisting of baked egg yolk was prepared by baking 2 mL 

egg yolk to which 0.5 mL saline containing 200 MBq/mL 99mTc-albumin colloid was 

added. The mice voluntarily consumed 100 mg (0.4 kcal) within a few min after an 

overnight fast. 
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Figure 1.  Gastric-emptying scintigraphy in mice: gantry and handling 

Routine pinhole collimator fitted with a custom-made plastic adaptor. Using a technique of dorsal 

skin grasp and immobilization against the adaptor makes high-quality imaging possible without 

need for sedation and with standardization of distance and orientation towards the pinhole 

aperture. 

 

 

Scintigraphy and interpretation. A scintigraphic scan was obtained immediately after gavage 

feeding (liquid) or voluntary feeding (solid) and every 15 min thereafter (except for the 

handling stress test) until 60 min. In between scans, the animals were placed back in their 

cages. Regions of interest (ROIs) were drawn around the total stomach and the 

intestines, with an additional background ROI on the first postprandial image and copied 

subsequently on following images of the sequence (Fig. 2). Meal retention in the  

stomach was determined as a background-corrected ratio of total abdominal activity.  
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Figure 2.  Gastric-emptying scintigraphy in mice: result 

Representative images of gastric emptying in a control mouse immediately after (panel A) and 

every 15 min thereafter up to 60 min postprandial (panel B - E) of a solid test meal. ROI’s are 

drawn on every acquisition around the total field of view (1), the stomach (2) and background 

(3). (F) The gastric-emptying curve derived from measured time points enables assessment of 

gastric-emptying characteristics and calculation of T½. 
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If any gastric emptying was visible upon the first image, all counts were considered as 

gastric content for assessment of the 100% initial value. Total gastric-emptying data were 

exported to a nonlinear least squares fitting algorithm to determine half-emptying-time 

values (T½). The percentage retention of radioactivity at 60 min postprandial (%RRA60) 

was determined on measured data. 

 
Experiments 

The experiments were planned in four steps:  

(1) Gastric emptying of liquids assessed by pinhole scintigraphy was compared to gastric 

emptying of phenol red within the same animal population at the same time. Therefore, 

25 mice were fed a test meal consisting of 0.1 mL water with 30 mg/mL methylcellulose 

and labeled with 99mTc-colloid and 0.05% phenol red dye. The animals were scanned 

immediately after gavage and subsequently every 15 min up to 1 h. After every scan 

session, a group of 5 animals was sacrificed and the gastric content of dye was 

determined with photospectrometry. The animals were killed by cervical dislocation. The 

stomach and small-intestine fragments (2 cm) were ligated and exteriorized. The tissues 

were subsequently homogenized for 30 sec in 10 mL of 0.1 mol/L sodium hydroxide 

using an Ultra-Turrax (IKA Analysentechnik GmbH). After homogenization, 0.3 mL of 

20% trichloroacetic acid was added to precipitate proteins, and the mixture was vortexed 

and centrifuged at 3000 rpm for 20 min at room temperature. After centrifugation, 2 mL 

of the supernatant was added to 0.2 mL of 4 mol/L sodium hydroxide, and absorbance 

of the samples was read by photospectrometry at 560 nm. The fraction of gastric 

retention was calculated according to the formula: 1 - amount of phenol red recovered at 

time point / phenol red recovered at time point 0. 

(2) The effect of stress by multiple handling on gastric emptying of a caloric solid test 

meal was assessed. Seven groups of 5 animals were scanned immediately after voluntarily 

ingestion of 100 mg baked egg yolk and subsequently after varying postprandial time 

points ranging from once every 5 min to once every 60 min (Table 1).  

(3) Normal values for gastric emptying of solids and liquids in mice were established. Ten 

mice received the liquid (oral gavage) test meal after an overnight fast and underwent 
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Table 1.  Scan interval stress test with a solid test meal 

Group Scan interval 
(min) 

Total number of 
scans T½ (min) %RRA60* 

1 5 13 39.2 ± 9.5 36.4 ± 7.9 
2 7.5 9 32.3 ± 4.5 35.7 ± 6.3 
3 10 7 19.3 ± 1.7 15.8 ± 9.7 
4 15 5 23.7 ± 2.7 20.3 ± 2.3 
5 20 4 22.5 ± 1.7 22.0 ± 2.5 
6 30 3 25.4 ± 2.8 19.2 ± 6.5 
7 60 2 NA 21.8 ± 4.7 

* Percentage residual radioactivity 60 min postprandial 
 

 

scintigraphy; 2 wk later, they received the solid (voluntary ingestion) test meal after an 

overnight fast and underwent scintigraphy. The mice were scanned immediately after 

gavage or ingestion and subsequently every 15 min up to 1 h.  

(4) Late effects of frequently used anesthetics or sedatives on gastric emptying were 

assessed. Groups of 5 mice were injected intraperitoneally with saline (control 0.3 mL), 

diazepam (5 mg/kg; Roche), xylazine (5 mg/kg; Bayer), ketamine and xylazine  

(100 mg/kg and 5 mg/kg, respectively; Eurovet) or fentanyl/fluanisone (0.3 mL/kg; 

Janssen Pharmaceutica) and diazepam (5 mg/kg), and 5 mice were anesthetized by 

inhalation with isoflurane (2.5% for 10 min; Interfarm). All animals were given a liquid 

test meal by gavage 6 h after induction, followed by gastric-emptying scintigraphy at  

15-min intervals. 

 
Statistical analysis 

Differences between 2 groups were analyzed by the nonparametric Mann-Whitney U 

test. Differences between several independent groups were analyzed by the 

nonparametric Kruskal-Wallis test. Results are expressed as the mean ± SEM. All 

statistical tests were 2-tailed and differences were evaluated at the 5% level of 

significance. The correlation between gastric-emptying pinhole scintigraphy and phenol 

red recovery was determined with a nonparametric rank correlation test. 
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Results 

 
Feasibility 

Performing repetitive pinhole gastric-emptying scintigraphy on nonsedated mice was very 

feasible. Using the small plastic adapter fixed on top of the pinhole collimator ensured 

identical distance and orientation towards the pinhole aperture. Furthermore, we easily 

immobilized the animals by grasping their skin and holding them against the adapter 

without squeezing (Fig. 1). If the technique is performed correctly, the animal will not 

move or protest and a quality acquisition of 30 sec can be made without any problem. 

An example of a typical pinhole gastric-emptying scintigraphy in mice is shown in Figure 

2. Gastric emptying of a solid test meal is clearly assessable on sequential images and the 

subsequently derived gastric-emptying curve. The stomach was easily delineated on the 

first postprandial images. Viewing the image sequence and copying the ROIs on 

subsequent images were not difficult. 

 
Comparison between phenol red and scintigraphy 

The results of the first experiment are shown in Figure 3A. There was no significant 

difference between the gastric emptying of liquids measured by pinhole scintigraphy and 

phenol red photospectrometry. The T½ for scintigraphy and photospectrometry 

calculated from the least square exponential fit of the mean individual time point values 

were 13.3 and 14.5 min, respectively. Scintigraphic quantitation of gastric emptying was 

accurate: there was a good correlation (linear regression slope R = 0.96, r = 0.86,  

P < 0.001) of individual time point measurements between gastric retention determined 

by scintigraphy and photospectrometry (Fig. 3B). With the scintigraphic method, 80% 

fewer animals could be used to obtain the same information (phenol red recovery n = 25, 

scintigraphy n = 5). 

 
Effect of handling 

The results of the second experiment are shown in Table 1. The effect of multiple 

handling of animals is clearly demonstrated. Both the T½ and the residual 
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Figure 3.  Gastric emptying of liquids 

Panel A: Gastric-emptying curves of liquid test meal labeled with phenol red and 99mTc-albumin 

colloid. Gastric emptying measured with phenol red photospectrometry (liquid phenol red) did 

not significantly differ from gastric emptying measured with pinhole scintigraphy (liquid 

scintigraphy). Panel B: Individual time-point measurements of gastric phenol red recovery and 

gastric retention measured with pinhole scintigraphy.  There is a good correlation between both 

methods (R = 0.96, r = 0.86, P < 0.001). 

 

 

A 

B 
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Figure 4.  Gastric emptying of solids and liquids. 

Gastric-emptying curves of solid and liquid test meals (mean ± SD). Solid gastric emptying was 

significantly slower than liquid emptying (P < 0.01). 

 

 

radioactivity measured 60 min postprandial (%RRA60) were significantly larger in animals 

that were frequently handled, i.e. every 5 or 7.5 min (P < 0.05). At intervals of ≥ 10 min, 

T½ and %RRA60 remained stable, indicating that multiple handling should be avoided. 

The T½ for group 7 was not calculated since the curve-fitting algorithm needed a 

minimum of 3 measured input values. Based on these observations, we decided to 

proceed with 15-min interval scanning for the remaining experiments, minimizing stress-

related interference and yielding enough measurement points for data processing. 

 
Liquids versus solids 

The results of the third experiment, determining normal values for solid and liquid gastric 

emptying, are shown in Figure 4. Gastric emptying was significantly slower for solids 

than for liquids (P < 0.01). The T½ values for solids and liquids were significantly  
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Table 2.  Gastric emptying 6h after anesthesia 

Group Anesthetic or sedative T½ (min) %RRA60* 

1 Control 12.8 ± 1.1 22.1 ± 3.1 
2 Diazepam 11.9 ± 1.3 18.9 ± 5.2 
3 Xylazine 14.0 ± 0.3 21.2 ± 2.5 
4 Xylazine/ketamine 13.5 ± 1.4 18.0 ± 2.9 
5 Isoflurane 15.9 ± 1.7 21.6 ± 2.3 
6 FFD 15.3 ± 1.0 17.6 ± 3.6 

* Percentage residual radioactivity 60 min postprandial 
 

 

different (28.41 ± 1.51 and 14.81 ± 2.13 min, respectively, P < 0.001). The normal ranges 

(mean ± 2SD) for solids and liquids were 18.85 – 37.97 and 10.57 – 19.05 min, 

respectively. The %RRA60 was significantly higher for solids than for liquids  

(25.45% ± 2.85% and 12.12% ± 2.87%, respectively, P < 0.01). The upper normal values 

(mean + 2SD) for solids and liquids were 34.36% and 21.20%, respectively. 

 
Effects of anesthetics 

The results of the final experiment, assessing the effects of previous anesthesia on gastric 

emptying, are shown in Table 2. All animals survived anesthesia and were well awake 6 h 

after induction. Previous anesthesia had no significant effect of on gastric emptying 6 h 

after induction, assessed by T½ or %RRA60. 

 

 

Discussion 

 

The data presented here show that gastric-emptying scintigraphy in small laboratory 

animals is feasible and accurate and yields comparable T½ values comparable to those 

obtained with the gold standard, phenol red. However, gastric-emptying scintigraphy 

significantly reduces the number of mice needed and allows temporal measurements on 

the same animal. These major advantages over invasive techniques make gastric-

emptying scintigraphy an interesting tool in GI motility research. 
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Gastric-emptying scintigraphy with radiolabeled standard meals is regarded as 

noninvasive, physiological, easy to perform, safe and quantitative and has become the 

gold standard for the evaluation of gastric emptying for solids and liquids in all types of 

GI disorders and for assessing the efficacy of gastrokinetic drugs and surgical procedures 

in humans.1-3, 12 Despite the expanding use of mouse models in general, many areas of GI 

research have not taken advantage of the potential of the mouse. For instance, studies on 

GI motility would benefit from further development and application of mouse models, 

with adaptation of successful methodologies of large-animal physiology to the more 

minute scale of the mouse.4  

Improvement of scintigraphic resolution, enabling imaging of small laboratory animals, 

can be achieved by using a pinhole collimator, both for planar or SPECT.13-15 Pinhole 

collimators are routinely available in most nuclear medicine facilities. To obtain 

magnified images with high spatial resolution in small-animal studies, system sensitivity is 

sacrificed and more radioactivity or longer acquisition time is needed.  In mice, increasing 

the amount of radioactivity administered relative to body weight (compared with humans 

at a factor of 1000) results in statistically useful pinhole images with a 7-fold 

magnification limiting the radiation burden to operators handling no more than 10 MBq 

at any moment. The stomach is easily delineated on the first postprandial images, when, 

in almost all of the animals, the entire test meal is located within the stomach. When a 

liquid test meal is used, some gastric emptying might have occurred when the first 

postprandial images are obtained. In this case, for quantification, all activity is considered 

within the stomach on first postprandial images.   

Two types of test meal were used. The liquid test meal containing methylcellulose to 

increase viscosity and slow gastric emptying is suitable for mixing 99mTc-albumin colloid 

and phenol red.7 The solid test meal consisting of baked egg yolk mixed with 99mTc-

albumin colloid is known for its stable binding to the solid component.1 The advantage 

of a liquid test meal is the possibility of oral gavage, standardizing the timing of test meal 

administration. The disadvantage is the added stress to the mouse from being handled 

during oral gavage and the technical difficulty of the procedure, with the possibility that 

pulmonary instillation or fur contamination will occur, leading to dropouts. The 

advantage of a solid test meal is the reduced stress to the mouse. In our experience, 
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healthy mice eat well after an overnight fasting. Timing, however, can be more 

problematic when one is scanning larger series of animals in one session, since mice will 

not always eat immediately on command. Anesthetized or surgically treated animals 

might not be so eager to eat, possibly complicating logistics in a trial. Depending on the 

specific trial design, one could choose for a solid or a liquid test meal optimizing research 

circumstances. 

Stress has a major impact on GI motility, and animal handling should therefore be 

minimized. To evaluate the effect of handling, we assessed gastric emptying using an 

increasing number of acquisitions per 60-min scan session. The test was performed with 

a solid test meal to prevent the stress that would be induced by oral gavage of liquids. 

Our data clearly show a difference in gastric emptying, with significant slower T½ values 

when mice were handled more than once every 10 min. Gastric emptying did not 

significantly differ between the groups when the mice were handled less frequently than 

once every 10 min, suggesting that the stress level created by this frequency is acceptable 

and does not cause greater interference with gastric emptying than when the animals 

were handled once or twice. These observations are in concordance with recently 

published physiological-stressor data describing handling as a moderate stress inducer, 

with rapid normalization of stress-related neurotransmitters after cessation of handling.16 

Further, the delay in gastric emptying observed in our experiment agrees with literature 

reporting that delayed gastric emptying and accelerated large-bowel transit are the most 

consistent pattern of GI motor alteration induced by acute stressors.17 To minimize 

handling-related changes in gastric emptying, we decided to reduce acquisitions to once 

every 15 min for 1 h, resulting in enough time points for line-fitting algorithms. 

When comparing gastric-emptying scintigraphy in mice to the frequently used phenol red 

test, which can be considered as a historic gold standard,18 we preferred working with a 

liquid test meal for combining 99mTc-albumin colloid and phenol red. The good 

correlation between individual measurements proves that gastric emptying can be 

assessed accurately with pinhole scintigraphy. Eighty percent fewer animals were required 

for gastric-emptying pinhole scintigraphy than for phenol red recovery to yield the same 

information. When animals do not need to be sacrificed for other invasive testing, 
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repeated scintigraphic studies could be performed for longitudinal studies, even further 

decreasing the number of animals needed. 

When pinhole gastric-emptying scintigraphy is compared with the recently introduced 

noninvasive 13C-octanoic acid breath test,10, 19 both tests are seen to be noninvasive and to  

need no animal sedation. Both tests can be repeated on the same subjects since the 

animals do not need to be of sacrificed for information gathering. The slight increase in 

the frequency of animal handling for scintigraphy, compared with breath testing, seems 

not an interfering factor, as long as acquisition is limited to once every 15 min. 

Scintigraphy requires a radiopharmaceutical, resulting in limited radiation burden to the 

animal handlers. Breath testing with stable isotopes does not have this disadvantage. 

Scintigraphy, however, offers quantitative as well as visual information on gastric 

emptying, compared with only-quantitative information offered by breath testing. 

Supplemental visual information might eventually help the individual outlier results of 

experiments to be better understood.10 Both tests require specific instrumentation not 

always routinely available in every research facility. 

As in humans, a difference in gastric emptying between solids and liquids is expected.20 

In many gastric-emptying studies on mice, the viscosity of the liquid test meal is 

increased to slow emptying by adding methylcellulose.7, 19 The series of normal values for 

methylcellulose liquids and egg yolk solid were obtained to assess differences in gastric 

emptying and to serve as an estimate of mean values and statistical variance for future 

investigations. It is clear that individual institutions should have their own normal values 

since variables such as meal content and methodology may influence results.20  

For investigations in which gastric emptying has to be evaluated before and after an 

invasive procedure needing anesthesia, it is important to assess the effect of the 

anesthetic on gastric emptying. Therefore, we evaluated the effect on gastric emptying of 

5 commonly used sedatives, anesthetics, or combinations and 1 saline control group 6 h 

after intraperitoneal injection or inhalation. Studies were performed with the liquid 

methylcellulose test meal to rule out possible postanesthetic loss of appetite as a 

confounding factor. No difference in gastric emptying was observed 6 h after injection of 

sedative, making it possible to perform an invasive procedure under anesthesia with 
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subsequent testing of gastric emptying. This statement is correct only if gastric emptying 

is measured 6 or more hours after anesthesia. It might not be true for shorter times. 

 

 

Conclusion 

 

Pinhole gastric-emptying scintigraphy in small laboratory animals allows accurate, 

noninvasive measurement of gastric emptying of both liquids and solids. It correlates 

well with the gold standard, phenol red, but requires significantly fewer laboratory 

animals and provides more information. Finally, it allows serial measurements in the 

same animal, making this technique suitable to evaluate the effects of pharmacologic or 

other interventions on gastric emptying within the same animal. 
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Abstract 

 

Postoperative ileus following abdominal surgery largely contributes to patient 

morbidity and prolongs hospitalization. We aimed to study its pathophysiology in a 

murine model by determining gastric emptying after manipulation of the small intestine. 

Methods. Gastric emptying was determined at 6, 12, 24 and 48 h after abdominal 

surgery using scintigraphic imaging. Intestinal or gastric inflammation was assessed by 

immune-histochemical staining and measurement of tissue myeloperoxidase activity. 

Neuromuscular function of gastric and intestinal muscle strips was determined in organ 

baths. 

Results. Intestinal manipulation resulted in delayed gastric emptying up to 48 h after 

surgery; gastric half-emptying time 24 h after surgery increased from 16.0 ± 4.4 min after 

control laparotomy to 35.6 ± 5.4 min after intestinal manipulation. The sustained delay in 

gastric emptying was associated with the appearance of leukocyte infiltrates in the 

muscularis of the manipulated intestine, but not in untouched stomach or colon. The 

delay in postoperative gastric emptying was prevented by inhibition of intestinal 

leukocyte recruitment. In addition, postoperative neural blockade using hexamethonium 

(1 mg/kg, i.p.), or guanethidine (50 mg/kg, i.p.) normalized gastric emptying, without 

affecting small-intestinal transit. The appearance of intestinal infiltrates after intestinal 

manipulation was associated with increased c-fos protein expression in sensory neurons 

in the lumbar spinal cord. 

Conclusion. Sustained postoperative gastroparesis following intestinal manipulation is 

mediated by an inhibitory enterogastric neural pathway that is triggered by inflammatory 

infiltrates recruited to the intestinal muscularis. These findings reveal new targets to 

shorten the duration of postoperative ileus pharmacologically. 
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Introduction 

 

Postoperative ileus is characterized by a transient hypomotility of the gastrointestinal 

tract, which occurs after essentially every abdominal operation.1 It is a major contributor 

of postoperative discomfort as it results in prolonged hospitalization and increased 

patient morbidity.2 The pathophysiology of postoperative ileus is unclear, and as a result 

current treatment is limited to supportive procedures, such as nasogastric suction, early 

postoperative feeding,3, 4 and minimal use of opioid analgesics, that are known to 

intensify ileus.5, 6 Earlier pharmacological means of accelerating postoperative intestinal 

motility, for instance by antiadrenergic,7 or cholinergic8 agents or by inhibiting peripheral 

opioid effects on gastrointestinal transit5 have had limited success.4, 6, 9 Therefore, more 

insight into the mechanism mediating postoperative ileus is required for the development 

of new pharmacological strategies to treat postoperative ileus.  

Most previous experimental animal studies have focused on the pathophysiology of 

instant hypomotility during or directly after abdominal surgery.10-13 This early component 

of postoperative ileus results from the activation of mechanoreceptors, nociceptors, or 

both by bowel manipulation during surgery. The subsequent stimulation of afferent 

fibers triggers both spinal and supraspinal reflexes, inhibiting gastrointestinal motility and 

causing an acute generalized postoperative ileus.10 However, because mechanical 

activation of mechanoreceptors and nociceptors will cease shortly after closure of the 

wound, this mechanism cannot explain the prolonged nature of postoperative ileus. In 

previous reports, it has been demonstrated that the sustained phase of postoperative 

intestinal hypomotility due to bowel handling results from inflammatory, rather than 

neuronal, mechanisms.14 Previously, it has been shown that intestinal handling during 

abdominal surgery led to an impaired in vitro contractility and a delayed transit of the 

manipulated small intestine. The latter resulted from activation of resident macrophages 

and the subsequent establishment of a neutrophilic infiltrate in the muscularis of the 

small intestine after bowel handling.14 Although this phenomenon can account for the 

impaired propulsive motility of the small intestine, it does not explain the hypomotility of 

the entire gastrointestinal tract, as observed in postoperative ileus.15 It should also be 

emphasized that in human postoperative ileus, small-intestinal motility recovers within 
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12 h after surgery, whereas gastric and colonic motility remains disturbed for  

3-5 days.1, 6, 15 Therefore, mechanisms other than local intestinal inflammation determine 

the long-term hypomotility of untouched parts of the gastrointestinal tract.  

In this study, our aim was to show in a murine model for postoperative ileus that 

leukocyte infiltrates recruited in the intestinal muscularis by selective small-intestinal 

manipulation affect the motility of parts of the gastrointestinal tract, distant from the site 

of manipulation, by triggering an inhibitory neural pathway. 
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Materials and Methods 

 
Animals 

Mice (female BALB/c; Harlan) were kept under environmentally controlled 

conditions (light on from 8:00 AM to 8:00 PM; water and rodent nonpurified diet ad 

libitum, 20-22 °C, 55% humidity). Mice were used at 8-12 wk of age. All animal 

experiments were performed with approval of the Animal Research Ethics Committee of 

the University of Amsterdam and following its guidelines. 

 
Surgical procedures 

Mice were used at 6-10 wk of age. After an overnight fast, mice were anesthetized by 

an intraperitoneal (i.p.) injection of a mixture of ketamine (100 mg/kg) and xylazine  

(20 mg/kg). Surgery was performed under sterile conditions. Mice (10-12 per treatment 

group) underwent control surgery of only laparotomy, or laparotomy followed by 

intestinal manipulation. The surgery was performed as follows. A midline abdominal 

incision was made, and the peritoneum was opened over the linea alba. The small bowel 

was carefully exteriorized, layered on a sterile moist gauze pad, and manipulated from the 

distal duodenum to the cecum during 5 min using sterile moist cotton applicators. 

Contact or stretch on stomach or colon was strictly avoided. After the surgical 

procedure, the abdomen was closed by a continuous 2-layer suture (Mersilene, 6-0 silk). 

After closure, mice were allowed to recover for 4 h in a heated (32 °C) recovery cage. 

After 4 h mice were completely recovered from anesthesia. At 6, 12, 24, and 48 h after 

surgery, gastric emptying rate was measured using gastric scintigraphy (see below). 

Thereafter, mice were quickly anesthetized and killed by cervical dislocation, and 

stomach and small intestine were removed for histological analysis. 

 
Treatments 

Monoclonal antibodies against intracellular cell adhesion molecule-1 (anti-CD54 

[ICAM-1]; immunoglobulin IgG2b; clone YN1/1.7; 4.5 mg/kg)16 and lymphocyte 

function associated antigen-1 (CD11a [LFA-1]; IgG2a; H154.163; 2.3 mg/kg)16 were 

dissolved in dialyzed saline (0.9% sodium chloride) and given by i.p. injection 1 h before 
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surgery. Identical quantities of nonspecific isotype-matched IgGs were administered as 

controls.   

Hexamethonium (1 mg/kg) or guanethidine (50 mg/kg) were dissolved in sterile  

0.9% sodium chloride and administered by single i.p. injection. Hexamethonium was 

administered 10 min, and guanethidine 1 h before the onset of the gastric emptying tests. 

 
Gastric emptying and transit 

To determine the gastric emptying rate of a noncaloric semiliquid test meal, mice were 

orally administered 0.1 mL of a 30 mg/mL methylcellulose solution containing 10 MBq 

of 99mTc-Albures (albumin micro colloid; Nycomed-Amersham) in water. Caloric solid 

test meals were prepared by baking 4 mL of egg yolk mixed with 1 mL of water 

containing 400 MBq of 99mTc-Albures. Mice were offered 100 mg of the baked egg yolk, 

which was consumed within 1 min. Immediately after administration (semiliquid) or 

consumption (solid) of the test meal, mice were scanned using a gamma camera (Philips 

ARC3000) set at 140 keV with 20 % energy windows, fitted with a pinhole collimator 

equipped with a 3-mm tungsten insert. A series of static images of the entire abdominal 

region was obtained by scanning for 30 sec at 16 min intervals. Static images were 

obtained at 1, 16, 32, 48, 64, 80, 96 (semiliquid) and 112 min (solid) after administration 

of the test meal. The scanning frequency applied (once every 16 min) elicited no delay in 

gastric emptying due to handling stress.17 Static images were analyzed using Hermes 

computer software (Nuclear Diagnostics). To determine the gastric-emptying rate, a 

region of interest (ROI) was drawn around the gastric and total abdominal region in each 

image obtained. Gastric emptying was measured by determining the percentage of 

activity present in the gastric ROI, compared with the total abdominal ROI, for each 

image. Subsequently, the gastric half-emptying time (T½) and gastric retention at 64 min 

(Ret64) were determined for each individual mouse using DataFit software (Oakdale 

Engineering). To this end, a modified power exponential function y(t) = 1-(1-e-kt)ß was 

used, where y(t) is the fractional meal retention at time t, k is the gastric emptying rate in 

min-1, and ß is the extrapolated y-intercept from the terminal portion of the curve. 

For determination of gastro-intestinal transit at 24 h after surgery, animals were killed 

at 80 min after consumption of the solid test meal. The abdomen was opened and the 
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stomach clamped. Stomach, small intestine, cecum and colon were carefully exteriorized, 

and small intestine was divided in 6 fragments of equal length. The amount of 99mTc 

present in the stomach, small-intestinal fragments, cecum, and colon was subsequently 

counted in a gamma counter. The geometric center was calculated from each 

experimental group according to the following formula: ∑(% radioactivity per segment X 

segment number)/100. 

 
Immunohistochemistry and in vitro measurements 

Immunohistochemistry. Immunohistochemistry was performed as follows: after rehydration, endogenous 

peroxidase activity was eliminated by incubating section in 150 mmol/L sodium chloride, pH 7.4 and 50% 

methanol, containing 3 % (wt/vol) H2O2. Nonspecific protein binding sites were blocked by incubation for 

30 min in TENG-T buffer (10mmol/L Tris, 5 mmol/L EDTA, 150 mmol/L sodium chloride, 0.25% 

gelatin, 0.05% Tween-20, pH 8.0). Serial sections were incubated overnight with an appropriate dilution of 

rat monoclonal antibodies raised against LFA-1, CD3, and CD4. Binding of the primary antibodies was 

visualized using 3-amino-9-ethyl carbazole (AEC; Sigma) as a substrate, dissolved in Sodium Acetate buffer 

(pH 5.0) to which 0.01% H2O2 was added. 

C-fos immunohistochemistry C-fos immunohistochemistry was performed according to Bonaz et al.,18 with 

modifications. Mice were anaesthetized using a mixture of hypnorm and midazolame at either 90 min or  

24 h after surgery. Mice were then transcardially perfused (1.6 mL/min) with 8 mL of a 0.9% NaCl 

solution, followed by 50 mL of 4% paraformaldehyde in phosphate buffer (0.1 mol/L, pH 7.4). After 

perfusion, the spinal cord was rapidly removed, post fixed overnight in the same fixative at 4 °C, and 

cryoprotected for 24 h in 30% sucrose solution containing 0.05% sodium azide. After fixation, part of the 

lumbar spinal cord (L1-L6) was embedded in OCT (Tissue-Tek; Sakura Finetek Inc.). Forty micron 

transversal sections were cryostat cut and free floating sections were incubated overnight at 4 °C with the 

primary polyclonal sheep antibody (0.3 µg/mL; Sigma Genosys) in 0.25% gelatine and 0.5% Triton X-100 

in Tris-buffered saline (TBS, pH 7.4). Sections were washed in TBS and incubated with biotinylated anti-

sheep antiserum (Vector Laboratories) for 1.5 h at room temperature. After washing in TBS, sections were 

processed for avidin-biotin-peroxidase (Vectorstain; Vector Laboratories), and peroxidase was visualized 

using diaminobenzidine in 0.02% nickel sulphate in TBS as the chromogen. For quantification of the 

number of c-fos expressing nuclei, 30 sections were counted per lumbar spinal cord analyzed. 

Whole Mount preparation and immunohistochemistry. Whole mounts of ileal segments were prepared as 

previously described,14 with slight modifications. In short, ileal segments (1-6 cm distal from the cecum) 

were quickly excized and mesentery was removed. Intestinal segments were cut open along the mesentery 

border, fecal content was washed out in ice-cold phosphate-buffered saline, and segments were pinned flat 

in a glass-dish filled with pre-oxygenated Krebs-Ringer solution (pH 7.4). Mucosa was removed and the 
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remaining full-thickness sheet of muscularis externa was fixed for 10 min in 100% ethanol. Muscularis 

preparations were stored on 70% ethanol at 4 °C until analysis.    

Myeloperoxidase activity assay. Tissue myeloperoxidase (MPO) activity was determined as follows: either 

full thickness ileal segments, or isolated ileal muscularis, was blotted dry, weighed, and homogenized in a 

20 X volume of a 20 mmol/L potassium phosphate buffer (pH 7.4). The suspension was centrifuged 

(8000g for 20 min at 4 °C) and the pellet was taken up in 1 mL of a 50 mmol/L potassium phosphate 

buffer (pH 6.0) containing 0.5% of hexadecyltrimethylammoniumbromide (HETAB) and 10 mmol/L 

ethylenediaminetetraacetic acid (EDTA) and stored in 0.1 mL aliquots at –70 °C until analysis. Fifty µL of 

the appropriate dilutions of the tissue homogenate was added to 445 µL of assay mixture, containing  

0.2 mg/mL tetramethylbenzidine in 50 mg potassium phosphate buffer (pH 6.0), 0.5% HETAB, and  

10 mmol/L EDTA. The reaction was started by adding 5 µL of a 30 mmol/L H2O2 to the assay mixture, 

and the mixture was incubated for 3 min at 37 ºC. After 3 min., 30 µL of a 300 µg/mL catalase solution 

was added to each tube, and tubes were placed on ice for 3 min. The reaction was ended by adding 2 mL 

of 0.2 mol/L glacial acetic acid and incubating at 37 °C for 3 min. Absorbance was read at 655 nm. One 

unit of MPO activity was defined as the quantity of MPO activity required to convert 1 µmol of H2O2 to 

H2O per min at 25 °C using purified MPO activity as a standard (Sigma) and activity was given in Units per 

gram tissue. 
In vitro contractility measurements. Stomach and ileum was quickly excised, cut open, and fecal content was 

flushed with ice-cold Krebs-Ringer solution (pH 7.4). Tissues were pinned down flat on a dissecting dish. 

After removal of the mucosa, longitudinal muscle strips (approximately 10 x 5 mm) of the gastric fundus 

and antrum, circular muscle strips (approximately 0.7 x 5 mm) from the antrum, and circular muscle strips 

of the ileum (approximately 1.0 x 5.0 mm) were mounted in organ baths (25 mL) filled with Krebs-Ringer 

solution (pH 7.4) maintained at 37 °C and continuously aerated with a mixture of 5% CO2 and 95% O2. 

One end of each muscle strip was anchored to a glass rod and placed between two platinum electrodes. 

The other end was connected to a strain gauge transducer (type GM2/GM3; Scaime) for continuous 

recording of isometric tension. Recording and analysis of muscle contractions was performed using 

Acknowledge software (Biopac systems Inc.). The gastric and ileal muscle strips were brought to their 

optimal point of length-tension relationship using 3 µmol/L acetylcholine and then allowed to equilibrate 

for at least 60 min before experimentation. Neurally mediated contractions of the muscle strips of both the 

gastric fundus and antrum were induced by means of electrical field stimulation (EFS; 0.5 - 16 Hz, 1 and  

2-msec pulse duration, 10-sec pulse trains). Responses were always measured at the top of the contractile 

peak. In a second series of experiments, contractions were evoked by the muscarinic receptor agonist 

carbachol (0.1 nmol/L to 3 µmol/L) and prostaglandin F2a (0.1 nmol/L to 3 µmol/L). Between the 

responses to the different contractile receptor agonists, tissues were washed 4 times with an interval of  

15 min. At the end of each experiment, muscle strips were blotted dry and weighed. Contractions were 

calculated in grams contraction per g of tissue dry weight. 
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Results 

 
Intestinal manipulation generates a sustained gastroparesis 

At 6, 12, 24, and 48 h after laparotomy or laparotomy combined with intestinal 

manipulation, gastric emptying of a noncaloric semiliquid test meal was measured by 

scintigraphic imaging. Examples of such an abdominal scan series of mice that 

underwent laparotomy (L) or intestinal manipulation (IM) are presented in Figure 1. The 

anesthetics used during abdominal surgery (ketamine 100 mg/kg and xylazine 20mg/kg) 

did not alter postoperative (> 6 h) gastric emptying.17 Also, as shown in Figure 2A and B, 

laparotomy alone had no effect on the rate of gastric emptying at any time after surgery. 

After intestinal manipulation, however, gastric emptying was significantly delayed (Fig. 1 

and 2). The delay was especially pronounced 6 h after surgery; intestinal manipulation 

increased Ret64 by 2.5-fold compared with laparotomy only (Fig. 2A). The T½ was 

increased even 3-fold (Fig. 2A). Gastric emptying after intestinal manipulation remained 

significantly delayed at 12 and 24 h after surgery (Fig. 2A), although the animals were 

fully recovered from surgery at these time points. At 48 h after surgery, Ret64 and T½ in 

intestinal manipulation-treated mice had recovered to normal (Fig 2A). Similar results 

were obtained using caloric solid test meal (Fig 2B). At 24 h after surgery, gastric 

emptying of a caloric solid test meal was delayed to an extent similar to that of the 

semiliquid test meal: intestinal manipulation increased the T½ 2.5 fold, compared with 

laparotomy (Fig 2B). 

 
Intestinal manipulation recruits leukocytes into intestinal muscularis 

The delayed gastric emptying at 12, 24 and 48 h after intestinal manipulation 

coincided with an enhanced activity of the neutrophil indicator MPO in transmural ileal 

homogenates. At 24 and 48 h after surgery, intestinal manipulation, but not laparotomy 

alone, resulted in a significant (P < 0.05) increase in MPO activity measured in 

homogenates of ileal tissue, or in ileal homogenates from which the mucosa was stripped 

off. No increase in MPO activity was observed at earlier time points after surgery 
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Figure 1.  Gastric-emptying scintigraphy in mice 

A representative series of planar pinhole scintigraphic scans of mice that underwent laparotomy 

(L) or intestinal manipulation (IM) is shown. The position of the stomach is indicated (st) with a 

dotted circle. From these scans, gastric emptying could be repetitively assessed for each mouse 

individually by determining the amount of radioactivity present in the gastric region compared to 

the total abdominal region. Note the difference in radioactivity in the abdominal region between 

L and IM mice (arrows) at t = 80 min. 

 

 

(data not shown). Histological analysis of transverse sections of ileal tissue indeed 

showed the presence of LFA-1+ leukocytes in the ileal muscularis 24 h after intestinal 

manipulation, but not after laparotomy alone. Further immunohistochemical staining 

showed that these leukocytes were MPO+, but CD3- and CD4- (data not shown). 

Examination of the presence of inflammatory cells containing MPO activity in whole-

mount preparations and in isolated ileal muscularis tissue confirmed the presence of 

leukocyte infiltrates in muscularis of manipulated ileum only. It is important to note that 

no increased presence of LFA-1+ leukocytes was found in the muscularis of gastric 

antrum or in colonic tissue at any time point after surgery (data not shown). 
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Figure 2.  Gastric-emptying results 

Panel A shows the half emptying time (T½, open symbols) and gastric retention after 64 min 

(Ret64, closed symbols) as a function of time after laparotomy (L, squares) or intestinal 

manipulation (IM, circles). Intestinal manipulation, performed at t = 0 h, resulted in a significant (P 

< 0.05) increase in T½, as well as Ret64, compared to laparotomy at t = 6, 12, and 24 h after 

surgery. Similar results were obtained using a caloric, solid test meal; T½ was significantly 

increased after intestinal manipulation, compared to mice that underwent laparotomy only (Panel 

B). Asterisks indicate significant difference from laparotomy using a one-way ANOVA, followed 

by Dunnett’s multiple comparison test.  

B 

A 
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Figure 3.  Gastroparesis after intestinal manipulation is prevented by blocking 

leukocyte infiltration or neural blockade by hexamethonium or guanethidine 

treatment (part 1) 

Gastric emptying, determined by scintigraphic imaging of the abdomen after oral administration 

of a semiliquid noncaloric meal at 6 h (left) and 24 h (right) after IM, compared to laparotomy 

alone. Values are given as relative gastric content compared to the total abdominal region. 

Preoperative treatment with anti-ICAM-1 and anti-LFA-1 antibodies (IM+MAb) normalized 

gastric emptying of the semiliquid test meal at 24 h postoperatively. Postoperative injections of 

hexamethonium (IM+hex) or guanethidine (IM+gua) normalized gastric emptying at 6 h, as well as 

24 h. Significant differences (P < 0.05), determined by one-way ANOVA with treatment group as 

variants, are indicated. 
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Figure 4.  Gastroparesis after intestinal manipulation is prevented by blocking 

leukocyte infiltration or neural blockade by hexamethonium or guanethidine 

treatment (part 2) 

Gastric emptying, determined by scintigraphic imaging of the abdomen after oral administration 

of a semiliquid noncaloric (gray bars), as well as a caloric solid (white bars) test meal at 6 h and 

24 h after IM, compared to laparotomy alone. Gastric T½ values using  a semiliquid noncaloric 

test meal are significantly (P < 0.05) increased at 6 h and 24 h after IM, compared to L. 

Preoperative treatment with anti-ICAM-1 and anti-LFA-1 antibodies (IM+MAb) normalized T½ 

of semiliquid, as well as solid test meals at 24 h postoperatively. Postoperative injections of 

hexamethonium (IM+hex) or guanethidine (IM+gua), normalized T½ at 6 h, as well as 24 h. 

Values are averages ± SEM. Significant differences (P < 0.05), determined by one-way ANOVA 

with treatment group as variants, are indicated. 
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Occurrence of delayed gastroparesis depends on intestinal leukocyte influx 

To evaluate the role of the small-intestinal infiltrate in the development of 

gastroparesis, intestinal manipulation mice received a preoperative bolus with 

monoclonal blocking antibodies against ICAM-1 and LFA-1 to prevent leukocyte 

recruitment during the postoperative period. Analysis of MPO-containing leukocytes in 

ileal muscularis or MPO activity in ileal muscularis homogenates at 24 h after intestinal 

manipulation showed that antibody treatment inhibited the leukocyte recruitment down 

to 30 % (P < 0.05) of untreated ileal segments. Prevention of the postoperative 

inflammatory infiltrate did not affect the delay in gastric emptying 6 h after surgery but 

normalized gastric emptying 24 h after intestinal manipulation (data not shown). This 

effect was seen using a noncaloric liquid, as well as a caloric solid test meal (data not 

shown). Treatment with identical quantities of isotype-matched control IgG did not 

affect leukocyte recruitment or the observed postoperative delay in gastric emptying. 

These observations show that the later phase of postoperative gastric ileus is mediated by 

an intestinal inflammatory infiltrate. The antibody regiment could not prevent 

gastroparesis 6 h after surgery, which is in line with the observation that the intestinal 

MPO activity was not increased at this time point. 

 
Postoperative inflammatory infiltrates in the intestinal muscularis activate 

spinal afferents resulting in gastric ileus 

Next, we investigated whether the small-intestinal infiltrate induced gastroparesis by 

activation of an inhibitory neural pathway. To evaluate afferent neurotransmission in this 

context, we measured the induction of the immediate-early gene c-fos within the spinal 

cord 24 h after laparotomy or laparotomy with intestinal manipulation. Intestinal 

manipulation significantly (P < 0.05) increased the number of nuclei expressing c-fos 

protein in the lumbar dorsal horn of the spinal cord compared with laparotomy alone 

(data not shown). Most positively labeled nuclei were found in laminae I of the lumbar 

dorsal horn. Treatment with neutralizing antibodies against ICAM-1 and LFA-1 before 

intestinal manipulation prevented the increase in spinal c-fos expression, showing that  
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Figure 5.  Postoperative hexamethonium treatment accelerates gastric emptying 

but not intestinal transit after intestinal manipulation  

Transit measured as a percentage distribution of the nonabsorbable 99mTc-Albures over the 

gastrointestinal tract after oral intake of a caloric solid test meal. Stomach and 6 equal segments 

of small bowel, cecum and colon were isolated 80 min after oral ingestion of the caloric test meal 

(baked egg yolk), and radioactivity present was counted in each segment. In mice that underwent 

intestinal manipulation and received vehicle (saline) (IM + saline; dark gray bars) the distribution 

of radioactivity indicates a delayed gastric emptying and an impaired small-intestinal transit time, 

compared with control mice that underwent only laparotomy (L + saline; black bars). The 

geometric center is significantly lower (P < 0.05; one-way ANOVA) in mice that received IM + 

saline. Postoperative treatment with hexamethonium prevented the surgery-induced delay in 

gastric emptying (IM + hexamethonium; light gray bars), but not intestinal transit. Consequently, 

the geometric center was not different from mice that underwent IM + saline. The impaired 

intestinal transit after manipulation is highlighted by higher percentage of radioactivity found in 

the intestinal fragments 1 and 2 in manipulated intestine compared to laparotomy, and the lower 

percentage of radioactivity in fragments 5 and 6 (indicated by the dotted boxes). Numbers shown 

are the averages (± SEM). 

 

intestinal leukocyte infiltrates mediate spinal afferent activation (data not shown). 

Treatment with control IgG antibodies did not prevent the increased c-fos expression 

after intestinal manipulation.  
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To further examine whether the sustained phase of delayed gastric emptying after 

intestinal manipulation was neurally mediated, mice were treated either with 

hexamethonium, an antagonist of nicotinic receptors (1 mg/kg, 10 min before gastric 

scintigraphy), or with guanethidine, an adrenergic blocker (50 mg/kg, 1 h before gastric 

scintigraphy) at 24 h after abdominal surgery. These treatments did not affect gastric 

emptying (T½ or Ret64) in control mice that underwent control laparotomy. 

Furthermore, the treatment with hexamethonium or guanethidine did not affect the 

leukocyte recruitment in the ileal muscularis after intestinal manipulation at 24 h (data 

not shown). After intestinal manipulation however, treatment with these neural blockers 

either partially (6 h after surgery) or completely (24 h after surgery) prevented the delay in 

gastric emptying, compared to treatment with vehicle control (Fig. 3 and 4). 

 
Hexamethonium ameliorates postoperative gastric emptying, but not 

intestinal transit 

Because normalization of gastric emptying could also be secondary to improvement 

or acceleration of intestinal transit, we evaluated the effects of hexamethonium on 

intestinal transit. Figure 5 shows that, in mice that underwent intestinal manipulation, the 

radiolabeled test meal accumulates in the stomach, and that the small-intestinal transit is 

delayed compared with control mice that underwent laparotomy only. As indicated in 

Figure 5, intestinal manipulation and vehicle (saline) treatment led to a significant 

decrease of the geometric center (P < 0.05). Postoperative treatment with 

hexamethonium prevented this surgery-induced delay in gastric emptying but did not 

prevent the delay in small-intestinal transit. Consequently, the geometric center was not 

different from mice that underwent intestinal manipulation and received saline (Fig. 5). 

The finding that hexamethonium treatment normalizes gastric emptying even though 

intestinal transit is still delayed implies that the delayed gastric emptying is not secondary 

to a functional obstruction of the small intestine. To further evaluate the effect of 

hexamethonium on the delay in intestinal transit induced by manipulation, we tested the 

in vitro contractility of intestinal circular muscle strips. Intestinal manipulation led to an 

impaired contractile activity of circular smooth muscle in response to carbachol.  
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The addition of hexamethonium (3 x 10-5 mol/L) did not reverse the impaired 

contraction response (data not shown).  

 
Neuromuscular properties of gastric fundus and antrum are not affected by 

intestinal manipulation 

To exclude the possibility that the delayed gastric emptying resulted from impaired 

local neuromuscular function, in vitro contractility of isolated muscle strips from gastric 

fundus and antrum was investigated in organ baths. The isomeric contractile responses 

were determined from longitudinal or circular muscle strips isolated from gastric fundus 

and antrum to increasing concentrations of the muscarinic receptor agonist carbachol 

(0.1 nmol/L to 3 µmol/L), and of prostaglandin F2α (0.1 nmol/L to 3 µmol/L). 

Intestinal manipulation did not affect the dose-dependent contractile response to 

stimulation of gastric muscle strips with prostaglandin F2α, or carbachol, compared to 

mice that underwent laparotomy alone (data not shown). In addition, contractions 

evoked by nerve stimulation (0.5 – 16 Hz, 1-msec pulse duration, 10-sec pulse trains) in 

gastric fundus and antrum from mice that underwent intestinal manipulation were not 

significantly different from contractions in those that underwent control laparotomy. 

 

 

Discussion 

 

Postoperative ileus is associated with vomiting, bloating, nausea, and abdominal pain 

and contributes considerably to postoperative patient morbidity. In addition, it has a 

major economical effect due to prolonged hospitalization and increased costs of health 

care. The annual economic cost resulting from the occurrence of postoperative ileus in 

the U.S. population has been estimated to be  $750.000.000,2 and this may even be a 

gross underestimation, because drug costs and indirect costs were not measured. Until 

now, treatment of postoperative ileus has been rather disappointing, mainly because of a 

lack of pathophysiological insight. Here we provide data clarifying the underlying 

mechanisms of the sustained phase of postoperative ileus. First, we confirmed14 that 

bowel manipulation induces the local influx of inflammatory cells. Subsequently, we 
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showed that the recruitment of this muscular infiltrate is associated with the activation of 

an inhibitory adrenergic neural pathway leading to prolonged postoperative gastroparesis. 

Our data suggest that this mechanism is responsible for the generalized hypomotility 

observed in postoperative ileus.   

Most previous studies have evaluated only the acute effects of abdominal surgery on 

gastrointestinal motility.10, 11, 19, 20 However, we show here that, in mice, intestinal 

manipulation, but not laparotomy alone, delays gastric emptying up to 48 h after surgery. 

Two phases can be distinguished in the period of postoperative gastric hypomotility: a 

first acute phase that is not related to any inflammatory event and a second, later-onset, 

and more sustained phase that is temporally associated with a leukocyte influx into the 

intestinal muscularis. Abundant evidence has been reported indicating that the 

mechanism underlying the first, acute phase is a neurally mediated phenomenon: 

chemical neural blockade with capsaicin,20, 21 hexamethonium10 or adrenergic antagonists12 

reduced the rate of postoperative ileus in animal models. In addition, surgical procedures 

interrupting neural input to the investigated gastrointestinal region, such as vagotomy or 

splanchnectomy,10 prevented or reduced the postoperative hypomotility. Furthermore, 

studies evaluating neuronal c-fos expression showed that both spinal and supraspinal 

pathways synapsing in the brainstem are activated during abdominal surgery.22 The 

inhibitory efferent pathways involved have been shown to be adrenergic and 

nonadrenergic noncholinergic in nature.10, 11, 19  

In this study, we confirmed that the acute phase of postoperative ileus is mediated by 

a neural inhibitory mechanism: the nicotinic antagonist hexamethonium as well as the 

adrenergic blocker guanethidine improved the manipulation-induced delayed gastric 

emptying. The observation that guanethidine only partially normalized the gastric 

emptying after intestinal manipulation is in concert with the involvement of a 

nonadrenergic mechanism in the efferent pathway mediating this phenomenon.10, 11 

These findings clearly indicate that bowel manipulation activates neural pathways, most 

likely via activation of mechanoreceptors or nociceptors. However, mechanisms other 

than mechanical activation of these receptors must be involved after closure of the 

abdomen to explain for the prolonged phase of postoperative ileus lasting up to 24 h, as 

observed in this study.  
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In this respect, Kalff et al.14 previously described that intestinal manipulation initiated 

the up-regulation of ICAM-1 and LFA-1, and subsequent recruitment of leukocytes into 

the intestinal muscularis, leading to impaired contractility of circular muscle strips of 

jejunum. It was suggested that these functional changes in the intestinal muscularis 

resulting from a local inflammatory response were directly responsible for the sustained 

paralysis of the gastrointestinal tract. In this study, we showed that the occurrence of an 

inflammatory infiltrate was confined to the manipulated small intestine and was absent in 

the nonmanipulated stomach or colon. In addition, although the in vitro contractility of 

ileal circular muscle strips was impaired after intestinal manipulation (compare with Kalff 

et al.14), that of gastric muscle strips was unaffected by intestinal manipulation. The latter 

finding shows that the delayed gastric emptying 24 h after intestinal manipulation is not 

due to impaired gastric neuromuscular function related to inflammation.  

Instead, our results provide evidence that gastric ileus is the result of activation of an 

inhibitory adrenergic neural pathway triggered by manipulation-induced leukocyte 

infiltrates in the intestinal muscularis. This evidence is based on 2 main findings. First, 

the neuronal blockers guanethidine and hexamethonium normalized postoperative gastric 

emptying. Second, we confirmed23 that the occurrence of muscular infiltrates was 

associated with the activation of c-fos expression in spinal sensory neurons. 

Furthermore, blockade of manipulation-induced intestinal leukocyte recruitment by 

treatment with neutralizing antibodies against LFA-1 and its main cellular ligand, ICAM-

1,24 prevented postoperative activation of spinal neurons and normalized gastric 

emptying. These findings indicate that the activation of the adrenergic inhibitory pathway 

is most probably maintained by the leukocyte infiltrate in the small-intestinal muscularis. 

The finding that ICAM-1 treatment did not normalize the delay in gastric emptying 6 h 

after surgery further corroborates this notion, because no infiltrate was yet present at that 

time. What specific cell population, leukocyte derived mediator, or afferent nerve 

receptor is responsible for the neuroimmune interaction leading to the activation of the 

adrenergic pathway remains to be established. 

Alternatively, impaired gastric emptying may simply be secondary to stasis of chyme in 

the intestine. The intestinal malfunction resulting from the manipulation-induced 

muscular inflammation could theoretically back up the emptying of the stomach. 
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However, we showed that hexamethonium did normalize gastric emptying even though 

intestinal transit remained delayed, making this possibility less likely. The independent 

modulation of gastric emptying and intestinal transit is in agreement with previous 

reports.25, 26 The finding that hexamethonium normalized only gastric emptying and not 

intestinal transit does not imply that the inhibitory neural input is confined to the 

stomach. Rather, the delay in intestinal transit being resistant to hexamethonium can be 

explained by the local effect of manipulation-induced muscular inflammation on 

intestinal motility.14 Indeed, we found that hexamethonium did not prevent the 

occurrence of the infiltrate and had no effect on the impaired in vitro contractility of the 

manipulated small intestine. To what extent the inhibitory neural input contributes to the 

impaired intestinal transit cannot be determined from our experiments. 

Finally, intestinal inflammation could affect gastric motility via enhanced release of 

circulating inflammatory mediators from the site of inflammation, such as the cytokines 

IL-1β, TNFα, or IL-6,27 prostaglandines,28 bradykinin, or mediators released by activated 

mast cells that potentially may affect gastric motility. However, in our current study, 

hexamethonium or guanethidine administered 24 h after surgery could prevent 

gastroparesis, which implies that neuronal activity, rather than circulating mediators, 

determines the delay in gastric emptying.  

Several pathophysiological mechanisms may explain the inflammatory events 

observed in surgically manipulated bowel tissue. Mechanical manipulation of the bowel 

during surgery leads to intense activation of nerve fibers in the gut wall. This may result 

in local release of substances with potent proinflammatory properties, such as substance 

P29 or calcitonin gene-related peptide,29 which can potentially induce neurogenic 

inflammation. In addition, recruitment of leukocytes may also be initiated via the release 

of proinflammatory mediators by activated resident intestinal muscularis macrophages14 

or mast cells. The latter are known to be activated by neurally released substance P,30 and 

massive mast cell activation has been described in response to manipulation of the gut.31 

These leads, together with our current data, suggest that the antiinflammatory effects of 

mast cell stabilization may be instrumental in shortening the duration of postoperative 

ileus.  
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Conclusion 

 

We conclude that postoperative ileus is a neurally mediated disorder consisting of an 

early phase, which results from the triggering of afferents by activation of 

mechanoceptors, nociceptors, or both after bowel manipulation or trauma, and a second, 

prolonged phase, in which an adrenergic inhibitory pathway is triggered by a local 

infiltrate. In the rat, incremental degrees of surgical intestinal manipulation and trauma 

have been shown to be proportional to the increase in recruitment of leukocyte infiltrates 

and the severity of intestinal paralysis.32 This positive correlation may also explain the 

relation between the extent, site, and length of intra-abdominal manipulation duration 

and the severity of postoperative ileus found in human studies.6 These findings indicate 

that in order to accelerate resumption of postoperative gastrointestinal motility and 

patient recovery, bowel manipulation and the consequent recruitment of leukocytes 

should be kept minimal during abdominal surgery, i.e., during laparoscopy. However, our 

study also shows important new targets in reducing the duration and severity of 

postoperative ileus pharmacologically by inhibiting postoperative recruitment of 

leukocytes to the intestinal wall, for instance, by using blocking antibodies33 or antisense 

nucleotides against ICAM-1.34 Shortening postoperative ileus is clinically, and socio-

economically highly desired, and we anticipate that temporal, perioperative prevention of 

the influx of inflammatory cells may evolve as a new approach to reduce postoperative 

patient morbidity. 
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Abstract 

 

The gastric accommodation response to a meal is impaired in conditions such as 

functional dyspepsia. At present, a barostat study is the gold standard to assess fundic 

relaxation in response to a meal. However, this method is invasive and possibly induces 

artefacts as a result of positive intraluminal balloon pressure. A noninvasive scintigraphic 

test has been developed to measure gastric volume in humans. The aim of this study was 

to refine this method, increasing the imaging time span and limiting the radiation dose 

applied without losing image quality, so that repeated measurements within 1 subject are 

possible without increasing radiation risk. 

Methods. Thirteen healthy volunteers without gastrointestinal symptoms were recruited 

from a student population. Each volunteer had previously undergone a barostat study. 

After an overnight fast, volunteers were scanned twice on separate days after intravenous 

injection of 200 MBq 99mTc-pertechnetate. On 1 occasion, volunteers were pretreated 

with a proton pump inhibitor. Thirty min after injection sequential, 7-min SPECT scans 

(72 views, 10 sec/view, 128 matrix) were acquired on a dual-head gamma camera system 

before and up to 2 hours after ingestion of a test meal. After reconstruction (filtered 

backprojection, Ramp-Butterworth filter, order 10, cut-off 0.45 Ny), fundus volume was 

calculated semiautomatically by means of a threshold voxel volume tool. 

Results. Limiting injection dose from 370-740 MBq to 200 MBq 99mTc-pertechnetate 

resulted in good quality images, with high target-to-background ratio up to 150 min after 

injection. This represents a significant dose reduction from 4.6-9.3 to 2.5 mSv. There was 

no significant difference between SPECT fundic volumes with or without proton pump 

inhibitor pretreatment. Volume kinetics were similar to those with barostat studies, but 

gastric volumes were inferior. 

Conclusion. Refining the methodology yields an improved noninvasive test for the 

assessment of gastric volume response without unnecessary increasing radiation burden. 

This technique enables repetitive and serial measurement of gastric volume response to a 

test meal, a process that is potential useful for characterization and follow-up of 

dyspeptic patients with and without drug intervention. 
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Introduction 

 

Dyspepsia refers to pain or discomfort centered in the upper abdomen in the absence 

of structural or biochemical abnormalities.1 The pathophysiology of functional dyspepsia 

is largely unknown.2-4 Proximal stomach dysfunction has been demonstrated in patients 

with functional dyspepsia, with impaired gastric accommodation to meal ingestion5 and 

hypersensitivity to fundic distention.6 However, controversy remains and therapeutic 

effects of drugs targeting these mechanisms are often disappointing.7, 8 

The gastric accommodation response enables relaxation of the proximal stomach, 

providing a reservoir for food ingestion without a rise in pressure.9 Impaired relaxation 

of the proximal stomach may contribute to the development of meal-induced symptoms 

in conditions such as functional dyspepsia,5 diabetes mellitus10 or postfundoplication 

syndrome.11 To facilitate research on impaired gastric accommodation, a noninvasive and 

easy-to-perform test is needed to select patients for pharmacological testing and evaluate 

effects of therapeutic strategies.12 

Measurement of the gastric accommodation response to meal intake is technically 

difficult and available techniques have methodological drawbacks.12 The current gold 

standard for the measurement of accommodation is the gastric barostat, involving the 

introduction of a balloon into the gastric fundus.13 In addition to the discomfort 

associated with this invasive, and time-consuming procedure, the presence of a balloon in 

the stomach has been shown to cause dilatation of the antrum as a result of meal 

displacement and induction of exaggerated proximal gastric relaxation.14 Nonradiation 

techniques, such as ultrasound or MRI have technical limitations or, in the case of MRI, 

potential advantages but limited availability for this type of studies.12, 15 

A scintigraphic technique based on pertechnetate uptake in gastric mucosa for 

measurement of gastric accommodation was described.16-21 However, this technique 

requires relative high exposure to ionizing radiation and imaging can only be performed 

within a relatively short time interval after isotope injection.12 Despite these limitations, 

the technique could be applicable in clinical practice to select patients with impaired 

accommodation that might benefit from fundic relaxant agents.22 
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Enhancement of pertechnetate uptake in gastric mucosa through inhibition of 

intraluminal release with H2 receptor antagonists is routinely performed in scintigraphy 

for detection of ectopic gastric mucosa. The more potent and longer-lasting inhibition of 

gastric acid secretion provided by proton pump inhibitors (PPI) could provide an even 

higher and prolonged uptake in gastric mucosa, providing a basis for reduction of 

radiopharmaceutical dose and increasing the period of adequate imaging. 

The aim of this study was to refine the scintigraphic method, limiting the radiation 

dose applied and increasing possible postinjection imaging time span without losing 

image quality, so that sequential (multiple measurements within 1 test) and repetitive 

(measurements before and after treatment) measurements within one subject become 

possible without increasing radiation burden. 

 

 

Materials and Methods 

 
Phantom and pilot studies 

Stomach-shaped plastic inserts (250, 500, 750 and 1000 mL, Fig. 1A) were filled with 

water containing 40 MBq 99mTc-pertechnetate and were placed in an anthropomorphic 

abdomen phantom. The pertechnetate dose was determined as 20% total stomach uptake 

(ICRP-53), assuming a volunteer would be injected with 200 MBq. Tomographic studies 

were acquired on a large field-of-view gamma camera (Varicam; General Electric Medical 

Systems) equipped with low-energy high-resolution collimators. Using the dual-head 

camera, a 180° orbit around the phantom was performed acquiring into a 128x128 matrix 

every 5° at 5, 7, 10 and 15 sec/frame. After completion of the acquisition, data was 

reconstructed on a Hermes processing station (Nuclear Diagnostics) using filtered back-

projection (Ramp-Butterworth filter, order 10, cut-off 0.45 Nyquist) to produce 

transverse, sagittal and coronal images of the phantom (Fig. 1B). After reconstruction, 

phantom volume measurements were performed using the volume tool software on the 

Hermes processing station. 
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Figure 1.  Gastric volume scintigraphy phantom 

Panel A shows a photograph of the stomach-shaped 1000 mL plastic insert of the 

anthropomorphic abdomen phantom. Panel B shows a corresponding coronal SPECT slice of this 

phantom, filled with water containing 40 MBq 99mTc-pertechnetate. 
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 To determine the optimal timing of SPECT after intravenous injection of 

pertechnetate, 10 previous dynamic pertechnetate studies performed for diagnosis of 

Meckel’s diverticulum (patient ages >15 yr) were selected randomly. All patients were 

injected intravenously with 200 MBq 99mTc-pertechnetate followed by dynamic imaging 

of the abdomen for 30 min. On these dynamic studies, a region of interest (ROI) was 

drawn around the stomach and a background ROI was drawn in the liver to determine 

the specific uptake of pertechnetate in the stomach. 

 
Volunteer studies 

Volunteers. Thirteen healthy volunteers (9 women, 4 men; mean age 22 yr,  

range 20-25 yr) were studied. All subjects were free of gastrointestinal symptoms, had 

undergone no previous gastrointestinal surgery, and were taking no medications. Subjects 

were studied after an overnight fast and were not allowed to smoke or drink alcohol for 

at least 24 h before the study. All subjects underwent a gastric barostat study and  

2 pertechnetate SPECT sessions, one with and one without gastric acid suppression with 

a PPI (pantoprazol 80 mg orally for 3 days). All volunteers gave written informed 

consent to participate in the study, which was approved by the medical ethics committee 

of the Academic Medical Center of the University of Amsterdam. 

Gastric Barostat. After an overnight fast, the healthy volunteers underwent a gastric 

barostat study. The barostat bag was introduced, unfolded and positioned into the 

proximal stomach. After an equilibration period of 15 min, mean diaphragmatic pressure 

(MDP) was determined and baseline-operating pressure was set at MDP+2 mm Hg. 

Intrabag volume was recorded for 15 min, followed by ingestion of a liquid test meal 

with a caloric load of 300 kcal and a volume of 200 mL (Nutridrink; Nutricia), which was 

ingested through a straw. Intrabag volume was recorded during the following 60 min.  

Postprandial (PP) volumes were measured as the mean volume of 5-min periods using 

commercially available software (Polygram for windows; Medtronics Inc.). Fasting 

volume was calculated as the mean volume of 15 min before meal intake. After meal 

intake, the average of the 60 min PP volume was measured. The gastric relaxation after 

ingestion of the liquid meal was expressed as the difference in volume between the mean 

volume of the total PP recording period and that at 15 min before meal ingestion (Diff). 
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The PP ratio was calculated as the average of the 60 min PP volume divided by the mean 

fasting volume (Ratio).  

Scintigraphy and Interpretation. Tomographic studies were acquired on a large field-of-

view gamma camera (Varicam) equipped with low-energy high-resolution collimators. 

Volunteers were positioned supine on the imaging table with the stomach in the middle 

of the field-of-view. Thirty minutes after intravenous injection of 200 MBq 99mTc-

pertechnetate, a 7-min baseline acquisition (72 views, 10 sec/view, 128x128 matrix) was 

performed. After ingestion of a liquid test meal with a caloric load of 300 kcal and a 

volume of 200 mL (Nutridrink), sequential 7-min SPECT imaging was performed every 

10 min for the first h and every 30 min for the second h. After completion of the 

acquisition, data was reconstructed as described for the phantom studies. A threshold of 

20% of the maximal voxel count value was applied, after filling the interior stomach with 

a default 50% of the maximal voxel count value. Total and proximal (fundus) gastric 

volumes were calculated. The stomach was divided into proximal and distal parts by 

drawing a line across the incisura angularis perpendicular to the stomach great curvature. 

Fasting volume was calculated when no suppression of acid secretion was used and when 

volunteers had received a PPI prior to scintigraphy. In an analogy to barostat reporting 

parameters, the mean PP volume was calculated. Subsequently, the gastric relaxation ratio 

after ingestion of the liquid meal was expressed as the difference in volume between the 

mean volume of the total PP recording period and the fasting volume (Diff) and the PP 

ratio was calculated as the average of the 60 min PP volume divided by the mean fasting 

volume (Ratio). 

The specific uptake in the posterior gastric wall was determined on transverse SPECT 

slices with and without PPI pre-treatment. Therefore, both data sets were co-registered 

using Hermes Multimodality (Nuclear Diagnostics), and identical ROIs were drawn in 

the posterior gastric wall and the liver. A gastric pertechnetate uptake ratio was calculated 

on a 1-min anterior and posterior image acquired prior to the first and after the last 

SPECT acquisition. After construction of a geometric mean image, identical ROIs were 

drawn on the stomach and liver and specific uptake of pertechnetate in the stomach was 

determined. 
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Figure 2.  Gastric volume scintigraphy phantom results 

Panel A shows the square of the correlation coefficient (R2, dashed line) and the standard error 

of the estimate (SE, solid line) in function of the acquisition time per frame of the actual phantom 

values and SPECT volume estimates. With a constant 72-view orbit, SPECT volume estimates 

become more accurate with increasing acquisition time. Panel B shows the correlation and the 

95% confidence interval of known phantom volumes with volumes measured with SPECT. 

A 

B 
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Figure 3.  Gastric mucosa pertechnetate uptake 

Mean ± 2 SD pertechnetate uptake in the stomach (■) and surrounding tissue (●) in function of 

time post intravenous injection. Clear distinction between stomach and surrounding tissue 

(liver), accounting for biological variance, can be made from 20 min after pertechnetate injection. 

 

 
Statistical analysis 

Results are expressed as the mean ± SEM. Differences between 2 measurements were 

analyzed by the nonparametric Wilcoxon rank test for paired data. The correlation 

between scintigraphy and barostat was determined with a nonparametric rank correlation 

test. All statistical tests were 2-tailed and differences were evaluated at the 5% level of 

significance. In the volunteer’s study, a Bonferroni correction was applied for multiple 

comparison testing (n = 8). 
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Table 1.  Results of the volunteer study 

Parameter Gastric 
region 

Barostat SPECT 
 

SPECT+PPI 
 
 

P 
(SPECT 
± PPI) 

P 
(SPECT – 
barostat) 

Fasting  Fundus 284.07±36.11 150.07±6.42 150.79±3.78 NS <0.01 
PP Fundus 553.17±53.82 339.36±10.76 358.75±10.14 NS <0.01 
Diff Fundus 269.10±45.00 189.29±10.30 207.96±9.50 NS NS 
Ratio Fundus 2.20±0.30 2.30±0.10 2.39±0.07 NS NS 

NS = not statistically significant 
 

 

Results 

 
Phantom and pilot studies 

Phantom Study. Figure 2 shows the actual phantom volumes and SPECT volume 

estimates for the water-filled stomach insert in the anthropomorphic abdomen phantom. 

Figure 2A illustrates that the accuracy of SPECT volume estimates improves with 

increasing acquisition time. With increasing total acquisition time, the square of the 

correlation coefficient R2 approaches its maximal value and the standard error of the 

estimate (SE) decreases. The trade-off with highest accuracy and minimal acquisition 

time per orbit was chosen and set on a total of 10 sec acquisition time per frame, 

resulting in a total acquisition time of 7 min (including gantry movement). SPECT-

derived volume estimates (10 sec/frame) were highly accurate and showed a near perfect 

linear relationship with the actual phantom volumes (Fig 2B). 

Pilot Study. Figure 3 shows the mean pertechnetate uptake in the stomach and in the 

surrounding tissue (liver) over time. The uptake in the stomach increases over time and is 

significantly higher (P < 0.01) than the background from 10 min after injection. Clear 

distinction between stomach and background accounting for biological variance is 

obtained from 20 min after injection. 
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Volunteer Study 

Figure 4 shows an example of gastric volume scintigraphy. Limiting injection dose 

from 370-740 MBq to 200 MBq 99mTc-pertechnetate resulted in good quality images, with 

a significant dose reduction from 4.6-9.3 to 2.5 mSv. Table 1 shows the results of the 

volunteer study. Both in a fasting or PP state, the mean fundic volumes measured with 

the barostat were significantly higher than the volumes measured with scintigraphy. 

There was no significant difference between the derived parameters (Diff and Ratio) for 

SPECT and barostat. Fundic volume kinetics were very similar for barostat and SPECT 

measurements (Fig. 5). No significant difference between the fundic volumes was 

measured with scintigraphy with or without PPI in fasting or PP state (Table 1). 

Differences between the mean PP fundic volume and the fasting fundic volume (Diff) 

and the volume ratio with and without PPI (Ratio) were not significant. On transverse 

SPECT slices, radioactivity was more homogeneously distributed in the stomach wall 

with less secreted pertechnetate when volunteers were pre-treated with PPIs (Fig. 6). The 

relative uptake in the stomach posterior wall was significantly higher (35.1 ± 6.7%,  

P < 0.01) after pretreatment with PPIs. The pertechnetate uptake ratio, determined on 

planar scintigraphy in volunteers with and without PPI pretreatment before the first and 

after the last SPECT acquisition, was significantly higher (P < 0.01) 150 min after 

injection than that at 30 min after injection of the radiopharmaceutical (Fig. 7).  The 

mean increase in uptake ratio with and without PPI pretreatment was 4.64 ± 0.67 and 

3.89 ± 0.89, respectively. There was no significant difference in uptake ratio or uptake 

ratio increase between the 2 groups. 
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Figure 4.  Gastric volume scintigraphy 

Panel A shows gradient shading volume rendered SPECT images of the stomach at baseline  

(20 min preprandial) and at multiple postprandial time points (0 to 120 min). Transverse SPECT 

slices have been selected (white line). Panel B shows the corresponding transverse SPECT slices. 

Uptake of 99mTc-pertechnetate is visible in the gastric mucosa. Panel C shows the same 

transverse SPECT slices, after filling the stomach lumen and determination of the threshold-based 

voxel volume. Panel D shows the corresponding volume of the fundus, determined with gastric 

volume scintigraphy. 
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Figure 5.  Gastric volume scintigraphy and barostat volume curves 

Fundic volumes (mean ± SEM) measured in fasting and postprandial state measured with barostat  

(-▲-), SPECT without PPI (-○-) and SPECT with PPI pre-treatment (-■-). There is a significant 

difference (P < 0.01) between barostat and SPECT volume measurements. There is no significant 

difference between SPECT measurements with and without PPI pretreatment. The shape of the 

gastric volume curve is very similar for both techniques. 
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Figure 6.  Gastric mucosa pertechnetate uptake with and without PPI 

Transverse SPECT slices of 2 volunteers. Panel A and C are studies performed without PPI 

pretreatment and panel B and D are coregistered transverse SPECT slices of studies performed 

with PPI pretreatment in the same volunteers. The remaining amount of tracer in the posterior 

gastric wall is a significantly higher when volunteers were pretreated wit PPI (P < 0.01). 
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Figure 7.  Gastric mucosa pertechnetate uptake in time with and without PPI 

Uptake ratio of pertechnetate in the stomach without (panel A) and with (panel B) PPI 

pretreatment determined on planar scintigraphy 30 and 150 min post intravenous injection 

(mean ± SD). The uptake ratio increases over time and enables SPECT volumetry at least up to 

150 min post injection. There is no significant difference in uptake ratio increase between the 

two groups. 
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Discussion 

 

We investigated whether noninvasive measurement of gastric volume by means of 

pertechnetate SPECT can be performed with a reduced pertechnetate dose. Reducing the 

amount of radioactivity can be accounted for by increasing the acquisition time. When 

serial measurement is required in a dynamic process such as gastric volume after meal 

ingestion, longer total acquisition time per SPECT orbit would not only limit repeated 

measurement, but would decrease measurement reliability because of the resulting greater 

difference between the starting volume of the stomach and the volume at the end of the 

SPECT acquisition.  

Our goal was to limit the radiation exposure in patients or volunteers to 5 mSv, 

enabling research protocols to perform 2 tests, one before and one after treatment. To 

limit radiation exposure to 2.5 mSv per investigation, the amount of pertechnetate must 

be ≤ 200 MBq (ICRP-80). The experiments with the anthropomorphic abdomen 

phantom confirmed that the accuracy of volume determination of different volumes on 

SPECT images increases with increasing total acquisition time. Because the total 

radioactivity within the phantom was constant, this mimics closely the physiologic 

situation with pertechnetate within the stomach wall as it distends after food intake. 

Based on the shape of the accuracy curve, with a plateau phase beginning at 10 sec per 

frame, the minimal acquisition time could be determined. Using 10 sec per frame, the 

resulting total acquisition time of 7 min including gantry movement is comparable to or 

less than that cited in other published studies16, 17, 21 and enables serial measurement every 

10 min. 

For reliable stomach volume measurement based on threshold volume delineation, a 

sufficient and preferably constant organ-to-background uptake ratio is needed. 

Therefore, the uptake characteristic of pertechnetate was assessed in patients. It was 

clearly shown that the gastric uptake increases with time, being significantly higher than 

surrounding tissue (liver) 10 min after injection. To guarantee clear distinction between 

the normal range (mean ± 2SD) of the stomach and surrounding tissue, a delay of  

20 min after injection was needed.  The uptake ratio in the stomach remains high and 

enables serial SPECT acquisition at least up to 150 min post injection, which is 
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significantly longer than times cited in other studies.16-21 This is a solution to the problem 

posed by the previous necessity to image within a relatively short time interval after 

injection of the radiopharmaceutical.12 

The rationale for the additional administration of a PPI was to compensate for the 

reduced amount of radioactivity injected intravenously. Comparing the relative amount 

of tracer in the posterior stomach wall with and without PPI showed an increased 

retention with less secretion floating on top of the test meal and with theoretically better 

delineation of the stomach wall. The addition of a PPI, however, had no significant effect 

on the gastric volumes measured. Because image quality was sufficient with the reduced 

pertechnetate dose SPECT for volumetric calculation, it was decided not to pursue PPI 

use in future trials.  

Comparing the results of gastric volume measuring by means of SPECT and barostat 

before and up to 60 min PP, we confirmed observations made in other studies.16, 18, 21 

Volumes measured with SPECT are consistently lower than barostat volumes. The shape 

and the derived parameters of the volume curve, however, were very similar. The higher 

volumes measured with barostat are believed to be an artefact caused by the intraballoon 

pressure in the barostat bag, needed to measure baseline and PP volumes.16 Whether the 

nonphysiologic-exerted pressure is needed to investigate accommodation is matter of 

debate, since it can be argued that scintigraphy detects intragastric volume and that the 

detected increase in PP volume also depends on gastric emptying and gastric secretion.23 

On the other hand, several trials have demonstrated the ability of SPECT to detect 

abnormal accommodation.17, 18, 21  

For comparison of barostat and SPECT, the SPECT volume of the fundus was 

derived from the total stomach SPECT volume. This can be considered arbitrary, 

because an exact scintigraphic delineation of the fundus is not possible. In practice, 

however, identification of the antrum as a horizontal part of the stomach is quite feasible. 

Together with the incisura angularis, this provides enough information for separation of 

the proximal and distal stomach. However, the comparison parameters of fasting and PP 

volume differences (Diff) and ratio (Ratio) for the total stomach and the fundus were not 

significantly different (data not shown), suggesting a negligible role of the antrum in 

measurement of gastric accommodation. However, the ability of measuring total as well 
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as fundic or antral volumes might be interesting in characterizing gastric response to 

stimuli in health and disease. 

It has been reported that suppression of gastric acid secretion affects both gastric 

motility and gastric emptying.24 Not only H2 receptor antagonists like ranitidine, but also 

PPIs like omeprazole, delay gastric emptying despite an increase in PP antral contractility. 

Although the differences in SPECT volumes measured with and without PPI were not 

significantly different, PP volumes were slightly higher with PPI, supporting the 

observations made on the effects of acid suppression on gastric motility.24 

The differences between PP and fasting volumes assessed with reduced pertechnetate 

dose scintigraphy without PPI pretreatment are not significantly different from those 

measured with a barostat balloon in the same population of healthy volunteers. This 

enables repetitive noninvasive investigation of gastric volume response in volunteers and 

patients to identify and characterize gastric motility abnormalities and therapeutic effects 

of known or experimental drugs without increasing morbidity of intragastric balloons or 

elevated radiation burden. It is also feasible to determine gastric volumes up to 2 h PP. 

Whether this is useful must be established in trials comparing dyspeptic patients with 

normal volunteers. 

 

  

Conclusion 

 

Noninvasive measurement of gastric volume with a reduced dose of pertechnetate is 

feasible without losing image quality. Increasing image quality by using a PPI does not 

affect measurement results but is controversial in terms of effects on gastric motility and, 

therefore, is discarded. This noninvasive technique enables repeated and serial 

measurement of gastric volume response to a test meal, a process that is potential useful 

for characterization and follow-up of dyspeptic patients with and without drug 

intervention. 
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Abstract 

 

Recently, single photon emission computed tomography (SPECT) scanning was 

described as a noninvasive technique to assess fundic accommodation. However, in 

contrast with the barostat, no intragastric distending force is applied during gastric 

volume scintigraphy (GVS). We hypothesized that in the absence of a barostat balloon, 

GVS largely detects the volume effect of the ingested meal and is a rather insensitive tool 

to detect fundic relaxation. 

Methods. After an overnight fast, healthy volunteers underwent a barostat study and 

GVS on 2 separate days to assess: (1) meal induced fundic accommodation (Nutridrink, 

200 mL, 300 kcal); and (2) gastric relaxation to 1 mg i.v. glucagon. 

Results. Fasting fundic volumes (145 ± 8 mL vs. 280 ± 32 mL, P = 0.001) and average 

postprandial volume (329 ± 10 mL vs. 571 ± 53 mL, P = 0.001) were significantly lower 

measured with GVS compared to the barostat study. Meal induced fundic relaxation  

(183 ± 10 mL vs. 289 ± 46 mL, P = 0.050) and the postprandial/fasting volume ratio 

(2.32 ± 0.10 mL vs. 2.27 ± 0.29 mL, P = 0.892) did not differ significantly between GVS 

and the barostat. However, no correlation could be determined between accommodation 

volumes measured with both techniques. In contrast with meal-induced relaxation, 

glucagon induced increase in fundic volume (19 ± 5 mL vs. 406 ± 56 mL, P = 0.007) and 

post/pre glucagon ratio (1.16 ± 0.03 vs. 3.02 ± 0.54, P = 0.046) were significantly lower 

when measured with GVS compared to the barostat. 

Conclusion. Gastric volume scintigraphy detects changes in postprandial volume but is 

less suitable than the gastric barostat to detect changes in gastric tone. Our study 

therefore questions its role as a tool to detect impaired accommodation and warrants 

further validation of this technique. 
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Introduction 

 

Under normal conditions, the proximal stomach relaxes after ingestion of a meal, a 

vagally mediated motor pattern known as the meal induced accommodation.1 Impaired 

meal induced relaxation of the proximal stomach has been repeatedly demonstrated in a 

subgroup of patients with functional dyspepsia (FD).2, 3 Symptoms such as early satiety2 

and weight loss4 in particular have been reported to be associated with this phenomenon. 

Conversely, treatment with sumatriptan, a potent fundic relaxant, induced an increase in 

caloric intake in FD, suggesting that fundic relaxation may represent a new therapeutic 

approach for this subgroup of FD.2 If so, it may be of importance to determine proximal 

stomach function in order to select the subgroup of patients that would benefit from this 

fundic relaxant therapy.  

At present, a gastric barostat study is generally accepted as the gold standard to 

investigate proximal stomach function. A balloon connected to a computerized pump is 

positioned in the proximal stomach to record intraballoon volume at a fixed pressure as a 

measure of fundic tone.5 This technique has provided enormous valuable information on 

the effect of meal ingestion and pharmacological agents on the proximal stomach. 

However, a major disadvantage is the invasive and stressful nature of this investigation. 

Furthermore, the presence of the balloon interferes with normal physiology as reported 

by Mundt et al.6 Consequently, it is an unattractive tool for routine clinical use and even 

for the evaluation of drug effects in clinical trails, usually requiring repeated 

measurements.    

Recently, single photon emission computed tomography (SPECT) has been reported 

as a possible noninvasive alternative (gastric volume scintigraphy).7 Radiolabeled 99mTc-

pertechnetate is injected i.v. and accumulates in the gastric mucosa allowing visualization 

of the stomach. This technique was shown to record changes in postprandial volume to a 

similar extent as the gastric barostat.8 It should be emphasized that in this study the 

barostat balloon was positioned in the proximal stomach during gastric volume 

scintigraphy (GVS), providing a positive pressure to the gastric wall and thereby actively 

distending the stomach. Under more physiological conditions, however, the stomach will 

remain collapsed. Consequently, the volumes measured with GVS will reflect intragastric 
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content such as gastric secretions, swallowed air and ingested foods or liquids. Based on 

these assumptions, we hypothesized that in the absence of a barostat balloon, GVS 

largely detects the volume effect of meal ingestion and will be a rather insensitive tool in 

detecting fundic relaxation. To test this hypothesis, the ability to detect fundic relaxation 

of comparable magnitude evoked by meal ingestion or glucagon was compared between 

the 2 techniques performed at separate days. In addition, symptoms reported during the 

study were evaluated as indirect measure of procedure related discomfort. 

 



Gastric volume scintigraphy versus barostat 

145 

Materials and Methods 

 
Subjects 

Twenty-one healthy volunteers, recruited by public advertisement, were invited to 

participate  (13 women, 8 men; mean age 26 yr, range 18 - 54 yr). Gastrointestinal 

symptoms were excluded using a questionnaire (Nepean Dyspepsia Index)3 and none of 

the subjects was taking medications known to influence gastrointestinal motility. All 

volunteers gave written informed consent to participate in the study, which was approved 

by the medical ethics committee of the Academic Medical Center of the University of 

Amsterdam. 

 
Study protocols 

Gastric relaxation was evoked by 2 different protocols: (1) meal intake and (2) i.v. 

injection of glucagon. For each protocol, subjects were invited to undergo a gastric 

barostat study and a 99mTc-pertechnetate SPECT on 2 separate days. To determine the 

gastric-emptying time after meal ingestion, a 13C breath test was performed. 

 
Protocol 1: Meal induced relaxation 

Barostat. After an overnight fast, 17 healthy volunteers (13 women, 4 men;  

mean age 25 yr, range 18 – 54 yr) underwent a gastric barostat study at 09:00 AM. The 

barostat bag was introduced, unfolded, and positioned into the proximal stomach. After 

an equilibration period of approximately 30 min, the mean distending pressure (MDP) 

was determined and baseline operating pressure was set at MDP + 2 mm Hg. After a  

30 min baseline period, a liquid test meal with a caloric load of 300 kcal and a volume of 

200 mL (Nutridrink; Nutricia) was consumed with the aid of a straw. Intrabag volume 

was recorded during the following 60 min and symptoms of bloating, nausea, pain, 

satiety, fullness, hunger and burning were assessed every 5 min with a Visual Analogue 

Scale (VAS), whereby 0 mm represents “no sensation” and 100 mm represents “worst 

imaginable”. The 13C breath test was performed before the test meal and every 10 min 

during the first h, and thereafter every 15 min the next 3 h. 
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Gastric volume scintigraphy. On a separate day, after an overnight fast, the same subjects 

underwent SPECT scanning at 9:00 AM. Thirty min after i.v. injection of 200 MBq 
99mTc-pertechnetate, a baseline scan was performed. The test meal (Nutridrink, 200 mL, 

300 kcal) was given and scans were made every 10 min up to 1 h postprandially. Before 

every scan, breath samples were taken and symptoms of bloating, nausea, pain, satiety, 

fullness, hunger and burning were scored with the VAS. After the first h, breath samples 

were collected every 15 min for the next 3 h.  

 
Protocol 2: Glucagon induced fundic relaxation 

Barostat. After an overnight fast, 4 healthy volunteers (4 men; mean age 29 yr,  

range 22 – 38 yr) underwent a gastric barostat study at 09:00 AM. The barostat bag was 

introduced, unfolded and positioned into the proximal stomach. After an equilibration 

period of approximately 30 min, MDP was determined and baseline operating pressure 

was set at MDP + 2 mm Hg. Intrabag volume was recorded for 30 min, followed by i.v. 

injection of 1 mg glucagon (GlucaGen; Novo Nordisk Farma) dissolved in 1 mL saline 

water for i.v. injection and was injected slowly during 1 min. Intrabag volume was 

recorded during the following 15 min.  

Gastric volume scintigraphy. On a separate day, after an overnight fast, the same subjects 

underwent SPECT scanning at 9:00 AM. Thirty min after intravenous injection of  

200 MBq 99mTc-pertechnetate, a baseline scan was performed. Glucagon (1 mg) was 

administered intravenously and 7-min scans were started after 1 min and 8 min. 

 
Methods 

Gastric Barostat. Following anesthesia of the throat (Xylocaine 10 % spray; 

AstraZeneca), subjects swallowed a 1200 mL polyethylene bag, tightly wrapped on the 

distal end of a double lumen polyvinyl tube (4 mm outer diameter Salem Sump tube; 

Sherwood Medical). The balloon was unfolded by inflation of 500 mL of air and was 

positioned in the proximal stomach by gently withdrawing the catheter. The catheter was 

connected to the barostat and fixed to the cheek, and subjects were positioned upright. 

The barostat device (Medtronic Functional Diagnostics) automatically corrected for the 

compressibility of air. Intraballoon pressure and volume were recorded continuously 
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during the protocol, and data were stored on a personal computer using commercially 

available software (Polygram for Windows; Medtronic Functional Diagnostics, Synectics 

Medical). MDP was determined as the minimum pressure at which intrabag volume was 

> 30 mL. For measuring fasting volume, meal induced fundic relaxation and glucagon 

induced fundic relaxation, baseline operating pressure was set at MDP + 2 mm Hg. 

Gastric volume scintigraphy. Gastric volume was assessed by means of SPECT scanning 

using 99mTc-pertechnetate i.v. A dual-head gamma camera in SPECT mode allowed  

3-dimensional data acquisition. Tomographic studies were acquired on a large-field-of-

view dual-head gamma camera system (Varicam; General Electric Medical Systems) 

equipped with low-energy high-resolution collimators. Volunteers were positioned supine 

on the imaging table with the gastric region in the middle of the field-of-view. Thirty min 

after i.v. injection of 200 MBq 99mTc-pertechnetate, a baseline acquisition was performed 

(360º orbit, 5º step, 72 views, 10 sec/view, 7 min total acquisition time including gantry 

movement). Subsequently, after intervention (test meal, glucagon) multiple acquisitions 

were made up to 1 h and up to 15 min, respectively. After completion of the acquisition, 

every acquisition was reconstructed on a Hermes processing station (Nuclear 

Diagnostics) using filtered back-projection (Ramp-Butterworth filter, order 10, cut-off 

0.45 Nyquist) to produce transverse, sagittal and coronal images of the stomach.  After 

reconstruction, stomach volume measurements were performed using the volume tool 

software on the Hermes processing station. A threshold of 20% of the maximal voxel 

count value was applied, after filling the interior stomach with a default 50% voxel count 

value. Total and regional (proximal – distal) gastric volumes were calculated. The 

stomach was divided into proximal and distal stomach by drawing a horizontal line 

across the incisura. To allow repetitive studies, a limited dose of 200 MBq 99mTc-

pertechnetate was administered, limiting the radiation burden to 2.4 mSv per study. We 

have previously determined that this dose is capable of delivering good quality images for 

at least 2.5 h after i.v. injection.9 Total radiation exposure was within permissible ranges 

for research and clinical studies.  
13C breath test. Gastric emptying was measured with the 13C breath test. Acetic acid-1-

13C sodium salt was added to the caloric liquid meal (Nutridrink). Breath was collected by 

breathing into a tube through a straw. Breath samples were taken before the test meal 
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and every 10 min during the first h thereafter, followed by every 15 min for the next 3 h. 

All breath samples were obtained in duplicate. Analysis of the breath samples was 

performed with the BreathMAT Plus TM (ThermoQuest Finnigan MAT). 

 
Data analysis 

Barostat. Fasting volume was calculated as the mean volume of 15 min before meal 

intake or glucagon injection using commercially available software (Polygram for 

Windows). Postprandial volumes were measured as the mean volume of 5-min periods. 

Average postprandial volume was defined as the mean volume over the 60-min 

postprandial period. Maximal volume was measured as the highest volume recorded 

during the 60 min postprandial. Fundic relaxation after ingestion of a liquid meal was 

expressed as the difference in volume between the average postprandial volume and the 

fasting volume.3 Relaxation induced by glucagon was measured as the difference in 

volume between the average of 15 min after injection and the fasting volume. The 

postprandial ratio and post glucagon ratio were calculated as the postprandial volume or 

the post glucagon volume divided by the fasting volume, respectively. 

Gastric volume scintigraphy. SPECT fasting and postprandial volumes were measured as 

the mean volume of 7-min periods using the volume tool software on the Hermes 

processing station (Nuclear Diagnostics). Similar to the barostat, gastric relaxation after 

liquid meal ingestion was defined the difference in volume between the average 

postprandial volume and the 7-min fasting period before the meal. For relaxation after 

glucagon injection, the difference in volume between the average of 15 min postinjection 

and the 7 min before injection of glucagon fasting volume was calculated. The 

postprandial ratio and post glucagon ratio were defined as the average postprandial 

volume or post glucagon volume divided by the fasting volume, respectively. 

 Symptoms. Symptoms reported before the meal and during the postprandial period 

were expressed as mean values for every 5-min time point during the barostat study and 

every 10-min time point during SPECT scanning. Individual sensation scores for 

bloating, nausea, pain, satiety, fullness, hunger and burning were assessed on a VAS, 

from which an individual score, a total postprandial symptom score for each time point 

and the total symptom score of each individual symptom were calculated.  
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Table 1.  Patient data 

 

Baro 
(mL) 

GVS 
Fundus 
(mL) 

P value 
Baro 

vs GVS 
fundus 

Correla-
tion 
Baro 

vs GVS 
fundus 

 

GVS 
total 

stomach 
(mL) 

P value 
Baro vs 

GVS total 
stomach 

Correla-
tion 

Baro vs 
GVS 
total 

stomach 
Fast 280±32 145±8 0.001 -0.19 

(P = 0.49) 
18 ±11 0.011 -0.20 

(P = 0.45) 

PP 571±53 329±10 0.001 -0.26 
(P= 0.34) 

38 ±13 0.004 -0.1 
(P = 0.69) 

Diff 289±46 183±10 0.050 -0.08 
(P = 0.77) 

200±13 0.111 -0.31 
(P = 0.25) 

Ratio 2.3±0.3 2.3±0.1 0.892 -0.12 
(P = 0.67) 

2.2 ± 0.1 0.816 -0.29 
(P = 0.30) 

GVS = gastric volume scintigraphy; Baro = barostat 

Fast = fasting state; PP = postprandial; Diff = difference; Ratio = postprandial ratio 
 

 
13C breath test. The breath samples collected over 4 h after the ingestion of the meal 

were analyzed with the BreathMAT Plus TM (ThermoQuest Finnigan MAT). After 

analysis, the obtained δ13 values were used in curve-fitting modules in Excel (Microsoft) 

to calculate gastric half-emptying time.10 

 
Statistical analysis 

All group data are expressed as means ± SEM. Descriptive statistics were used for pre 

and postprandial stomach volumes and symptom scores in time. To compare the 

barostat and SPECT scanning volumes, statistical analysis was performed using a 

Student’s t test and a Spearman’s rho test. All statistical tests were 2-tailed and were 

evaluated at the 5% level of significance.  
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Figure 1.  Gradient shading volume rendered SPECT images of the stomach 

Reconstructed 3D single photon emission computed tomography (SPECT) images of a fasting (A) 

and postprandial (B) stomach of a healthy volunteer. 
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Figure 2.  Gastric volumes determined with barostat and GVS vs time 

Dynamics of meal induced relaxation represented by fundic volumes plotted in time as assessed 

with barostat and GVS (SPECT). 
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Figure 3.  Gastric volumes determined with barostat and GVS 

Fundic accommodation induced by meal intake as measured with barostat and GVS (SPECT). 

Meal induced fundic accommodation measured with barostat and GVS is not significantly 

different. Note that the meal induced fundic accommodation as measured with GVS approaches 

the volume of the ingested meal (200 mL). 

 

 

Results 

 
Protocol 1: Meal induced fundic relaxation 

 

Volume: Comparison of GVS and Barostat 

While the dose of 99mTc-pertechnetate used by Kuiken et al.7 was halved to reduce the 

radiation burden, the quality of the images was high, allowing volume calculations up to  

2 h postprandially.9 Within 2 h, postprandial volumes returned to their initial fastening 

volume (data not shown). 

Fasting volume. Before meal ingestion, there was a great variation in fasting fundic 

volumes measured with the gastric barostat, ranging from 142 mL to 562 mL.  
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In contrast, both fundic and total gastric volumes obtained with GVS varied much less 

ranging from 105 mL to 205 mL and 113 mL to 268 mL, respectively. Fasting fundic and 

total gastric volumes were significantly lower during GVS compared to those obtained 

with the barostat (Table 1). 

Postprandial volume. Meal intake resulted in a significant increase in gastric volume for 

both barostat (P < 0.001) and GVS  (Fig. 1). As shown in Figure 2, fundic volume 

increased rapidly after meal intake reaching a plateau within 10 min. In both the barostat 

and the GVS studies, volumes slowly declined at a comparable rate. Average postprandial 

fundic and total gastric volumes were both significantly lower with GVS compared to the 

gastric barostat (Table 1). The maximal fundic volume (407 ± 16 mL) and total gastric 

volume (479 ± 22 mL) reached during GVS was significantly lower compared with the 

barostat values (677 ± 49 mL, P = 0.001 and P < 0.001, respectively).  

Fundic accommodation. To evaluate whether GVS is a noninvasive alternative for the 

barostat to assess gastric accommodation, the accommodation responses were compared 

between the 2 techniques. The calculated meal induced fundic and total gastric 

accommodation, expressed as the difference between the average pre and postprandial 

volume, were not significantly different for both techniques (Fig. 3). Similarly, no 

difference in the ratio of postprandial over fasting volume was observed. (Table 1). 

However, after applying Spearman’s rho test to determine a correlation between GVS 

and the barostat, no significant linear relationship could be detected between barostat 

and GVS accommodation volumes or ratios (Table 1). Furthermore, when individual 

accommodation volumes obtained with barostat are plotted against those obtained with 

GVS, a wide variation in measured barostat volumes in contrast to SPECT fundic 

volumes is observed (Fig. 4). Moreover, the individual accommodation volumes, as 

measured with GVS, do not significantly differ from the 200 mL volume of the ingested 

meal (P = 0.1, one sample Student’s t-test, Fig. 4). In contrast, meal induced 

accommodation measured with the barostat significantly differed from 200 mL (P = 

0.04, one sample Student’s t test). 
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Figure 4.  Correlation plot  

Correlation plot between meal induced accommodation assessed with GVS (SPECT) and 

barostat. Note that GVS volumes are not significantly different from 200 mL (P = 0.1), which 

equals the amount of the ingested meal. 

 

 
Symptoms: comparison of GVS and Barostat.  

Symptoms reported by the healthy volunteers were compared for both techniques. 

Healthy subjects reported significantly more postprandial symptoms of bloating, nausea, 

satiety and fullness during the barostat study compared to GVS (Fig. 5). Pain, hunger and 

burning sensation were not significantly different.  

 
Gastric emptying: comparison of GVS and Barostat.  

To evaluate possible differences in gastric emptying evoked by the presence of the 

barostat balloon, gastric half-emptying times were measured in 8 healthy volunteers  

(6 women, 2 men, mean age 27 yr (range 18 – 54 yr). The gastric half-emptying time for 

the barostat was 33 ± 4 min. This was significantly faster compared to the gastric half-

emptying time (70 ± 12 min; P = 0.021) during GVS. 

 



Chapter 8 

154 

Bloating Nausea Pain Satiety Fullnes Hunger Burning
0

100

200

Barostat
Spect*

*

*
*

To
ta

l p
os

t-
pr

an
di

al
 V

A
S

sc
or

e 
(m

m
)

 

Figure 5.  Total postprandial VAS score 

Total postprandial VAS score measured during barostat and GVS for each individual symptom. 

(*P < 0.05, Students t-test). 

 

 
Protocol 2: Glucagon induced fundic relaxation 

 
Volume: comparison of pre and post glucagon. 

To eliminate possible interference of meal volume, the capacity of GVS to assess a 

pharmacologically induced relaxation was compared with that of the gastric barostat. 

During the barostat study, glucagon induced a rapid onset relaxation of the gastric 

fundus comparable to that obtained after meal ingestion.  In contrast, GVS only detected 

a small increase in volume after glucagon injection, reaching a mean volume significantly 

smaller compared to that measured with the barostat (Fig. 6, 7 and Table 2). When data 

are expressed as the ratio of post glucagon volume over fasting volume, the post 

glucagon ratio was significantly lower for GVS compared to the barostat (Table 2). 
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Table 2.  Gastric volumes measured with GVS and barostat 

 

Barostat 
(mL) 

GVS fundus 
(mL) 

P value 
Baro vs 

GVS 
fundus 

 

GVS total 
stomach 

(mL) 

P value 
Baro vs. 

GVS 
total 

stomach 

Baseline volume 226 ± 39 119 ± 15 0.084 182 ± 18 0.407 

Post-glucagon 
volume 632 ± 51 139 ± 18 0.002 194 ± 25 0.003 

Difference 406 ± 56 19 ± 5 0.007 12 ± 10 0.007 

Post-glucagon 
ratio 3.0 ± 0.5 1.16 ± 0.03 0.046 1.06 ± 0.05 0.039 

 

GVS = gastric volume scintigraphy; Baro = barostat 
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Figure 6.  Barostat and GVS with glucagon 

Volumes measured before (scan 1) and after (scan 2 and 3) glucagon i.v. injection, as assessed 

with barostat and GVS (SPECT). Scan 1 was performed from 1 up to 8 min, followed by scan 2 

from 8 to 15 min after glucagon injection.  
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Figure 7.  Glucagon induced fundic accommodation 

Glucagon induced fundic accommodation measured with barostat and GVS (SPECT) is 

significantly different. (P < 0.05, Students t test). 
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Discussion 

 

In the present study, we investigated whether GVS is a noninvasive alternative to the 

barostat to evaluate gastric relaxation. GVS detected lower volumes before and after 

meal intake compared to the barostat, most likely due to the absence of a distending 

pressure. Although the dynamics of the meal-induced relaxation were comparable to that 

detected with the barostat, the increase in volume detected with GVS was not different 

from the ingested volume. Furthermore, in comparison with the meal induced volume 

increase, GVS failed to detect the profound gastric relaxation following glucagon 

infusion. These findings suggest that GVS rather detects the volume of the intragastric 

contents after meal intake and is less sensitive to detect changes in gastric tone in the 

absence of a distending force. Our results therefore question the role of GVS as a tool to 

detect impaired accommodation and warrants further validation of this technique.  

Currently, the gastric barostat is considered the gold standard to assess fundic 

accommodation. However, as this technique is invasive, 99mTc-pertechnetate SPECT 

scanning has been proposed as a noninvasive alternative to evaluate this gastric motor 

reflex. Indeed, Bouras et al. reported a good correlation between both techniques.8 These 

authors concluded that GVS accurately measures volume in vitro and can identify 

changes in gastric volume in response to a meal and gastric distension. In our study, we 

confirmed the ability of GVS to detect changes in gastric volume with comparable 

postprandial/fasting ratios as obtained with the barostat. However, we found no 

correlation of the accommodation volumes measured with the 2 different techniques. 

Most likely, this discrepancy can be explained by a difference in methodology. In the 

study reported by Bouras et al., GVS was performed with the gastric barostat balloon in 

situ.8 As GVS measures intragastric volume based on the imaging of the gastric wall, 

comparable volumes will be detected under these circumstances. In our study, however, 

the 2 techniques were performed separately and thus GVS occurred in the absence of a 

distending pressure. Under these conditions the stomach will be collapsed and gastric 

volume detected with GVS will be determined by other factors such as ingested meal, 

swallowed air and gastric secretion (estimated at 40-200 mL/h).11 These methodological 

differences explain the lower postprandial volume detected with GVS and the lack in 
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correlation between the increase in postprandial volumes detected with the two different 

techniques. Our findings that the meal-induced accommodation assessed with GVS did 

not differ from the meal volume, further corroborates this hypothesis and suggests that 

GVS mainly detects meal volume rather than gastric relaxation.  Preliminary data confirm 

this assumption, showing a good correlation (r = 0.66, P = 0.034; n = 10) between 

ingested volume and volume measured with GVS (unpublished results). Finally, when 

assessed with the barostat, glucagon induced a pronounced gastric relaxation (202 %) of 

comparable magnitude as meal ingestion. GVS, however, only detected a marginal 

increase in fundic volume of 16 %, suggesting that GVS is less sensitive to detect gastric 

relaxation per se.  Similar findings were reported by previous studies evaluating the 

relaxant effect of GLP-112 and sublingual nitroglycerine.13 In these studies, only minor 

increases in gastric volume were reported whereas from barostat studies these agents are 

known to induce pronounced relaxation of the stomach.14, 15 

Considering our hypothesis that GVS rather detects intragastric volume, the detected 

increase in postprandial volume also depends on gastric emptying and gastric secretion. 

In contrast to Liau et al., who state that up to 50% of a small liquid meal will be emptied 

during the 20-min period they measured,13 we measured an average gastric half-emptying 

time of 70 min. Therefore, more than half of the ingested meal is still present after  

60 min postprandially and is likely to contribute to the measured gastric volume. This 

implies that patients with fast gastric emptying may be incorrectly identified as having 

impaired accommodation. Consequently, further studies investigating the specificity and 

sensitivity of GVS to detect impaired accommodation are warranted.  

After meal intake, subjects reported significantly more symptoms during the barostat 

study than during GVS. Most likely, this results from the gastric distension induced by 

the positive pressure applied by the intragastric balloon. As the barostat balloon may also 

interfere with gastric function,6 GVS still remains an attractive tool to study the stomach 

in a noninvasive manner. For example, it may be useful to study the relationship between 

symptoms and antral or fundic volume under more physiological circumstances. As such, 

it may contribute to a better understanding of the factors involved in the increased 

perception of postprandial symptoms in patients with functional dyspepsia. 

 



Gastric volume scintigraphy versus barostat 

159 

Conclusion 

 

In summary, we conclude that GVS is able to detect changes in gastric volume in a 

noninvasive manner. However, our data suggest that GVS, in the absence of a distending 

force, is less suitable than the gastric barostat to detect gastric relaxation and rather 

detects the volume of the intragastric contents after meal intake. These findings question 

the role of GVS as a tool to detect gastric relaxation or impaired accommodation and 

imply that further validation is required. 
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Abstract 

 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease with frequent 

exacerbations, including the risk for toxic megacolon and severe complications. In very 

active disease, colonoscopy should not be performed to assess the severity and the extent 

of the disease. The aim of the current study was to determine whether 99mTc-HMPAO 

labeled white blood cell (WBC) scintigraphy could be used as an alternative for 

colonoscopy to determine the extent and the severity of the disease in critically ill 

patients. 

Methods. Twenty consecutive patients (7F, 13M, age 38.1 ± 13.1 yr) who had a severe 

attack of UC underwent scintigraphy the day of admission. Leukocytes were labeled with 

200 MBq 99mTc-HMPAO. Planar anterior and posterior imaging of the abdomen was 

performed 45 and 120 min after WBC reinjection. The tracer uptake in the different 

colon segments was scored visually compared with bone marrow uptake. A symptom 

score was made and C-reactive protein was measured as a serologic marker of 

inflammation. Rectosigmoidoscopy with biopsy was performed within 24 h of 

scintigraphy. Scintigraphic, endoscopic and histologic results were compared for disease 

activity. 

Results. The mean symptom score was 12.7 (± 0.7) on a scale of 21, and the mean C-

reactive protein level was 6.8 (± 1.2) mg/L. No significant difference was found between 

the scintigraphic score of the rectum and the endoscopic or the histologic score. The best 

correlation was found with the latter (r = 0.66, P < 0.01). Based on the results of 

scintigraphy, disease involved the left side of the colon up to the splenic flexure in  

10 patients. The other patients had pancolitis. 

Conclusion. Disease severity can be determined adequately by planar WBC scintigraphy 

in patients with severe attacks of UC. Because the presence and severity of disease 

correlates well with endoscopic and histologic findings, it is possible to assess disease 

extent with WBC scintigraphy without the need for colonoscopy. This could decrease the 

number and severity of complications that can occur in already critically ill patients. 
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Introduction 

 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease accompanied by 

frequent acute exacerbations. It is usually diagnosed by rectosigmoidoscopy, colonoscopy 

or double-contrast barium enema. 

Colonoscopic and contrast radiographic procedures have inherent disadvantages and 

can be cause of severe complications. In severe cases of the disease, colonoscopy should 

not be performed to assess the severity and the extent of the disease. Caution must be 

exercised in performing barium studies in acutely ill patients with severe colitis, because 

bowel preparation may worsen the disease or precipitate toxic dilatation of the colon. 

However, knowing the severity of disease is important for estimating the intensity of 

anti-inflammatory therapy and the risk of complications. Some recommendations for 

therapy are based on extent and severity of disease activity.1, 2 

Despite convincing evidence in the recent literature about the potential benefits of 
99mTc-hexamethylpropylene amine oxime (HMPAO)-labeled leukocyte scintigraphy in 

adults,3-7 and children,8, 9 the procedure is not performed routinely for UC in many 

hospitals. 

The aim of the current study was to determine if 99mTc-HMPAO labeled WBC 

scintigraphy can be an alternative to endoscopy with biopsy to determine the extent and 

the severity of the disease in these critically ill patients. 

 

 

Materials and methods 

 
Subjects 

We included 20 consecutive patients (13 men, 7 women, mean age 38.1 ± 13.1 yr) with 

histories of UC who were hospitalized with severe exacerbations. Exclusion criteria were 

toxic megacolon or perforation evident on plain abdominal radiographs, infectious 

disease, and use of intravenous steroids for more than 12 h prior to admission. All  
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Figure 1.  Normal WBC scintigraphy 

99mTc-HMPAO WBC scintigraphy 45 min after injection in a patient with ulcerative colitis in 

complete remission. No pathological uptake is evident in the colon. (A) Anterior whole-body 

image and (B) detail of the abdomen. The higher uptake in the lungs is normal on an early WBC 

scintigraphy. 

  

 

patients gave written informed consent to participate in the study, which was approved 

by the medical ethics committee of the Leuven University Hospital. 

A clinical activity score was determined on admission.10 The C-reactive protein (CRP) 

was determined as a serologic marker of inflammation; levels ≥ 5 mg/L were considered 

abnormal. Rectosigmoidoscopy with biopsy was performed within 24 h of inclusion. 

Total colonoscopy was not considered appropriate in these patients. The macroscopic 

appearance of the mucosa was classified using a 4-grade scoring system.11 Mucosal biopsy 

specimens obtained in the most severely affected areas were also graded on a 4-point 

scale.12 All patients underwent scintigraphy within 24 h after endoscopy. 
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Figure 2.  Ulcerative colitis grade 2 pancolitis 

99mTc-HMPAO WBC scintigraphy of an ulcerative colitis patient with a grade 2 pancolitis. (A) 

Whole body image and (B) detail of the abdomen. Colon uptake has the same intensity as bone 

marrow uptake. 

 

 

 

 

Figure 3.  Ulcerative colitis grade 3 pancolitis 

99mTc-HMPAO WBC scintigraphy of an ulcerative colitis patient with a grade 3 pancolitis. (A) 

Whole body image and (B) detail of the abdomen. Colon uptake is more intense than bone 

marrow uptake. 
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Figure 4.  Ulcerative colitis mixed pattern 

99mTc-HMPAO WBC scintigraphy of an ulcerative colitis patient with a grade 3 left sided colitis 

and grade 1 right sided colitis (A) Whole body image anterior (B) Whole body image posterior. 

Rectal uptake is clearly seen on the posterior image. 

 

 
Scintigraphic test procedure 

The technique of labeling granulocytes in mixed leukocyte suspension using 99mTc-

HMPAO (Amersham Health) has been performed according to the consensus protocol 

for leukocyte labeling.13 An average of 200 ± 10 MBq of 99mTc-HMPAO labeled 

granulocytes was reinjected into the patient. Planar anterior and posterior 3-min images 

of the thorax, abdomen and pelvis were obtained at 45 and 120 min post reinjection 

using a large-field-of-view gamma camera (Bodyscan; Siemens Medical Solutions) fitted 

with a low-energy general-purpose collimator. Just before scintigraphy, the patient was 

asked to void. 

The 45-min image was used subsequently for visual grading. Nonspecific bowel 

accumulation may occur on images obtained more than 60 min after reinjection.14 

Therefore, the 120-min image was used solely to confirm the presence of lesions. 
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Scintigraphic data analysis. The scintigrams were evaluated by two physicians based on 

the knowledge of a normal distribution (Fig. 1) and without knowledge of the 

endoscopic, histologic, or clinical findings. Images of the bowel were divided into five 

segments (rectum, sigmoid, and descending, transverse and ascending colon). The 

inflammatory activity for each segment was graded on the 45-min image by comparing 

the intestinal uptake with that of vertebral bone marrow and bone marrow uptake of the 

iliac crest (grade 0 = no abnormal activity; grade 1 = abnormal activity with an intensity 

less than bone marrow; grade 2 = abnormal activity equal to bone marrow;  

grade 3 = activity more than bone marrow). Only the scintigraphic score of the rectum 

was used to evaluate disease activity, because endoscopy was restricted to the rectum and 

sometimes the distal sigmoid. Disease extent was evaluated for the entire colon using the 

scintigrams (Fig. 2-4). In all score (endoscopic, histologic and scintigraphic) 

interpretations, grade 0 indicated normal bowel mucosa and grades 1 to 3 indicated mild, 

moderate and severe disease, respectively. 

 Dosimetry. The radiation dose received by target organs – the spleen, liver and bone 

marrow – were 0.21 mGy/MBq, 0.025 mGy/MBq and 0.023 mGy/MBq, respectively.15 

The effective dose equivalent was 0.011 mSv/MBq (ICRP-62). 

 
Statistical analysis 

All results are expressed as mean ± SEM values. The paired-samples t test was used to 

compare differences between activity scores. Spearman’s rank correlation was used for 

statistical analysis of results. All statistical tests were 2-tailed and differences were 

evaluated at the 5% level of significance. 

 

 

Results 

 

Inflammatory activity determined clinically using the numerical symptom score  

(0 indicating no symptoms, and a maximum score of 21 indicating severe symptoms) was 

12.7 ± 0.7. Inflammatory activity determined serologically using the CRP had a mean 

value of 6.8 ± 1.2 mg/L. The endoscopic, histologic and scintigraphic score had a mean 
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Table 1.  Patient data 

Patient 
No 

Gender 
(M/F) 

Age 
(yr) 

Clin. 
score 

CRP 
(mg/L) 

Endosc. 
score 

Histol. 
score 

Scint. 
score 

1 F 20 13 0.1 1 3 3 
2 M 30 15 5.8 3 3 3 
3 M 37 10 1.4 3 3 3 
4 F 50 15 1.8 2 2 2 
5 M 35 11 3.3 3 3 3 
6 F 35 10 0.3 1 2 2 
7 M 48 16 3.8 2 2 2 
8 M 44 11 7.3 2 2 3 
9 M 44 9 6.1 2 1 1 
10 F 28 15 12.1 3 3 3 
11 M 27 8 14.1 2 3 3 
12 M 51 10 8.1 3 2 2 
13 M 34 11 8.0 3 2 2 
14 M 21 16 7.8 2 3 3 
15 M 38 20 21.5 3 3 3 
16 M 46 11 3.3 3 2 2 
17 F 29 18 7.4 2 1 3 
18 F 67 13 5.6 2 2 2 
19 M 21 12 12.4 3 3 3 
20 M 62 10 5.0 3 3 2 

Mean  38.1 12.70 6.76 2.4 2.4 2.5 
SEM  13.1 0.72 1.16 0.15 0.15 0.14 

 

Endoscopic, histologic and scintigraphic score: grade 0 indicates normal bowel mucosa and 
grades 1 to 3 indicates mild-, moderate and severe disease, respectively. 
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Figure 5.  Correlation between scintigraphic, endoscopic and histologic findings 

Correlation of activity score assessed by (A) histology and scintigraphy (r = 0.66, P < 0.01);  

(B) histology and endoscopy (r = 0.37); and (C) endoscopy and scintigraphy (r = 0.13). The 

straight line represents the line of equality. 
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values of 2.4 ± 0.15, 2.4 ± 0.15 and 2.5 ± 0.14, respectively (Table 1), representing 

moderate to severe disease overall. There was no significant difference between these 3 

activity scores. Scintigraphy showed that all patients had pathologic uptake in the 

rectosigmoid, resulting in a sensitivity of 100%. Based on these scintigraphic findings, 

disease involved the left side of the colon in 10 patients. The other patients had 

pancolitis. There was no significant difference between the clinical score or CRP for left-

sided or pancolitis. All abdominal lesions were continuous, involving the rectum and 

extending proximally. No skip-lesions were visible. Pathologic activity outside the 

abdomen was not detected. 

We found a significant correlation between the scintigraphic and histologic indices of 

disease intensity of the rectosigmoid (r = 0.66, P < 0.01). The correlation between the 

endoscopic and histologic indices (r = 0.37) or the endoscopic and scintigraphic indices 

(r = 0.13) was not significant (Fig. 5). 

 

 

Discussion 

 

Soon after the introduction of labeled WBC scintigraphy,16 the first trials evaluating 
111In labeled autologous leukocytes as a diagnostic tool for inflammatory bowel disease 

were conducted.17-20 The investigators concluded that this technique provides a rapid, 

simple, nontraumatic and effective technique for identifying the site of the inflammatory 

process in Crohn’s disease and the extent of disease in ulcerative colitis. Ten years later, 
99mTc-HMPAO labeled leukocytes became available.15 The better imaging characteristics 

and the significant reduction of radiation burden were promising for further evaluation 

of 99mTc-HMPAO labeled leukocytes.15 Prospective comparison of 99mTc-HMPAO 

WBC’s and 111In-labelled granulocytes showed that early imaging with 99mTc-WBCs can 

reliably replace 111In-granulocyte scintigraphy for assessing the presence and localizing 

active disease in patients with possible exacerbations of inflammatory bowel disease 

(IBD).21-23 Research also showed that 99mTc-WBC scintigraphy is superior to the activity 

index of van Hees and the gastroenterologist’s clinical opinion for diagnosing active 
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inflammation in patients with IBD.5 The sensitivity and specificity are very high  

(94-100%) for active disease.5, 24, 25  

In general practice, thorough history taking and repeated physical examination and 

scoring of clinical activity indices, complete with the findings of basic laboratory studies, 

allow the physician to make a diagnosis of relapse and determine the extent and severity 

in patients with a known history of UC. Endoscopy with biopsy is an important aid in 

the assessment of disease activity, but is limited for determining disease extent in patients 

with severe colitis. Furthermore, therapeutic follow-up and determination of remission 

should be as reliable as possible with minimal invasive testing. This might be less relevant 

in routine management in which follow-up can rely on clinical assessment, but it seems 

important in clinical trials seeking evidence of the therapeutic benefit of new drugs or 

strategies.12 

We used histologic findings from biopsy specimens obtained in the most severely 

affected areas in the rectosigmoid as the gold standard. The sensitivity of WBC 

scintigraphy for identifying rectosigmoidal involvement of UC in our series of selected 

patients was 100%, which is in accordance with the findings of other publications. The 

extent of disease was assessed only with scintigraphy in this study, because routine total 

colonoscopy and barium enema were not considered appropriate in these patients. 

The correlation of a clinical index with other variables such as CRP, ESR, or 

endoscopic, histologic, or scintigraphic scores for extent and severity of disease is not 

always reported as significant.26 Clinical indexes have an inherent subjectivity, resulting in 

a less reliable activity score.25 Laboratory parameters like CRP and ESR reflect 

inflammation in general, and correlation with scintigraphic scores is not always significant 

in the literature.27 Given this perspective, an explanation for the lack of correlation 

between the clinical score or CRP with the scintigraphic extent and severity on planar 

imaging in this study seems speculative. 

When histologic findings were considered the gold standard, scintigraphy yielded the 

best correlation. The correlations of histologic findings with endoscopic results and 

endoscopic findings with those of scintigraphy were inferior and not significant. These 

results confirm the role of scintigraphy in assessment of disease activity in patients with 

inflammatory bowel disease and ulcerative colitis in particular. False-negative results are 
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reported, but seem to be restricted to low-grade activity, preferably in the rectosigmoid 

area.27 We had no false negative results of scintigrams for rectosigmoid disease in our 

study. This can be explained by the relative high-grade inflammation in our selected 

population, and careful preparation of the patient with voiding of the urinary bladder 

before scintigraphy.  

Using computer-aided interpretation of leukocyte scintigraphy rather than a simple 

scintigraphic scoring system based on visual assessment of bowel activity has not been 

proven superior in determination of severity of inflammatory bowel disease.28 

Previous reports confirm a significant correlation between scintigraphy and 

endoscopy for determining disease extent in patients in whom colonoscopy was not 

contraindicated.5, 27, 29 There is also a good correlation between scintigraphic uptake and 

macroscopic and histologic investigation of resection specimen.7 Thus, with the 

significant correlation in our series between scintigraphic and histologic findings of the 

rectosigmoid, we were confident to communicate disease extent in severe ill patients in 

whom colonoscopy was contraindicated. 

The relative low radiation burden, achieved using 99mTc-HMPAO labeled WBC’s, is 

not a contraindication for serial scintigraphy to monitor the response to therapy. 

Furthermore, the minimally invasive nature of the procedure is an advantage compared 

with other diagnostic methods. 

 

 

Conclusion 

 

Disease severity can be determined adequately by planar WBC scintigraphy in patients 

with a severe attack of ulcerative colitis. Because the presence and severity of disease 

correlates well with histologic findings, it is possible to assess disease activity and extent 

with WBC scintigraphy without the need for colonoscopy. This could decrease the 

number and severity of complications in already critically ill patients. 
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Abstract 

 

The rate of treatment failure in acute exacerbation of ulcerative colitis (UC) still 

reaches 20-30%. Early identification of nonresponders to therapy is important, since 

intensified or other medical treatment or ultimately colectomy should be considered to 

reduce morbidity. Since 99mTc-labeled HMPAO white blood cell (WBC) scintigraphy is 

accurate in determination of the severity and extent of UC lesions, the aim of the current 

study was to assess if WBC scintigraphy can predict early treatment failure in patients 

with an acute attack of UC. 

Methods. We included 20 consecutive patients (7F, 13M, age 36.8 ± 10.9 yr) with a 

history of UC who were hospitalized with severe exacerbations. All patients underwent 

scintigraphy the day of admission and one wk after start of treatment. WBC’s were 

labeled with 200 MBq 99mTc-HMPAO. SPECT of the abdomen was performed 60 min 

after WBC reinjection. Maximum tracer uptake in the different colon segments was 

defined and expressed as a ratio of lumbar bone marrow uptake. The scintigraphic 

activity score (SAS) was expressed as the sum of segmental colon uptake ratios. 

Scintigraphic evolution was considered favorable when the SAS decreased with ≥ 50% 

and post therapeutic SPECT uptake ratio’s were ≤ 1.5 per segment. Rectosigmoidoscopy 

with biopsy was performed within 24 h after scintigraphy. 

Results. Outcome analysis after 3 mo showed 6/20 patients in clinical and 

endoscopic/histologic (rectosigmoid) remission, without alteration of treatment 

(responders). Of the other patients (nonresponders), 5/14 were colectomized, 5/14 

received prolonged or intensified treatment, and 4/14 received other treatment. In the 

responders group, SAS (determined 1 wk after start of therapy) significantly decreased in 

all patients. In the group of nonresponders, 10 patients had an increase of SAS of more 

than 10%, 2 patients had an unchanged SAS and 2 patients had a decreased SAS of  

> 10% but had a residual mean segmental WBC uptake ratio > 1.5. There was a 

statistical significant difference between the responders and nonresponders (P < 0.01). 

Conclusion. Repeated 99mTc-HMPAO WBC scintigraphy seems able to predict therapy 

resistance in UC within 1 week after start of treatment. 
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Introduction 

 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by 

periods of acute attacks and remission.1 Treatment is mainly based on corticosteroids, 

administered orally, parenterally or rectally.2 A rapid and sustained response is usually 

seen within a few days following initiation of treatment. However, the overall rate of 

steroid treatment failure in acute exacerbations of UC remains high, and 20-30% of 

patients ultimately require surgery.3, 4 The introduction of cyclosporine as a potent 

immunosuppressive drug for treatment of corticosteroid-refractory UC benefits the 

short-term management in 60-80% of patients.5, 6 However, several questions remain 

regarding the long-term maintenance strategies, since long-term prognosis is not overall 

impressive and cyclosporine treatment is known for its possible important side effects.5, 7 

Prediction of the long-term prognosis of UC at the time of diagnosis and early 

identification of which patients with a severe exacerbation will not respond to therapy 

remains difficult. However, it is of great clinical importance to be able to predict a need 

for step-up medical treatment or colectomy at an early stage of the acute attack.3, 8 

Multiple clinical and laboratory parameters have been suggested as valuable predictors 

of outcome with respect to colectomy for assessment of glucocorticoid response. Recent 

trials identified persisting high stool frequency, bloody diarrhea, continued CRP elevation 

and sustained elevation of body temperature as strongly predictive parameters of clinical 

steroid resistance in acute attacks of ulcerative colitis, with high chance of ultimate need 

for colectomy.3, 8 Clinical and laboratory indices, however, seem relatively inaccurate in 

assessment of disease severity at tissue level.9 

White blood cell (WBC) scintigraphy has been shown to be a reliable and accurate 

determinator of the extent and intensity of UC lesions, combining imaging of the 

affected colon with a semi-quantitative scoring of disease activity.10, 11 WBC scintigraphy 

has been shown to be superior to the activity index and the gastroenterologist's clinical 

opinion for diagnosing active inflammation in IBD patients.12  

Influx of neutrophils and other acute inflammatory cells in inflamed intestinal mucosa 

is a prominent feature in acute attacks of UC.13 Neutrophils are the predominant effector 

cell within the active lesions of UC and probably mediate most of the tissue damage.14 
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Therapeutic action is based on reduction of inappropriate gut inflammation, by means of 

glucocorticoids, immunomodulators like cyclosporine or biological therapeutic 

intervention in mucosal homing.15, 16 Since scintigraphy and histology correlate very well 

in this particular field, WBC scintigraphy could become a reliable, noninvasive prognostic 

tool in prediction of therapeutic response and the follow-up of treatment for CU. 

The aim of the current study was to determine if WBC scintigraphy can predict early 

treatment failure in patients with acute attacks of UC. 

 

 

Materials and Methods 

 
Subjects 

We included 20 consecutive patients (13 men, 7 women, mean age 36.8 ± 10.9 yr) 

with a history of ulcerative colitis who were hospitalized with severe exacerbations.  

A severe episode was defined as an acute attack of UC with an activity score of ≥ 10.6 

Exclusion criteria were toxic megacolon or perforation evident on plain abdominal 

radiographs, infectious disease and use of intravenous steroids for more than 12 h before 

admission. Patients with a history of bowel surgery were not included. All patients gave 

written informed consent to participate in the study, which was approved by the medical 

ethics committee of the Leuven University Hospital.  

The clinical activity score was determined upon admission and daily after initiation of 

therapy.6 For this study, only the activity scores on admission and one wk after initiation 

of therapy were recorded. A rectosigmoidoscopy with biopsy was performed within 24 h 

of inclusion. The macroscopic appearance of the mucosa was classified using a 4-grade 

scoring system.17 Mucosal biopsy specimens obtained in the most severely affected areas 

were also graded on a 4-point scale.9 All patients underwent scintigraphy within 24 h 

after endoscopy. Rectosigmoidoscopy with biopsy and scintigraphy were repeated 1 wk 

after initiation of therapy. All scores (endoscopic, histologic and scintigraphic) were 

interpreted as grade 0 meaning normal bowel mucosa and grade 1-3 meaning mild, 

moderate and severe disease, respectively. 
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TABLE 1.  Patient characteristics 

 Therapy 

 Cyclosporine Methylprednisolone 

n 10 10 
Age (range) 37.10 ± 3.01 (20-50) 39.6 ± 5.19 (21-67) 
Sex M/F 6/4 8/2 
Clin1 12.60 ± 0.78 13.10 ± 1.15 
Endo1 2.20 ± 0.25 2.60 ± 0.16 
Hist1 2.60 ± 0.16 2.40 ± 0.22 
Scint1 10.32 ± 2.66 11.53 ± 4.08 
Segm 4.30 ± 0.30 4.30 ± 0.18 

   

Clin1: clinical -,  Endo1: endoscopic -, Hist1: histologic – and Scint1: scintigraphic  disease activity 
score upon inclusion; Segm: number of affected segments on scintigraphy 

 

 
Scintigraphic test procedure 

The technique of labeling granulocytes in mixed leukocyte suspension using 99mTc-

HMPAO (Amersham Health) has been performed according to the consensus protocol 

for leukocyte labeling.18 An average of 200 ± 10 MBq of 99mTc-HMPAO labeled 

granulocytes was reinjected into the patient.  

Planar anterior and posterior 3-min images of the abdomen and pelvis were obtained 

at 45 min post reinjection using a large-field-of-view gamma camera (Bodyscan; Siemens 

Medical Solutions) fitted with a low-energy general-purpose collimator. Just before 

scintigraphy, the patient was asked to void. The 45-min image was used for localization 

and determination of the extent of bowel activity. 

At 60 min postreinjection SPECT was performed (BIAD; Trionix). A 360° circular 

orbit was used acquiring 90 views of 40 seconds in a 30 min duration study. An image 

matrix of 64 x 64 pixels was used. After data acquisition, images were processed on a 

Trionix workstation using filtered backprojection using a Ramp reconstruction filter with 

Hamming window. Correction for attenuation was made using the Chang technique with 

an attenuation coefficient of 0.12 cm-1.19 Transaxial abdominal slices of 8.4 mm thickness 

were reconstructed. After reconstruction, a 9-point smoothing was applied. 
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Data analysis 

The planar scintigrams were evaluated by 2 physicians without knowledge of the 

endoscopic, histologic, or clinical findings. 

On SPECT images, the colon was divided into 5 segments: ascending colon, 

transverse colon, descending colon, sigmoid and rectum. Tracer uptake was determined 

as described by Weldon et al.20, 21 Therefore, the maximum counts per pixel in each of 

these segment was measured using region of interest analysis of serial transaxial slices to 

obtain the maximal value for each colon segment. The SPECT segment uptake ratio was 

expressed as a fraction of bone marrow activity, obtained by averaging the maximum 

counts in five transaxial slices of lumbar spine. All processing was carried out by the 

same observer. 

The SPECT segment uptake ratio was converted into a segmental SPECT severity 

score with grade 0 (no uptake), grade 1 (uptake ratio 0.326 ± 0.19 SD), grade 2 (uptake 

ratio 1.11 ± 0.36), and grade 3 (uptake ratio 3.33 ± 1.84).20, 21 This severity score was used 

for comparison of scintigraphy and histology. For comparison of total colon uptake 

before and after therapy, the pathologic segmental uptake ratios were summed and 

expressed as the scintigraphic activity score (SAS). The difference of SAS before and  

1 wk after start of treatment (∆SAS) was expressed as percentage post therapeutic change 

in SAS compared to the baseline scintigraphy. 

 
Dosimetry 

The radiation dose received by target organs – spleen, liver and bone marrow – were 

0.21 mGy/MBq, 0.025 mGy/MBq and 0.023 mGy/MBq, respectively.22 The effective 

dose equivalent was 0.011 mSv/MBq (ICRP-62). 

 
Management 

Patients were double blind randomized as part of another pharmacotherapeutical trial 

and treated either with i.v. corticosteroids 40 mg/d continuous infusion or i.v. 

cyclosporine 4 mg/kg body weight. Cyclosporine was administered by continuous 

infusion adjusted to blood levels between 200 and 300 by a physician not taking part in 

the direct patient management. Treatment was continued for 8 d and subsequently 
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adjusted if necessary. Patients who had a clinical response in the cyclosporine group were 

switched to oral cyclosporine started in a dose of 8 mg/kg in 2 equally divided doses per 

day and adjusted to serum levels between 200 and 350 ng/mL. Patients in the 

corticosteroid group who had a clinical response were switched to oral 

methylprednisolone 32 mg/d for the first 3 wk and tapered by 4 mg/wk until 

discontinuation. 

 
Outcome 

After seven days treatment patient were classified according to the clinical activity 

score.6 Immediate clinical response to intensive medical therapy was defined as 

improvement of the clinical activity score to a score < 10 with a drop of at least 3 points, 

with the ability to discharge the patient. Immediate scintigraphic response was defined as 

decrease of SAS of more than 50% and had a residual mean segmental WBC uptake ratio 

< 1.5.  The scintigraphic response was not used for immediate patient management 

decisions. After 3 mo all patients were reviewed. For this study, patients were considered 

responders when the initial treatment strategy led to remission without alteration or 

intensifying of the regimen. Patients were considered nonresponders when the initial 

treatment strategy needed to be intensified or changed to yield remission or when 

patients required a colectomy. 

 
Statistical analysis 

All results are expressed as mean ± SEM values. The paired samples t test was used to 

compare differences between activity scores. Spearman’s rank correlation was used for 

statistical analysis of results. All statistical tests were 2-tailed and differences were 

evaluated at the 5% level of significance. 
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Table 2.  Patient data 

No 
 

Clin1
* Clin2

* ClinD
* Dc

* Seg† S1
† S2

† ∆SAS † DS
† Outc‡ 

1 13 1 -12 R 2 5.96 2.83 -53 R R 
2 15 4 -11 R 4 27.52 24.61 -11 N FC 
3 10 5 -5 R 5 7.51 11.66 55 N FA 
4 15 11 -4 N 5 2.39 3.41 43 N FA 
5 11 10 -1 N 4 21.50 3.53 -84 R R 
6 10 9 -1 N 4 7.33 3.01 -59 R R 
7 16 9 -7 R 4 4.21 5.19 23 N FA 
8 11 12 1 N 5 12.31 11.86 -4 N FC 
9 10 7 -3 R 5 1.89 2.98 58 N FA 

10 15 7 -8 R 5 12.61 4.39 -65 R R 
11 10 2 -8 R 4 7.82 22.60 189 N FA 

12 10 11 1 N 4 3.54 14.50 310 N FC 

13 11 6 -5 R 4 4.46 12.83 188 N FA 

14 16 11 -4 N 5 7.51 19.28 157 N FA 

15 20 12 -8 N 4 44.87 22.08 -51 N FC 

16 11 3 -7 R 5 4.11 8.10 97 N FC 

17 18 16 -2 N 4 11.09 12.02 8 N FA 

18 13 5 -8 R 5 9.28 1.78 -81 R R 
19 12 7 -5 R 5 20.91 4.61 -78 R R 
20 10 6 -4 R 3 1.69 4.79 183 N FA 

           

* Clinical activity score upon inclusion (Clin1); 1 wk after start of therapy (Clin2), Difference in 
clinical activity score before and after treatment (ClinD); Early response assessment based on 
clinical score (DC) 
† Number of colon segments affected on scintigraphy (Seg), SAS upon inclusion (S1); SAS 1 wk 
after start of therapy (SAS2); Percentage difference in SAS before and after treatment (∆SAS); 
Early response assessment based on SAS (DS) 
‡ Clinical outcome at 3 mo. Remission without changed management (R); Remission with 
changed management (FA); Colectomy (FC) 
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Figure 1.  Correlation plots 

Correlation of activity score assessment by histologic analysis and SPECT of the rectosigmoid 

upon inclusion (A) and 1 wk after start of treatment (B). There is a good correlation of 

scintigraphic and histologic assessment of disease activity before and after therapy (r = 0.80,  

P < 0.01 and r = 0.88, P < 0.01, respectively). 
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Results 

 

Patient data are illustrated in Table 1 and 2. Before treatment, 10 patients had a left-sided 

colitis and 10 patients had pancolitis. The mean inflammatory activity, determined 

clinically using the numeric symptom score, was 12.85 ± 0.68 (mean ± SEM). Upon 

inclusion, there was a significant correlation between planar scintigraphic (data not 

shown) and histologic indices of disease intensity of the rectosigmoid (r = 0.64, P < 0.01) 

before treatment. There was an even better correlation between SPECT derived 

scintigraphic and histologic indices of disease intensity of the rectosigmoid (r = 0.80,  

P < 0.01). One week after therapy, there was an excellent correlation between SPECT 

derived scintigraphic and histologic indices of disease intensity of the rectosigmoid  

(r = 0.88, P < 0.01, Fig. 1). 

After 3 mo, 6/20 patients (30%) were responders and achieved a complete response 

without changing the therapeutic strategy (R). 14/20 (70%) patients were nonresponders 

to initial therapy. In this group 9/14 patients finally achieved a complete response but 

required a change of therapeutic strategy (RA) and 5/14 patients were treatment failures 

and required colectomy (FC).  

In the group of responders, all patients had a decrease of SAS ≥ 50% and had a 

residual mean segmental WBC SPECT uptake ratio < 1.5 (Fig. 2 and 3). The mean 

decrease of SAS in this group was significant (P < 0.05). The mean decrease percentage 

(∆SAS) in this group was 70% (range 53 - 84%).  

In the group of nonresponders, 10 patients had an increase of SAS > 10%, 2 patients 

had an unchanged SAS and 2 patients had a decreased SAS >10% (Fig. 4) but had a 

residual mean segmental WBC SPECT uptake ratio > 1.5. There was a statistical 

significant difference in ∆SAS between the responders and nonresponders (P < 0.01,  

Fig. 5A). There was no significant difference in ∆SAS between nonresponders requiring 

altered management or colectomy (data not shown). There was no significant difference 

in response between treatment groups. 

For clinical assessment by means of the clinical activity score, there was no significant 

difference between responders and nonresponders (Fig. 5B, mean ± SEM clinical activity 

score –5.83 ± 1.78 and –4.71 ± 0.93, respectively). 
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Figure 2.  Left sided ulcerative colitis 

99mTc-HMPAO WBC Whole Body scintigraphy (pt. 6) in anterior (A) and posterior (B) view 

before therapy and 1 week after start of therapy (C and D; anterior and posterior, respectively). 

Scintigraphy before treatment (A, B) shows severe colitis in 4 segments. Scintigraphy 1 wk after 

treatment shows markedly decreased uptake with mild to moderate colitis in 4 segments. 
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Figure 3.  99mTc-HMPAO WBC SPECT of left-sided ulcerative colitis 

99mTc-HMPAO WBC SPECT (pt. 6). Transaxial slices at different levels in the abdomen from 

cranial to caudal before therapy (A to D) with the corresponding slices 1 wk after start of 

therapy (E to H). Colon activity before therapy (arrow) is manifestly increased (SAS 7.33) in 

transverse colon (A), descending colon (B), sigmoid (C) and rectum (D) as compared to bone 

marrow (▲). Colon activity 1 wk after start of therapy has decreased (SAS 3.01) in transverse 

colon (E), descending colon (F), sigmoid (G) and rectum (H) as compared to bone marrow (▲). 
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Figure 4.  Pancolitis 

99mTc-HMPAO WBC Whole Body scintigraphy (pt. 14) in anterior (A) and posterior (B) view 

before therapy and 1 wk after start of therapy (C and D; anterior and posterior, respectively). 

Scintigraphy before treatment (A, B) shows mild to severe colitis in 5 segments. Scintigraphy  

1 wk after treatment shows markedly increased uptake with severe colitis in 5 segments. 
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Figure 5.  Box plots 

Panel A shows box plots (median and interquartile range) of the percentual difference between 

the SAS before and 1 wk after start of therapy (∆SAS). There is a significant difference in ∆SAS 

between responders and nonresponders (*P < 0.01). Panel B shows box plots of the difference 

between the clinical activity score before and 1 wk after start of therapy. There is no significant 

difference in clinical score evolution between responders and nonresponders. 



Predicting outcome in ulcerative colitis 

191 

Discussion 

 

White blood cell scintigraphy has been used for several decades as a diagnostic tool 

for inflammatory bowel disease.23-25 111In-labeled granulocytes have been replaced by 
99mTc-HMPAO-labeled granulocytes to yield a rapid, simple, nontraumatic and effective 

technique with an acceptable radiation dose.11, 26-28 It has been shown that 99mTc-HMPAO 

WBC scintigraphy is superior to the activity index of van Hees and the 

gastroenterologist’s clinical opinion for diagnosing active inflammation in patients with 

IBD.12 The sensitivity and specificity of 99mTc-HMPAO WBC scintigraphy are very high 

(94 to 100%) for active disease.12, 29, 30 Furthermore, it was recently published that disease 

severity can be determined adequately by planar scintigraphy in patients with a severe 

attack of ulcerative colitis and that WBC scintigraphy is able to assess disease activity and 

extent without the need for colonoscopy.11 Unlike 99mTc-HMPAO WBC scintigraphy, 
99mTc-Leucoscan lacks sensitivity and has no place in the assessment of gastrointestinal 

inflammation in IBD.31, 32  

Where planar 99mTc-HMPAO WBC scintigraphy has proven to be reliable to assess 

disease extent when compared to histological findings,33, 34 we have recently shown that 

the disease activity in the rectum can also be assessed with accuracy by scintigraphy.11 

However, planar scintigraphy has inherent inaccuracies due to variable depth and 

overlapping activities. SPECT has the advantage to overcome these problems and the use 

of 99mTc-HMPAO SPECT for detection and quantification of acute bowel inflammation 

has been extensively described by Weldon et al.20 The determination of maximum 

segmental bowel uptake and calculating an uptake ratio to bone marrow yields a 

noninvasive, objective and accurate approach to the assessment of disease activity. 

We used histological findings from biopsy specimens obtained in the most severely 

affected areas in the rectosigmoid before and 1 wk after therapy as gold standard for 

disease activity. The sensitivity of WBC scintigraphy for identifying rectosigmoid 

involvement of ulcerative colitis in this series of selected patients was 100%, which is in 

accordance with our previous observations.11 However, it has to be mentioned that the 

study population is a selected one with severe colitis and that it is known that WBC 

scintigraphy can be false negative in patients with only slight macroscopic changes.35, 36 
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No controls were included in this study to assess the sensitivity of WBC scintigraphy in 

the full spectrum of clinical activity of IBD. There was a good correlation between 

disease activity in the rectosigmoid determined on histology and planar scintigraphy. 

There was an even better correlation for disease activity determined on SPECT.  

Several attempts have been made to predict the responsiveness of UC exacerbations 

to initial therapy.3, 8, 37 These techniques are based on clinical and laboratory observations 

to identify patients likely to require intensified or altered therapy or ultimately colectomy. 

The correlation of a clinical index with other variables such as CRP, the erythrocyte 

sedimentation rate (ESR), or endoscopic, histologic or scintigraphic scores for the extent 

and severity of disease is not always reported as significant.38 Clinical indices have an 

inherent subjectivity, resulting in a less reliable activity score.29 Laboratory parameters 

such as CRP and ESR reflect inflammation in general, and conflicting results concerning 

the predictive value have been reported.39 

Scintigraphic assessment of disease activity correlates very well with histologic disease 

activity assessment.11, 20 This was reconfirmed in this study, both before and after 

treatment. The summed scintigraphic activity score (SAS) represents the maximum 

inflammatory activity detected in each segment of the entire colon reflecting histological 

assessment, which is based on biopsies obtained from the most macroscopically severely 

affected areas of each segment.20 Since the correlation between histologic and 

scintigraphic disease activity assessment is that good, it seems appropriate to use 

scintigraphy for disease activity assessment.  

The difference between SAS before and 1 wk after treatment was predictive for 

remission up to 3 mo after start of therapy without change of therapy. This would not 

have been possible with the clinical activity score alone. In our series, a decrease of SAS 

of ≥ 50% of the initial value and a SPECT uptake ratio of ≤ 1.5 per segment 

(representing not more than moderate disease)20 is predictive of remission without the 

need for altering therapeutic management. In our series, nonresponders have a 36% 

chance of colectomy in the following weeks, which is not different from other 

observations.3 
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Conclusion 

 

Repeated 99mTc-HMPAO WBC scintigraphy seems able to predict therapy resistance 

in UC within 1 wk after start of treatment. This technique provides a noninvasive and 

reliable tool to monitor therapy in ulcerative colitis and depict nonresponders in an early 

stage where intensifying therapy or changing management or ultimately colectomy is 

possible without losing valuable time and increasing risk of dangerous complications. 
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Introduction: 

 

Evaluation of high-resolution pinhole SPECT  

using a small rotating animal 
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Abstract 

 

Ex vivo measurements in animals are used frequently in the field of nuclear medicine 

for the characterization of newly developed radioligands and for drug development. In 

vivo single photon emission computed tomography (SPECT) would replace these ex 

vivo measurements in a relatively large number of cases if one were able to adequately 

image small organs. The pinhole collimator has been used extensively to obtain greater 

detail in planar imaging. However, using a pinhole collimator for SPECT is difficult 

because it requires a heavy collimated detector to rotate around a small object with a 

constant radius of rotation. 

Methods. We have developed a mechanism in which the gantry and collimator are 

fixed and the animal rotates. Hollow perspex cylinders of different sizes were made to 

enable imaging of small animals of different sizes. The cylinder is mounted on a stepping 

motor-driven system and positioned exactly above the pinhole collimator. The stepping 

motor is controlled by the NUD Hermes acquisition/processing system. After imaging 

each projection, a signal is given to rotate the stepping motor with the desired number of 

angular degrees. Filtered backprojection, adapted to pinhole SPECT, was used for 

reconstruction. Calibration experiments were performed to secure that the axis of 

rotation was exactly in the middle of the cylinder. Phantom experiments were performed 

to assess sensitivity, spatial resolution and uniformity of the system and to test the system 

for distortion artifacts. In addition, a brain dopamine transporter rat study and a hamster 

myocardial study were performed to test the clinical feasibility of the entire system. 

Results. In the line source experiment, the spatial resolution in air was 1.3 mm full 

width at half maximum, with a radius of rotation of 33 mm. Furthermore, the system has 

good uniformity and is capable of detecting cold spots of 2 mm diameter. The animal 

studies showed that it was feasible to image receptors or transporters and organs with 

sufficient detail in a practical set-up. 

Conclusion. A rotating cylinder mechanism for pinhole is feasible and shows the 

same characteristics as conventional pinhole SPECT with a rotating camera head, 

without distortion artifacts. This mechanism permits pinhole SPECT to replace many ex 

vivo animal experiments. 
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Introduction 

 

During the development of new radiopharmaceuticals, the biological behavior and 

dosimetry are frequently studied by ex vivo measurements in animals.1, 2 However, the 

benefits of an in vivo technique, such as single photon emission computed tomography 

(SPECT), are numerous. SPECT imaging offers the opportunity to obtain measurements 

at more than one point in time after administration of a radiopharmaceutical, which is a 

significant benefit for the determination of temporal behavior. Likewise, SPECT imaging 

can be repeated over a long time period, within the same animal using serial injections of 

the radiopharmaceutical, which simplifies the assessment of drug therapy effects. The 

number of animals needed within an in vivo approach is far less compared to ex vivo 

measurements, where for a single measurement the animal has to be sacrificed. The 

reduced number of animals required within an in vivo approach is beneficial from an 

ethical point of view, but may also save research time and may therefore be more cost-

effective. The cost-effectiveness is an important aspect, especially when genetically 

manipulated animals are used. 

A prerequisite for the replacement of ex vivo experiments by SPECT imaging is that it 

enables an accurate quantification of tracer uptake and kinetics. Quantification 

measurements with SPECT in larger animals, such as monkeys have already been 

satisfactorily performed by a number of groups.3 However, for in vivo experiments with 

smaller animals, such as mice, hamsters, or rats, a SPECT system encounters its physical 

limits for resolution and sensitivity. The pinhole collimator has been used extensively to 

obtain greater detail in planar imaging. The application of pinhole SPECT, however, is 

difficult since it requires a heavy collimated detector to rotate around a small object with 

a precisely constant radius of rotation. Small misalignments in this set-up of pinhole 

SPECT will generate a displaced center of rotation and produce artifacts. Li et al.4 

showed that a small mechanical shift of 1.2 mm creates severe ring and ‘doughnut’-type 

artifacts. To circumvent this problem, we have developed an animal pinhole SPECT 

system in which the mechanical misalignment is minimized. The basic concept of the 

system is that the heavy collimated detector is fixed and the lightweight object, the animal 

or phantom, rotates.  
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A device was constructed that enables precise positioning of the object in the midline 

of the pinhole and flexible positioning in the other 2 directions. To ensure that the 

rotation of the object does not introduce artifacts, calibration experiments were 

performed. Phantom experiments were done to investigate the extent to which accurate 

quantification of tracer uptake may be possible with this new system. In vivo 

experiments were performed using 2 animals of different size, a rat and a hamster, to test 

the clinical feasibility of the system. 

 

 

Materials and Methods 

 
Mechanical support of the pinhole SPECT apparatus 

Figure 1 shows the components of the pinhole SPECT apparatus, including the 

mechanical support, which was constructed at the Department of Medical Technological 

Development of the Academic Medical Center. The support consists of three aluminum 

vertical legs, which are connected by two horizontal rods of the same material. Each 

vertical leg has a pin with a rubber ring, which fits precisely in a corresponding hole on 

the collimator rim. This connection enables the mechanical support to be mounted easily, 

with the rods exactly parallel to the collimator and the detector crystal. A fourth 

adjustable vertical leg is connected on 1 of the horizontal rods. On this leg a ring is 

mounted, which is driven by a stepping motor. Three cylinders with different sizes  

(25, 38, and 47 mm diameter) - suitable for mice (weight: 20 - 30 g), hamsters  

(100 - 150 g), and rats (150 - 250 g) as well as several phantoms - can be connected easily 

to the ring. The animals used for our research experiments have a specified weight with 

an accuracy of 10%; therefore, a single cylinder can be used for all measurements within 

1 experiment. The mechanical support allows easy and precise manual adjustment of the 

object in 2 directions: the distance of the cylinder to the pinhole aperture, which equals 

the radius of rotation (ROR), and an adjustment along the axis of the cylinder to select 

the field-of-view. 
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Figure 1.  Pinhole SPECT gantry and acquisition station 

Overview and schematic diagram of the pinhole SPECT system. A routine single-head gamma 

camera was fitted with a pinhole collimator facing up. A mechanical support holds a perspex 

cylinder containing the animal in front of the collimator. The cylinder rotation is driven by a 

stepping motor controlled through an interface by an acquisition computer. 
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Pinhole SPECT acquisition and reconstruction procedure 

The object, the cylinder with the animal or phantom, is positioned directly above the 

pinhole, with a minimum distance. After acquiring data from each projection, according 

to the step-and-shoot mechanism, a signal from the acquisition station to the stepping 

motor induces rotation of the object. The stepping motor makes 500 steps per 360º 

rotation. Because a complete number of steps per projection is necessary, this allows 25, 

50, 100, 125, 250 or 500 projections per 360º rotation. The mechanical support was 

designed so that the midline of the cylinder is exactly in the middle of the pinhole. Thus, 

the SPECT acquisition can be regarded as a conventional circular orbit acquisition with a 

rotating camera head. However, in this case, the cylinder midline equals the axis of 

rotation, and the distance from the cylinder midline to the pinhole aperture equals the 

ROR. Because the cylinder rotates exactly around its midline, the ROR is not affected by 

a rotation-induced variation, which is essential for pinhole SPECT acquisition. 

Acquisition parameters. A Philips ARC3000 scintillation camera was used with a circular 

field-of-view diameter of 400 mm. The pinhole collimator had a diameter of 300 mm and 

an opening angle of 60º (distance between aperture and detector equals 260 mm). For the 

sensitivity measurements, a pinhole insert of 1 mm aperture size was compared against a 

2 mm insert. In all other experiments, a tungsten pinhole insert with a 1 mm aperture 

was used. All experiments were acquired with a 20% energy window, 127-155 keV for 
99mTc-pertechnetate and 143-175 keV for 123I experiments. A Hermes workstation 

(Nuclear Diagnostics) was used to control both the camera and the stepping motor. 

Reconstruction. The reconstruction was performed using a Hermes application program 

(Nuclear Diagnostics); this application utilizes filtered back projection, adapted to 

pinhole SPECT, according to the conversion algorithm of Feldkamp.5 The ramp filter 

was used as a reconstruction filter in all experiments. Unless a specific smoothing filter is 

mentioned in the study description, no post reconstruction filter was used. 

   
Calibration and phantom studies 

Calibration phantom. The calibration phantom is a cylinder with a line source positioned 

exactly along the central axis of the cylinder. The line source, 6 cm long with 0.2 mm 

internal diameter, was filled with 1502 MBq/mL 99mTc-pertechnetate. Planar acquisitions 
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(128 x 128 matrix size) of the calibration phantom were made to adjust the analog digital 

converter of the camera-computer interface, such that the line source, at the axis of 

rotation, was exactly in the middle of the image matrix. This calibration is required to 

ensure that the transformation to conventional pinhole SPECT data is correct. The 

calibration needs to be done only after a service of camera or computer-interface. 

Furthermore, to quantify our visual observation that the cylinder did not wobble during 

rotation, we acquired 100 projections (128 x 128; 15 sec per projection; ROR 25 mm) of 

the line source. All projection images were added and the spatial resolution, full width at 

half maximum (FWHM), was measured at the beginning, middle, and the end of the line 

source and compared with the equivalent FWHM measurements from a single 

projection. It has to be noted that the line source was not entirely in the field of view; 

therefore, the beginning of the line source was defined as the edge of the field of view 

nearest to where the cylinder was mounted to the stepping motor.  

Multiple line source phantom. The multiple line source phantom contains 54 line sources, 

in free air, at 4 mm distances from each other. Line sources, 6 cm long with 0.2 mm 

inner diameter, were filled with 1502 MBq/mL 99mTc-pertechnetate. A SPECT 

acquisition was made (100 projections; 128 x 128; 45 sec per projection; ROR 33 mm) to 

test the resolution at different locations and to check for distortion artifacts. FWHM 

values were calculated using 1-pixel wide line profiles. 

Flood source phantom. The flood source phantom is a cylinder, 6.8 cm long and 2.4 cm 

inner diameter. The cylinder was filled with 3.3 MBq/mL 99mTc-pertechnetate. The 

SPECT acquisition (50 projections; 64 x 64; 15 sec per projection; ROR 33 mm) was 

reconstructed using a Butterworth post-reconstruction filter (7.8 cycles per cm; order 5). 

Using this ROR of 33 mm, only 3.8 cm of the 6.8 cm long cylinder was in the field of 

view. SPECT uniformity after reconstruction was only assessed visually and not 

quantified because it depends on count statistics, matrix size and post reconstruction 

filter.6  

Cold spot phantom. The cold spot phantom is a cylinder, 6.8 cm long and 3.7 cm inner 

diameter, containing 6 different perspex inserts, of respectively 2-, 3-, 4-, 5-, 6-, and  

7-mm diameter. The cylinder was filled with 21.5 MBq/mL 99mTc-pertechnetate. SPECT 
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acquisition (125 projections; 128 x 128; 20 sec per projection; ROR 38 mm) was 

reconstructed with a Butterworth post-reconstruction filter (9.9 cycles per cm; order 5). 

Sensitivity measurements. Sensitivity of the pinhole SPECT system was measured with the 

1- and 2-mm pinhole inserts. A point source of 7.9 MBq 99mTc-pertechnetate was imaged 

at several distances from the pinhole aperture. 

 
Animal studies 

Feasibility studies were performed with two different animals and radionuclides. The 

animals participated in ongoing trials using planar scintigraphy and ex vivo counting. A 

rat was imaged 2 h after injection of 74 MBq 123I-FP-CIT (Amersham Health). 123I-FP-

CIT binds to dopamine transporters, which are specifically localized in the membrane of 

the dopaminergic terminals in the striatum. Region of interest (ROI) analysis was used to 

obtain the uptake ratio between striatum and cerebellum (a brain region devoid of 

dopamine transporters). In addition, a hamster was imaged 1 h after injection of 40 MBq 
123I-MIBG (Amersham Health). 123I-MIBG is bound by the amine uptake mechanism in 

the cell membrane of cathecholaminergic cells in the myocardium. The rat and the 

hamster were anesthetized before they were pulled tightly into the matching cylinder, 

such that rotation did not induce movement. A SPECT acquisition (50 projections;  

64 x 64; 30 sec per projection) was made of each animal. For the rat study a ROR of  

45 mm was used; for the hamster study a ROR of 33 mm was used. For both studies a 

Butterworth postreconstruction filter (4.7 cycles per cm; order 5) was applied. 

 

 

Results 

 
Phantom studies 

Calibration phantom. The measured FWHM spatial resolution of a single projection at 

the beginning, middle, and end of the line source was 1.10, 1.10 and 1.11 mm, 

respectively. The measured FWHM spatial resolution of all summed projections at the 

beginning, middle, and end of the line source was 1.09, 1.11 and 1.10 mm, respectively. 
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Figure 2.  Transverse slice of multiple line source phantom 

The multiple-line source phantom contains 54 line sources at 4 mm (◄-►) distances from each 

other.  Line sources, 6 cm long with 0.2 mm inner diameter, were filled with 1502 MBq 99mTc-

pertechnetate per mL. On a transverse slice of the multiple line source phantom, at the center of 

the pinhole, it can be seen that distortion artifacts did not influence the result. 

 

 

Figure 3.  Spatial resolution of center line source  

To test whether the resolution was uniform over the axial direction of the line source phantom, 

spatial resolution (FWHM) was measured at 20 positions of a line source in the center of the cylinder. 

Axial distance 0 equals center of pinhole. The average FWHM ± SD was 1.38 ± 0.14 mm. 
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Figure 4.  Flood source profiles 

Transverse (top) and coronal (bottom) slice of a flood source phantom, with corresponding 

activity profiles. No nonuniformity artifacts were seen on the reconstruction slices. 

 

 

 

 

 

Figure 5.  Transverse slice of cold spot phantom 

On the transverse reconstruction of the cold spot phantom all cold spots of 2 mm or more are 

clearly visible. 

 



Pinhole SPECT using a rotating animal 

207 

 

 

 

 

 

Figure 6.  Sensitivity of pinhole SPECT 

Sensitivity of the pinhole SPECT equipment plotted against the square of the ratio between 

aperture and distance. There is a linear relationship between sensitivity and the ratio of pinhole 

aperture and distance to the pinhole aperture. 

 

Table 1.  Results of sensitivity measurements  

Pinhole 
aperture (mm) 

Distance (mm) 
 
 

Sensitivity (cps/MBq) 

2 16.2 13.1 
2 11.2 22.4 
2 6.2 63.7 
2 3.7 168.8 
2 2.7 305.9 
2 1.7 735.4 
1 16.1 6.8 
1 11.1 8.9 
1 6.1 20.3 
1 3.6 48.5 
1 2.6 87.8 
1 1.6 216.1 
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Multiple line source phantom. A transverse slice of the multiple line source phantom, at 

the center of the pinhole, is shown in Figure 2. It can be seen that distortion artifacts did 

not influence the result. To quantify this observation, we measured FWHM spatial 

resolution in tangential and radial directions for the 16 line sources in 1 quadrant. The 

average FWHM ± SD for the tangential direction was 1.31 ± 0.14 mm and that for the 

radial direction was 1.32 ± 0.08 mm. To test whether the resolution was uniform over 

the axial direction, the FWHM spatial resolution was measured at 20 positions of a line 

source in the center of the cylinder. Figure 3 shows the results of these FWHM 

measurements, where the average FWHM spatial resolution of all described 

measurements were 1.34 ± 0.13 mm. 

Flood source phantom. No non-uniformity artifacts were seen on the transverse and 

coronal reconstruction slices of the flood source phantom, as shown in Figure 4.  

Cold spot phantom. From the transverse reconstruction of the cold spot phantom, all 

cold spots with a diameter of more than 2 mm were clearly visible (Fig. 5).  

Sensitivity measurements. Table 1 shows the results of the sensitivity measurements. The 

linear relationship between sensitivity and the square of the ratio between pinhole 

aperture and distance is shown in Figure 6. 

 
Animal Studies 

The rat and hamster fitted tightly in the matching cylinder; no movement of the 

animal was seen during acquisition. A transverse slice of the 123I-FP-CIT rat-brain study 

is shown in Figure 7. The resolution and contrast of measured uptake in striatum versus 

background in surrounding tissue show the feasibility for in vivo quantification of the 

pinhole SPECT system for this type of study. The measured uptake ratios for left and 

right striatum compared to cerebellum were 3.47 and 3.32, respectively. Figure 8 shows 

transverse, coronal, and sagittal slices of the 123I-MIBG hamster study. The left as well as 

the right myocardial ventricle is clearly visualized. Figure 8 does not show artifacts or a 

significant loss in image quality that could be induced by internal motion of the 

myocardium. 
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Figure 7.  Rat brain study 

Transverse slice of a 123I-FP-CIT rat brain study at the level of the striatum. The resolution and 

contrast of measured uptake in striatum versus background in surrounding tissue show the 

feasibility for in-vivo quantification of the pinhole SPECT system for this type of study. 
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Figure 8.  Hamster cardiac study 

Transverse (T), coronal (C), and sagittal (S) slices of the 123I-MIBG hamster study. The left as 

well as the right myocardial ventricle is clearly visualized. The study does not demonstrate 

artifacts or a significant loss in image quality that could be induced by internal motion of the 

myocardium. 
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Discussion 

 

Developments in clinical research, such as gene therapy, have resulted in an increased 

interest for in vivo imaging of small animals. Dedicated systems for imaging small 

animals have been designed for some imaging modalities such as MRI, CT and PET.7-11 

However, SPECT is an essential modality because it offers the possibility to imaging 

radioligands with specific receptor binding. An advantage of pinhole SPECT is that a 

general-purpose camera can be used for ultra-high resolution experiments for in vivo 

quantification with small animals. One of the problems of pinhole SPECT for imaging 

small animals is that slight mechanical shifts or instabilities of only 1 mm cause severe 

distortion artifacts.4 Reconstruction methods that correct for an angular independent 

mechanical shift have been presented in the past.4 However, using such a correction 

method implies that all misalignments are known precisely and behave exactly like the 

theoretical model. For instance, the proposed method of Li et al.4 will not correct for an 

angular dependent mechanical shift. In other words, correction methods can only 

partially solve this problem. Therefore we designed a small-animal pinhole SPECT 

system in which the instabilities are minimized. The basic concept of the original idea, in 

which the animal rotates instead of the camera head, was presented earlier.12 By using a 

line source in the middle of the cylinder we proved that, during rotation, the midline of 

the rotating cylinder stays at exactly the same location: the FWHM spatial resolution of 

the summed projections of the line-source was equal to the FWHM of a single 

projection. This validation was required to ensure that the transformation of the 

acquisition study to a conventional pinhole SPECT study, with rotating gantry, would 

not cause distortion artifacts. 

According to a calculation based on geometrical considerations, the theoretical 

optimal resolution to be achieved with a 1 mm insert equals about 1.2 mm.13 Using a 

multiple line source phantom we measured a resolution of 1.34 mm. This is a substantial 

improvement compared to the resolution of 1.65 mm measured by Ishizu et al with a 

conventional dedicated 4-headed pinhole SPECT system.14 More important, our system 

did not show any distortion in image linearity. Even in the peripheral area of the 

reconstructed image the radial spatial resolution equals the tangential spatial resolution. 
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Furthermore, we showed that the spatial resolution was consistent in an axial field of 

view up to at least 3 cm. The flood source phantom experiment showed that the 

sensitivity of the system is uniform in the axial as well as in the transaxial directions, 

which is an essential feature for quantification. The experiment with the cold spot 

phantom showed that the system is capable of detecting cold spots with a diameter of  

2 mm.  

The sensitivity of our pinhole SPECT system was proven to behave exactly like the 

theoretical formula: A linear relationship exists between sensitivity and the square of the 

ratio between the pinhole aperture diameter and the distance between object and pinhole 

aperture.15 In contrast to some dedicated pinhole SPECT systems, we are entirely free to 

adjust the ROR. For example, we chose a ROR of 25 mm for mice experiments, whereas 

Ishizu et al. were limited to a minimum ROR of 40 mm.14 In other words, the decrease in 

sensitivity of having a single head system instead of a multi headed system will be 

balanced partly by the fact that we can use a smaller ROR. Unfortunately, sensitivity will 

continue to be a limiting factor for using pinhole SPECT for dynamic SPECT studies. 

Therefore, it might be essential to sacrifice spatial resolution for an increased sensitivity 

by using an insert with a larger aperture. 

The feasibility of our pinhole SPECT system was studied with a rat and hamster 

experiment using 123I-FP-CIT and 123I-MIBG as radioligands. This preliminary study 

showed that the system is easy to use and that the animals were easily pulled tightly in the 

cylinder such that rotation did not cause motion of the animal. Furthermore, the result of 

the myocardial uptake study showed that motion of internal organs, such as the 

myocardium, induced by rotation did not influence the image quality.  

Several improvements to our rotating animal pinhole SPECT concept might be 

considered. We chose a horizontal positioning of the cylinder, because it enabled a stable 

and consistent mounting of the mechanical support, with the rotating cylinder, onto the 

collimated camera head. This implied that we had to exclude any motion of the animal or 

internal organs induced by the rotation. However, other groups that plan to use the 

principle of a rotating object for pinhole SPECT, might consider a vertical positioning of 

the cylinder. Furthermore, we arbitrarily adopted a stepping motor with 500 steps per 

rotation, which limited us to 50, 100, or 125 projections per rotation, whereas a stepping 
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motor of 360 steps per rotation would bring the number of projections per rotation to 

the more commonly used 60 or 120. In this study, filtered back projection was used for 

reconstruction. However, iterative reconstruction has been implemented for pinhole 

SPECT and has been shown to significantly improve image quality and resolution.16  

 

  

Conclusion 

 

The concept of pinhole SPECT using a rotating object and a fixed collimated camera-

head is technically feasible and enables SPECT imaging in small animals. Using this 

procedure, we circumvent the problem of mechanical shift and unknown instabilities in a 

practical, easy-to-use and low-cost environment. Therefore, pinhole SPECT may be used 

more extensively for the assessment of in vivo uptake of radioligands in small animals 

and may replace many in vitro experiments. 

 

 
References 

 

1.    Booij J, Andringa G, Rijks LJ, et al.  123I-FP-CIT binds to the dopamine 
transporter as assessed by biodistribution studies in rats and SPECT studies in 
MPTP-lesioned monkeys. Synapse 1997; 27: 183-190. 

2.    Rijks LJ, Booij J, Doornbos T, et al.  In vitro and in vivo characterization of 
newly developed iodinated 1-[2-[bis(4-fluorophenyl)methoxy]ethyl]piperazine 
derivatives in rats: limited value as dopamine transporter SPECT ligands. Synapse 
1996; 23: 201-207. 

3.    Vermeulen RJ, Drukarch B, Verhoeff NP, et al.  No direct correlation between 
behaviorally active doses of the dopamine D2 agonist LY 171555 and 
displacement of 123I-IBZM as measured with SPECT in MPTP monkeys. Synapse 
1994; 17: 115-124. 

4.    Li J, Jaszczak RJ, Greer KL, et al.  A filtered backprojection algorithm for pinhole 
SPECT with a displaced centre of rotation. Phys Med Biol 1994; 39: 165-176. 

5.    Feldkamp LA, Davis LC, Kress JW.  Practical cone-beam algorithm. J Opt Soc Am 
1984; 1: 612-619. 



Chapter 11 

214 

6.    Performance measurements of scintillation cameras. In: Standards publication NU-
1-1994λ. Washington DC: National Electronic Manufacturers Association, 1994.  

7.    Ziegler SI, Pichler BJ, Boening G, et al.  A prototype high-resolution animal 
positron tomograph with avalanche photodiode arrays and LSO crystals. Eur J 
Nucl Med 2001; 28: 136-143. 

8.    Paulus MJ, Gleason SS, Kennel SJ, et al.  High resolution X-ray computed 
tomography: an emerging tool for small animal cancer research. Neoplasia 2000; 2: 
62-70. 

9.    Guzman R, Lovblad KO, Meyer M, et al.  Imaging the rat brain on a 1.5 T 
clinical MR-scanner. J Neurosci Methods 2000; 97: 77-85. 

10.    Chatziioannou AF, Cherry SR, Shao Y, et al.  Performance evaluation of 
microPET: a high-resolution lutetium oxyorthosilicate PET scanner for animal 
imaging. J Nucl Med 1999; 40: 1164-1175. 

11.    Weber S, Terstegge A, Herzog H, et al.  The design of an animal PET: flexible 
geometry for achieving optimal spatial resolution or high sensitivity. IEEE Trans 
Med Imaging 1997; 16: 684-689. 

12.    Habraken JB, De Bruin K, Maripuu E.  High resolution pinhole SPECT using a 
small rotating animal. Eur J Nucl Med 1999; 26: 1018 (Abstract). 

13.    Weber DA, Ivanovic M.  Pinhole SPECT: ultra-high resolution imaging for small 
animal studies. J Nucl Med 1995; 36: 2287-2289. 

14.    Ishizu K, Mukai T, Yonekura Y, et al.  Ultra-high resolution SPECT system using 
four pinhole collimators for small animal studies. J Nucl Med 1995; 36: 2282-2287. 

15.    Weber DA, Ivanovic M, Franceschi D, et al.  Pinhole SPECT: an approach to in 
vivo high resolution SPECT imaging in small laboratory animals. J Nucl Med 
1994; 35: 342-348. 

16.    Vanhove C, Defrise M, Franken PR, et al.  Interest of the ordered subsets 
expectation maximization (OS-EM) algorithm in pinhole single-photon emission 
tomography reconstruction: a phantom study. Eur J Nucl Med 2000; 27: 140-146. 

 

 



 

 
   Roelof Bennink1, Bibi van Montfrans2, Wouter de Jonge2, Kora de Bruin1,  

Sander van Deventer2, Anje te Velde2 

 
Departments of 1Nuclear Medicine, 2Experimental Internal Medicine  

and 3Gastroenterology &Hepatology  

(Academic Medical Center, Amsterdam, The Netherlands) 

 
Nucl Med Biol 2004; 31: 93-101 

 

 

 

 

 

Chapter 12 
 

 

 

Imaging of intestinal lymphocyte homing 

with a dedicated animal pinhole SPECT  

in a TNBS colitis mouse model 
 

 

 

 

 

 
 



Chapter 12 

216 

Abstract 

 

The increasing knowledge of the molecular basis of leukocyte trafficking results in the 

development of novel anti-inflammatory strategies for inflammatory bowel disease 

(IBD). For optimal evaluation of therapy efficacy, information about inflammatory 

activity in bowel segments or lymphocyte recirculation and kinetics in the follow-up of 

experimental treatment for IBD is needed. The aim of this study was to evaluate a 

noninvasive scintigraphic technique, able to assess lymphocyte trafficking in a 

trinitrobenzene sulfonic acid (TNBS) induced mouse colitis model of IBD. 

Methods. TNBS sensitized and nonsensitized murine total splenocytes were labeled in 

vitro with 111In-oxine and injected into either control or TNBS colitis BALB/c mice. 

Biodistribution and specific radioactive uptake, representing transferred cells, were 

determined by serial dedicated animal planar scintigraphy and pinhole SPECT of the 

abdomen 4, 24 and 48 h post injection of labeled cells. In addition, the severity of 

inflammation was determined by histological scoring. 

Results. Migration of 111In labeled splenocytes to the colon increased in time and was 

maximal at 48 h after administration.  The highest specific radioactive uptake ratio in the 

colon after 48 h was observed in mice with TNBS colitis that received TNBS sensitized 

lymphocytes.  Histological scoring confirmed the presence of colitis in the TNBS treated 

groups. 

Conclusion. Homing of TNBS-sensitized lymphocytes can be assessed in vivo by means 

of dedicated animal pinhole SPECT. Generally, this technique enables serial 

measurement of specific cell trafficking with potential of in vivo evaluation of novel anti-

inflammatory strategies in inflammatory bowel disease. 
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Introduction 

 

Ulcerative colitis (UC) and Crohn's disease (CD) are chronic inflammatory bowel 

diseases (IBD) characterized by periods of acute attacks and remission.1, 2 Although the 

initiating events of IBD are still unknown, increasing evidence indicates that mucosal 

CD4+ T cells activated by enteric bacteria initiate and perpetuate the inflammation in 

genetically susceptible individuals.3 Molecular understanding of the mechanisms that 

guide lymphocyte trafficking into the gut is rapidly increasing.4 Molecular control of 

lymphocyte trafficking in mucosal tissues under physiological and pathological conditions 

is a well-orchestrated interaction between lymphocyte receptors and corresponding 

endothelial ligands.4 In an inflammatory state, endothelial adhesion molecules are 

upregulated and lymphocytes home to their target tissue.4 Imbalance of the 

immunomodulating mechanisms can result into a chronic nonspecific inflammation in 

IBD where a down-regulated response would be appropriate.5 Aberrant (excessive or 

inappropriate) homing of these cells to mucosal sites is believed to be a central element 

in the pathogenesis of IBD.4 This knowledge has fuelled enthusiasm for the development 

of novel anti-inflammatory strategies, by blunting the multistep lymphocyte adhesion 

cascade.4 To this end, designer drugs for IBD are created and subsequently tested in 

animal models for clinical potential. However, these animals are expensive and large 

numbers can be required. 

A noninvasive technique, able to assess inflammatory activity in bowel segments or 

lymphocyte recirculation and kinetics in the follow-up of experimental treatment for 

IBD, would not only benefit longitudinal studies, but also reduce the number of animals 

required to test.6 Radioactive labeled purified lymphocytes have been shown to allow 

study of inflammatory activity, short-term lymphocyte recirculation kinetics and homing.7 
111In-oxine is the most appropriate reagent for radiolabeling lymphocytes for in-vivo 

distribution studies.8 The 2,4,6-trinitrobenzene sulfonic acid (TNBS) model of colitis is 

characterized by a T helper 1 (TH1) cell mediated transmural colitis and resembles human 

Crohn’s disease in regard to many features, both on a histological and immunological 

level.9 The immunological active portion of TNBS, the trinitrophenyl moiety, attaches to 
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Table 1.  Mean uptake ratio 48 h postinjection of 25 MBq 111In-oxine labeled 

lymphocytes in the 4 groups 

Group Donor Recipient n Mean Visual 
uptake 
 

Mean uptake 
ratio 

A NaCl NaCl 5 2.0 ± 0 0.29 ± 0.025 
B TNBS NaCl 5 1.2 ± 0.64 0.22 ± 0.035 
C NaCl TNBS 5 0.2 ± 0.32 0.22 ± 0.036 
D TNBS TNBS 6 2.7 ± 0.44 * 0.51 ± 0.033 * 

* P < 0.01 
 

 

autologous colon proteins, which are presented via the major histocompatibility complex 

(MHC) class II on antigen presenting cells to TH1 cells.10 The TNBS sensitized cells 

acquire an effector/memory phenotype and preferentially migrate to the tissues with high 

exposure of the inciting antigen.11 Dedicated pinhole single photon emission computed 

tomography (SPECT) cameras have been shown to be able to image radioactivity 

distribution in vivo in small animals with a spatial resolution on the order of a few  

mm.12, 13 

Therefore, the aim of this study was to construct and validate an animal model for 

IBD, in which intestinal lymphocyte homing can be monitored noninvasively in vivo by 

means of pinhole SPECT. Our results indicate that lymphocyte homing can be assessed 

in vivo by means of dedicated animal pinhole SPECT using a technique that enables 

serial measurement of specific cell trafficking in TNBS colitis. This technique provides 

temporal insight in the disease process, and yields potential of in vivo evaluation of novel 

anti-inflammatory strategies in IBD. 
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Materials and Methods 

 
Study design 

All animal experiments were performed with approval of the Animal Research Ethics 

Committee of the University of Amsterdam and following its guidelines. Female 

BALB/c mice were purchased from Charles River and maintained under standard 

conditions at our animal care facility. Mice were used at 8 to 10 wk of age. The 

experiments were planned in 3 steps.  

The first experiment was conducted to evaluate the biodistribution of labeled 

activated lymphocytes in function of time in vivo in a TNBS BALB/c mouse.   

The second experiment was conducted to determine the optimal moment of 

investigation after injection of labeled TNBS-sensitized donor lymphocytes in 5 TNBS 

BALB/c recipient mice.   

The third study was the actual experiment comparing homing characteristics of 

labeled TNBS-sensitized and non-sensitized splenic lymphocytes in TNBS colitis or 

control mice (Table 1). Twelve donor and 14 recipient TNBS mice and 10 donor and  

10 recipient control mice were used. TNBS and control donor mice were sacrificed and 

harvested lymphocytes were pooled per donor type and labeled subsequently. The 

experiment was divided in 4 subsets (Table 1). Control recipient mice (n = 10) were 

randomly assigned to group A (n = 5) and B (n = 5). Surviving TNBS recipient mice  

(n = 11) were randomly assigned to group C (n = 5) and D (n = 6). 

 
TNBS colitis mouse model 

Colitis is induced by rectal administration of 0.5 - 2 mg TNBS (Sigma Chemical Co.) 

dissolved in 40% ethanol (Merck), using a vinyl catheter that is positioned 3 cm from the 

anus, as described previously.14, 15 Control mice undergo identical procedures, but are 

instilled with saline (NaCl 0.9%). Donor mice, used for production of sensitized or 

nonsensitized lymphocytes, receive 1 dose of TNBS or saline and are sacrificed after 7 d. 

Recipient mice are instilled with TNBS or saline twice, separated by a 7-day interval and 

are injected with labeled donor lymphocytes within 24 h following the second TNBS or 

saline administration. There is a 30% mortality rate in TNBS treated animals due to 
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inflammatory colon perforation, or very severe colitis or toxicity, because the dose of 

TNBS needed to induce colitis is very close to the ED50.9 

 
Lymphocyte labeling 

BALB/c spleen cells from either saline controls or TNBS treated donor mice were 

used as source for radioactive labeling and transfer. Briefly, spleen cell suspensions were 

prepared using filter cell strainers (Becton Dickinson) and red cell lysis. The phenotype 

of isolated spleen cells was analyzed on a FACS flow cytometer (Becton Dickinson). The 

population predominantly consisted of CD4+, CD8+ and B-cells. Freshly prepared  
111In-oxine (1.4 MBq/40 µCi; Mallinckrodt) was added for each 1 x 106 cells, and 

incubated for 30 min at room temperature. Cells were washed and labeling efficiency was 

determined in a gamma counter and expressed as percentage of cell bound radioactivity. 

Equal numbers of cells (approximately 25 x 106 cells with 25 MBq (0.68 mCi) in 0.2 mL 

per mouse) were injected intravenously (iv) in the tail vein of randomly assigned recipient 

mice on day 7. 

 
Camera design 

For imaging small laboratory animals, a high-resolution pinhole SPECT technique was 

used, as described recently.13 Briefly, we used a mechanism in which the gantry (Philips 

ARC 3000) and the collimator are fixed and the animal rotates. The animal is fixed in a 

perspex cylinder, mounted on a stepping-motor driven system and positioned exactly 

above the pinhole collimator of a gamma camera. The stepping motor was controlled by 

a NUD (Nuclear Diagnostics) Hermes acquisition and processing system. After acquiring 

each projection, a signal was given to rotate the stepping motor with the desired number 

of angular degrees. The system allows adjustment of the radius of rotation, and an 

adjustment along the axis of the cylinder to select the field-of-view. The mechanical 

support was designed such that the midline of the cylinder is exactly in the middle of the 

pinhole. The SPECT acquisition can thus be regarded as a conventional circular orbit 

acquisition with a rotating camera head. 
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Scintigraphy and interpretation 

A Philips ARC3000 scintillation camera was used with a circular field-of-view 

diameter of 400 mm. The pinhole collimator has a diameter of 300 mm and an opening 

angle of 60°. A tungsten pinhole insert of 3-mm aperture was used. All studies were 

acquired with a 15% energy window on the 111In 171 and 245 keV photo peak. A Hermes 

workstation (Nuclear Diagnostics) was used to control both the camera and stepping 

motor. For injection and scintigraphy, animals were sedated with fentanyl  

(0.375 µg/g mouse) / fluanisone (12 µg/g mouse) (Hypnorm; Janssen Pharmaceutica) 

and midazolam (6 µg/g mouse) (Roche). 

Planar pinhole scintigraphy (5 min, matrix 128x128) of the abdomen in anterior view 

was performed immediately after injection of cells up to 24 h in the first experiment. The 

SPECT acquisition was performed 4, 24 or 48 h after intravenous injection of 

lymphocytes (Fig. 1). Fifty projections (matrix 64x64) were made in a 360° orbit. The 

acquisition time per projection varied from 25 sec (4 and 24 h postinjection of labeled 

cells) to 60 sec (48 h postinjection of labeled cells). SPECT reconstruction was 

performed using a Hermes application program adapted to pinhole SPECT, using filtered 

back projection.13 A Butterworth postreconstruction filter (order 5, 0.8 cycles per cm) 

was applied. 

Two experienced nuclear medicine physicians interpreted the images and scored colon 

uptake on transversal slices in consensus. The uptake was scored as (0) no uptake,  

(1) equivocal uptake, (2) positive uptake, (3) manifest uptake. The bone marrow uptake 

was found to be equally dependant on the amount of label injected. Specific uptake is 

defined as uptake of sensitized donor splenocytes in the colon of TNBS colitis recipient 

mice. To determine the uptake ratio 5 consecutive transverse slices with the highest 

colon uptake of each mouse were selected and added. Regions of interest (ROI) were 

drawn around the colon, pelvic bone marrow and abdominal background adjacent to the 

colon. The colon uptake ratio corrected for background activity was calculated for each 

mouse normalized to the bone marrow uptake in the pelvis, representing aspecific cell 

migration. 
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Figure 1.  Pinhole SPECT gantry  

Pinhole SPECT gantry with a mouse inserted in a perspex cylinder rotating above a gamma 

camera fitted with a pinhole collimator (P) facing up. 

 

 

After scintigraphy, the animals were sacrificed by means of cervical dislocation and 

colons were removed through a midline incision. Isolated colons were rinsed with saline 

for planar pinhole scintigraphy (1 min, matrix 128 x 128), and processed further for 

histology.  

 
Assessment of inflammation 

The wet weight of the distal 6 cm of the colon was used as an index of disease-related 

intestinal wall thickening. Microscopic evaluation was performed in a blinded fashion on 

formalin fixed tissue sections stained with haematoxylin and eosin by an experienced 

pathologist. Two sections of rolled colon were evaluated, and grading from 0 to 20 

points represents the incidence and severity of inflammatory lesions based on extent of 
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the involved area, edema, fibrosis, erosion/ulceration, crypt loss and infiltration of 

mononuclear or polymorphonuclear cells.15 The total score ranges from 0 (normal colon) 

to a maximum of 20 points (most severe inflammation). 

  
Statistical analysis 

Differences between 2 groups were analyzed by the nonparametric Mann-Whitney U 

test. Differences between several independent groups were analyzed by the 

nonparametric Kruskal-Wallis test. Results are expressed as the mean ± SEM. All 

statistical tests were 2-tailed and differences were evaluated at the 5% level of 

significance. 

 

 

Results 

 

Labeling efficiency of lymphocytes was good and ranged between 60 and 80%. The 

first experiment was performed to assess the biodistribution of labeled splenic donor 

lymphocytes (isolated from a TNBS colitis donor mouse) after injection of labeled cells 

in a tail vein of a TNBS colitis acceptor mouse. Figure 2 shows images of planar pinhole 

scintigraphy at various time points. After injection, 111In-labelled lymphocytes were 

trapped in the lungs for a few h before migration to the liver and spleen. After 24 h there 

was no activity anymore in the lungs and visible uptake in the liver and spleen. Pinhole-

SPECT of the abdomen shows abdominal uptake (Fig. 2). 
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Figure 2.  Planar and pinhole SPECT images of the biodistribution study (exp. 1) 

First experiment. Top rows: Anterior 5 min planar pinhole images 10 min – 24 h after injection 

of 25 MBq 111In-oxine labeled lymphocytes. After injection lymphocytes remain for a short period 

in the lungs (Lu) before migrating to the liver (Li) and spleen (Spl). The mouse body contour is 

outlined on the image 2 h pi. Bottom row: Transverse, coronal and sagittal SPECT slices of the 

same mouse 24 h after injection showing abdominal tracer uptake (arrow) among physiologic 

uptake in bone marrow of pelvis (p) and limbs (b). 
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Figure 3.  Transverse pinhole SPECT slices (exp. 2) 

Transverse pinhole SPECT slices of the pelvic region of 3 different TNBS colitis recipient mice 

(A, B and C) at 4, 24 and 48h postinjection of 25 MBq 111In-oxine labeled lymphocytes.  The 

mouse body contour is outlined on the 4h image (C). The abdomen (Ab) and limbs (L) are 

identified. Clear bone marrow uptake is visible in the pelvis and limbs. In the abdomen increasing 

colon uptake is visible (arrow). On planar pinhole scintigraphy of corresponding colon resection 

specimen tracer uptake is visible in every mouse. 
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Figure 4.  Transverse pinhole SPECT slices and planar ex-vivo scintigraphy (exp. 3) 

Representative transverse pinhole SPECT slices of the pelvic region of group  

A (NaCl donor/NaCl recipient), B (TNBS donor/NaCl recipient), C (NaCl donor/TNBS 

recipient) and D (TNBS donor/TNBS recipient) 4, 24 and 48 h postinjection of 25 MBq 111In-

oxine labeled lymphocytes. The mouse body contour is outlined on the 4 h image (D). The 

abdomen (Ab) and limbs (L) are identified. Planar pinhole scintigraphy of corresponding colon 

resection specimen are displayed on the right panel. Clear specific colon uptake is visible in  

group D (arrow), confirmed by a positive resection specimen. 
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Figure 5.  Box plots of labeled lymphocyte colon uptake ratio (exp. 3) 

Box plots of background corrected colon to bone marrow uptake ratio 48 h postinjection of  

25 MBq 111In-oxine labeled lymphocytes (donor/recipient). There was a significant higher  

(*P < 0.01) uptake ratio on transverse SPECT slices of sensitized lymphocytes in TNBS colitis 

recipient mice (group D) as compared with the negative control group A. There was a significant 

higher (*P < 0.01) uptake ratio (group D) of sensitized (TNBS) lymphocytes as compared to 

nonsensitized (NaCl) lymphocytes (group C) in TNBS colitis recipient mice, indicating sensitivity. 

There was a significant higher (*P < 0.01) uptake ratio (group D) of sensitized (TNBS) 

lymphocytes in TNBS colitis recipient mice as compared with healthy control saline recipient 

mice (group B), indicating specificity. There is no significant difference between aspecific uptake 

in TNBS colitis mice (group C) and nonsensitized or sensitized lymphocyte uptake in healthy 

control mice (group A and B). 
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Figure 6.  Colon uptake ratio in function of time (exp. 3) 

Mean and SEM values of background corrected colon to bone marrow uptake ratio 4, 24 and  

48 h postinjection of 25 MBq 111In-oxine labeled lymphocytes in TNBS colitis recipient mice.  

There is increasing uptake of sensitized lymphocytes with highest difference (P < 0.05) between 

specific (TNBS donor and TNBS recipient) and aspecific (TNBS donor and healthy (NaCl) 

recipient) uptake at 48 h postinjection. 

 

 

The second experiment was performed to assess the feasibility of pinhole SPECT 

scintigraphy and determination of colon uptake in TNBS colitis mice. All donor mice 

survived induction. Three of 5 TNBS colitis recipient mice survived colitis induction. 

Figure 3 shows transverse pinhole SPECT images of 3 TNBS-colitis recipient mice at 

different time points after injection of labeled lymphocytes. There was increasing uptake 

of label in the colon in function of time.  Planar pinhole scintigraphy performed on colon 

resection specimen showed clear uptake (Fig. 3). The uptake ratio in the colon increased 

over time and was maximal at 48 h post injection of labeled cells (median 0.67,  

range 0.50 – 0.92 at 48 h pi, P < 0.05). 
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Figure 7.  TNBS sensitized lymphocytes exacerbate colitis  

TNBS or saline control mice were transferred with TNBS sensitized or nonsensitized  
111In labeled lymphocytes as indicated (donor-acceptor). The weight of the last 6 cm of the colon 

was determined upon sacrifice after SPECT. The TNBS-TNBS mice had significantly higher colon 

weights than the other mice. Data represent mean ± SEM. Overall comparison P = 0.0015, 

individual comparison between TNBS-TNBS group and three other groups **P < 0.05. 

 

 

The final experiment was performed to confirm the observations of the first and 

second experiment and to assess specificity of uptake in TNBS colitis mice. 

Representative transverse pinhole SPECT slices of every group on several time points 

after injection of labeled cells are shown in Figure 4. The highest visible uptake was 

detected in colitis mice injected with sensitized lymphocytes. Planar pinhole scintigraphy 

performed on cleaned colon resection specimen showed clear uptake in colitis mice 

injected with sensitized lymphocytes, and no or minimal uptake in control groups  

(Fig. 4). Group B (TNBS donor/NaCl recipient) and C (NaCl donor/TNBS recipient) 

showed decreased lymphocyte redistribution with cells remaining predominantly in liver 

and spleen. There was a significant higher mean visual uptake (P < 0.01) on transverse 

SPECT slices in TNBS colitis recipient mice injected with sensitized lymphocytes  

(group D, 2.7 ± 0.40) as compared with control groups A (2.0 ± 0), B (1.2 ± 0.64)  

and C (0.2 ± 0.32). 
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Figure 8.  TNBS sensitized lymphocytes exacerbate colitis 

The extent of mucosal inflammation was graded (see materials and methods) and the mean total 

histological scores per group (donor-acceptor) are shown. The photos (A) NaCl-NaCl mouse 

and (B) TNBS-NaCl mouse show normal colon architecture with a small number of leukocytes 

in the mucosa. (C) NaCl-TNBS mouse with inflammation (significantly less severe than in D), 

consisting of edema and influx of inflammatory cells, but ulcerations and fibrosis are absent.  

(D) TNBS-TNBS mouse with severe colitis characterized by edema, an extensive influx of 

inflammatory cells, ulcerations, crypt loss and fibrosis.  

 

 

There was a significant higher uptake ratio (P < 0.01) of sensitized (TNBS) lymphocytes 

in TNBS colitis recipient mice (group D) as compared with control groups A, B and C. 

There was no significant difference in uptake ratio between healthy recipient mice 

injected with nonsensitized (group A) or sensitized (group B) lymphocytes and TNBS 

colitis recipient mice (group C) injected with nonsensitized lymphocytes (Fig. 5). The 

highest difference between specific and aspecific uptake (P < 0.05) was achieved at 48 h 

postinjection of labeled cells (Fig. 6).  
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Figure 9.  Colon uptake ratio correlated with parameters of colitis 

Mice with TNBS colitis were transferred with TNBS sensitized or nonsensitized 111In labeled 

lymphocytes. Each symbol represents an individual mouse. (A) Significant correlation between 

histology (x-axis) and colon uptake ratio (y-axis) (P < 0.001). Correlation coefficient r = 0.933. 

(B) Significant correlation between colon weight (x-axis) and colon uptake ratio (y-axis)  

(P < 0.001). Correlation coefficient r  = 0.836. 

 

 

The weight of the last 6 cm of the colon was determined upon sacrifice at d 9. The 

colon weight of mice with TNBS colitis that received sensitized lymphocytes  

(238 ± 24 mg) was significantly higher than the weights of mice that received 

nonsensitized lymphocytes (162 ± 19 mg, P = 0.028) and saline mice that received 

sensitized lymphocytes (114 ± 5 mg, P = 0.006) or nonsensitized lymphocytes  

(101 ± 5 mg, P = 0.006) (Fig. 7). 

All TNBS recipient mice (group C and D) had a more severe colitis upon histological 

evaluation compared with control mice (mean histological score 9.6 ± 2.2 and 0, 

respectively). TNBS treated mice that received sensitized lymphocytes had a more severe 

colitis upon histological evaluation compared with TNBS treated mice receiving 

nonsensitized cells (mean histological score 12 ± 0.4 and 7 ± 0.8, respectively,  

P < 0.05, Fig. 8). 

To determine whether SPECT could be used to assess disease activity in vivo, we 

performed a correlation analysis between the colon uptake ratios and the histological 
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scores (Fig. 9A) or the colon weights (Fig. 9B). Both the total histological scores and 

colon weights correlated with the colon uptake ratios in mice with TNBS colitis  

(for both P < 0.001). 

 

 

Discussion 

 

The data presented here show that dedicated animal pinhole SPECT scintigraphy can 

be used as a tool to study lymphocyte homing in vivo in experimental colitis. The 

biodistribution study indicates that adoptively transferred 111In-labeled lymphocytes first 

pass the lungs after iv injection, as observed by others.16 Migration of lymphocytes 

isolated from mice with TNBS colitis to the inflamed intestine could be detected 4 h 

after injection of labeled cells by visual analysis and calculation of the radioactivity uptake 

ratio. The optimal imaging time point was determined at 48 h after injection with highest 

discrimination between specific and aspecific uptake and enough remaining radioactivity 

to perform a pinhole SPECT within a reasonable (within 1 h) total acquisition time. If 

early biodistribution were to be the primary goal of the study, the relatively low signal 

and high background on images up to 24 h postreinjection of labeled cells makes pinhole 

scintigraphy less attractive. For investigational purposes, differences in lymphocyte 

kinetics between different groups of animals will have to be assessed more than 24 h 

after injection of cells. 

The type of experiment – animal model used, bulk donor splenocytes or selected 

lymphocytes – is an important determinator of the number of harvested donor cells per 

donor mouse.  A single gift of TNBS in BALB/c donor mice resulted in 20-30% 

mortality upon colitis induction before cells could be harvested. This is concordant with 

mortality described in the literature.9 Increasing the number of donor mice is a possibility 

for increasing the number of cells for labeling. However, labeled cells have to be 

reinjected intravenously in a tail vein of a recipient mouse, limiting cell suspension 

viscosity and the volume injected to max. 0.2 mL.  Alternatively, labeling efficiency can 

be increased using freshly prepared 111In with highest possible specific activity. Higher 

specific activity also minimizes the amount of intracellular chelator per MBq radioactivity 
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added to the cells. This chelator, tropolone or in our experiments oxine, has toxic effects 

independent of heavy metals or radiation.17 

Several radioactive lymphocyte labeling techniques have been described and 

compared.18-20 Recently published data showed that 111In-oxine at low activity per cell is 

the most appropriate reagent for radiolabeling T-lymphocytes for in vivo biodistribution 

studies.8 However, problems of detrimental effects of isotope labeling, induced by radio-

ionizing effects, chelate toxicity and chemical toxicity of indium or its decay product 

cadmium have fuelled controversy over the past few decades.21, 22 Besides this, the use of 

labeled lymphocytes in human studies is questioned since chromosomal aberrations in 

lymphocytes have been observed and possible induction of malignant disease can not be 

excluded.23, 24 The latter is not of much concern in experimental animal use, but 

lymphocyte survival and function after labeling is of utmost importance for experimental 

assessment of homing characteristics in vivo. 

With a labeling efficiency of 60-80%, a mean dose of 1.4 MBq (40 µCi) / 106 cells was 

required for pinhole SPECT, which is much higher than the dose used in most indium 

labeling and toxicity studies, and could affect functionality.21-23, 25 However, our results 

clearly indicate in vivo functionality of the 111In oxine labeled transferred lymphocytes 

since there was a significant higher specific uptake in inflamed colon as compared with 

noninflamed control colon in recipient mice. Specific colon uptake increases over time 

and was maximal at 48 h post injection of labeled sensitized donor cells in TNBS colitis 

recipient mice. Furthermore, 111In labeled TNBS sensitized donor lymphocytes 

exacerbated signs of intestinal inflammation as observed on histological scoring. 

Together, these data indicate that sufficient 111In labeled lymphocytes were viable and 

actively homed to the inflamed intestine and that these 111In labeled sensitized cells were 

actively involved in the pathogenesis of colitis. This may seem surprising considering 

multiple reports of detrimental effects of radiolabeling on cell viability and proliferative 

ability.21-23, 26 However, these studies mostly address in vitro proliferation as main viability 

marker. In vivo animal and human lymphocyte migration studies though have been 

successfully performed with different quantities of 111In.16, 27-29 For imaging, and more 

particularly pinhole SPECT, the minimal activity in the target organ needed, delivered by 

a limited number of lymphocyte vehicles, determines the relative higher amount of 
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radioactivity needed for labeling. Eminent cell loss due to the multifactor hostile labeling 

environment is taken into account and does not seem to hamper the investigation. In 

study and control animals, dead lymphocytes will be discarded and it is believed that free 

radiolabel is not reutilized by lymphocytes but is probably transferred to noncirculating 

cells, presumably macrophages, mainly in the liver.16, 30, 31 

The presence of lymphocytes in the colon is determined visually and semiquantitative 

by means of an uptake ratio on transverse slices. The uptake ratio of colon to bone 

marrow, corrected for background activity, eliminates variables dependent on the exact 

amount of radioactivity injected intravenously and normalizes subjects within and in-

between groups.  SPECT and planar ex vivo scintigraphy clearly demonstrate highest 

specific uptake of sensitized donor lymphocytes in colitis recipient mice. Aspecific uptake 

is to some extent due to labeling of bulk (not subtype selected) splenocytes. Although 

murine splenocytes used consisted predominantly of lymphocytes, some leukocytes are 

present. Faecal leukocyte excretion may be another confounder, explaining uptake visible 

on SPECT.32 This is supported by the lower uptake visible on planar ex vivo scintigraphy 

of rinsed colon in control groups (A, B and C). Cross-type experiments (sensitized or 

nonsensitized lymphocytes reinjected in saline or TNBS colitis recipient mice) 

demonstrate that lymphocyte homing to the colon detected with scintigraphy is specific 

and lymphocytes remain predominantly in the spleen when a specific trigger is lacking.  

The control animals were treated with saline, but not with 40% ethanol, which was 

the vehicle for dissolving TNBS. Therefore, one could argue that the control group may 

have had a less than optimal treatment. Although 40% ethanol itself could be an irritant 

producing inflammation, it is the combination of TNBS and ethanol that produces an 

hapten-induced experimental Il-12 mediated TH1 T-cell transmural colitis in susceptible 

strains of mice, which resembles human IBD.9, 10, 14 

All animals in the final experiment were injected and scanned 3 times under sedation 

without additional mortality. This illustrates the feasibility of serial investigation making 

longitudinal studies possible and giving the opportunity to use animals as their own 

controls. 

The recognition of cellular messengers, including nuclear factors, cytokines, 

chemokines and adhesion molecules offers novel targets for therapy in inflammatory 



Lymphocyte homing pinhole SPECT in mice 

235 

bowel disease.33 Anti-inflammatory strategies based on blunting the multi-step adhesion 

cascade of lymphocytes to reduce aberrant homing have been proposed.4 Most 

preclinical studies using radioisotopes have involved animal dissection and specimen 

counting, or autoradiography, since image resolution of conventional gamma camera 

techniques is less optimal for small laboratory animals. Therefore, prepharmacologic and 

postpharmacologic studies could not be made in the same animal.6  

 

  

Conclusion 

 

The ability of imaging homing characteristics of lymphocytes in TNBS colitis mice 

provides a unique model for in vivo investigation of these new strategies and will reduce 

the number of animals needed for investigation. 
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Abstract 

 

Blockade of lymphocyte recruitment to the intestinal mucosa is considered a useful 

therapy for IBD and anti-α4 antibodies have clinical benefit in patients with active 

Crohn’s disease. The aim of this study was to evaluate a noninvasive 3-dimensional 

scintigraphic technique to assess lymphocyte homing to the colon in TNBS-induced 

experimental colitis. 

Methods. TNBS sensitized and nonsensitized murine total lymphocytes or CD4+ 

lymphocytes were radioactively labeled with 111Indium (111In) oxinate. Cells were injected 

into control mice or mice with TNBS colitis. Specific abdominal radioactive uptake was 

determined by single photon emission computed tomography (SPECT) using a dedicated 

pinhole system 48 h after cell transfer. The severity of inflammation was determined by 

histological scoring of the colon. 

Results. The use of purified 111In labeled CD4+ lymphocytes resulted in a similar 

homing pattern as described in nonpurified labeled splenocytes. Administration of an 

anti-α4 antibody decreased radioactivity colon uptake of the 111In labeled cells compared 

with the control antibody in mice with TNBS colitis. 

Conclusion. Animal pinhole SPECT can be applied for temporal and spatial analysis 

of the lymphocyte homing process in experimental colitis and allows for optimal 

evaluation of therapeutic efficacy of new drugs that interfere with lymphocyte migration. 

Moreover, colon radioactivity uptake can be used as a parameter of disease activity in 

experimental colitis. 
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Introduction 

 

Under normal conditions, naïve T lymphocytes migrate randomly from blood to 

secondary lymphoid tissues for immune surveillance. When naïve T lymphocytes 

encounter an antigen in the draining lymph nodes of the gut, they differentiate into 

memory/effector cells. If such an encounter takes place in the mesenterial lymph nodes, 

migration is subsequently directed back to the intestinal mucosa.1 This process is 

controlled by the expression of different sets of adhesion molecules and chemokines.2, 3 

The integrin alpha(α)4 beta(β)7 is the principal gut-homing receptor and functions at 

several steps in the adhesion cascade by interacting with the mucosal addressin 

MAdCAM-1 present on endothelial cells.4, 5 Naïve lymphocytes express low levels of 

α4β7 but upon activation a significant amount of functionally active α4β7 appears on the 

surface.6 During intestinal inflammation, MAdCAM-1 is upregulated resulting in an 

increased influx of lymphocytes. 

In inflammatory bowel disease, increased numbers of activated CD4+ T helper 1 (TH1) 

lymphocytes, that locally produce proinflammatory cytokines, such as interferon γ  

(IFN-γ) and tumor necrosis factor α (TNF-α), mediate mucosal inflammation and tissue 

damage.7 Blockade of lymphocyte recruitment to the intestinal mucosa is considered a 

useful therapy for inflammatory bowel disease. Indeed, administration of antibodies that 

bind either the α4 integrin alone or in combination with β7 has resulted in therapeutic 

benefit in experimental colitis8-10 and in patients with active Crohn’s disease.11 In addition, 

in other models of T lymphocyte mediated disease, such as asthma and rheumatoid 

arthritis, specific chemokine or chemokine receptor antagonists have been reported to 

block cell recruitment and these targets are expected to have therapeutic effects in 

inflammatory bowel disease as well.12-15 Although these results are promising, the number 

of in vivo studies is limited. More insight into the complex migratory pathways of 

lymphocytes to the intestine and the role chemokines and their receptors play herein, is 

necessary. Several techniques have been used for imaging of lymphocyte migration, such 

as intravital fluorescence microscopy,16-18 bioluminiscence assays with luciferase 

expressing cells19 and magnetic resonance imaging of T lymphocytes loaded with 

superparamagnetic nanoparticles.20, 21 However, restrictions of these methods include 
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invasiveness, modification of donor cells for detection, or analysis of a limited number of 

anatomic sites or time points. Previous studies have shown that in vivo 2-dimensional 

planar imaging of radioactive labeled lymphocytes is a technique that allows for in vivo 

detection of lymphocytes on multiple time points in the entire body.22-24  

In the present study, we used a 3-dimensional noninvasive scintigraphic method 

(single photon emission computed tomography: SPECT) for assessment of radioactive 

labeled 111In-oxinate lymphocyte homing to the gut in 2,4,6-trinitrobenzenesulfonic acid 

(TNBS) induced experimental colitis in mice.25
 TNBS colitis is characterized by a TH1 cell 

mediated transmural colitis and resembles human Crohn’s disease.26 We performed 

SPECT analysis 48 h after injection of radioactive labeled cells, since we showed in pilot 

experiments that colon radioactivity uptake increased over time and peaked at 48 h 

postinjection.25 Furthermore, we applied this technique to study blockade of intestinal 

lymphocyte influx in TNBS colitis with an anti-α4 integrin antibody. Our results provide 

evidence that 111In labeled lymphocyte SPECT is a suitable tool to assess lymphocyte 

homing and disease activity in vivo in experimental colitis. 
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Materials and methods 

 
Mice 

All animal experiments were performed with approval of the Animal Research Ethics 

Committee of the University of Amsterdam and following its guidelines. Female 

BALB/c mice were purchased from Charles River and maintained under standard 

conditions at our animal care facility. Mice were used at 8 to 10 wk of age. 

 
Experiments 

The study was based on validation experiments, where homing characteristics of 

sensitized and nonsensitized total splenic lymphocytes in TNBS or control mice were 

assessed.25 In this study, we evaluated homing characteristics of sensitized and 

nonsensitized purified CD4+ lymphocytes in TNBS or control mice (experiment 1). 

Subsequently, we studied the ability of an anti-α4 integrin antibody to interfere with 

recruitment of sensitized CD4+ lymphocytes in TNBS-induced colitis (experiment 2). 

Induction of TNBS colitis. Colitis was induced by rectal administration of 0.5-2 mg 

TNBS (Sigma Chemical Co, St Louis, MO, USA) dissolved in 40% ethanol (Merck, 

Darmstadt, Germany), as described in chapter 13. 
111In labeling and adoptive transfer. BALB/c lymphocytes from either saline or TNBS mice 

were used as source for radioactive labeling and transfer. Briefly, lymphocyte suspensions 

from the spleen were prepared using filter cell strainers (Becton Dickinson, New Jersey, 

USA) and red cell lysis. The cells were labeled with 111In-oxine directly after CD4+ cell 

enrichment. For CD4+ cell enrichment, lymphocytes were labeled with the following rat 

anti-mouse monoclonal antibodies (mAbs): B220 (clone RA3-6B2), Mac-1 (clone 

M1/70), and CD8α (clone 53-6.7) (gift from Dr. R. Mebius, Vrije Universiteit Medical 

Center, Amsterdam, The Netherlands) and the mAb-stained cells were removed in a 

magnetic field using sheep anti-rat IgG coated magnetic beads (Dynal). CD4+ enrichment 

of total splenic lymphocytes resulted in > 60% CD4+ lymphocytes. 
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Table 1.  Experiments and SPECT uptake ratios  

Exp. Donor  Acceptor Number 
of mice 

Spleen cell 
type 
 

Ab Uptake 
ratio 

1 NaCl - NaCl 2 CD4+ - 0.09-0.12 
1 TNBS - NaCl 2 CD4+ - 0.20-0.29 
1 NaCl - TNBS 3 CD4+ - 0.20-0.25 
1 TNBS - TNBS 2 CD4+ - 0.98-1.37 
2 TNBS - TNBS 5 CD4+ Control 0.72±0.14 
2 TNBS - TNBS 5 CD4+ Anti α4 0.33 ±0.025* 

*P < 0.05 
 

 
111In-oxinate (1.40 MBq; Mallinckrodt) was added for each 1x106 cells, and incubated 

for 30 min at room temperature. After washing, 200 µL of cell suspension 

(approximately 25x106 cells and 25 MBq per mouse) was injected intravenously (iv) in the 

tail vein of randomly assigned TNBS or saline recipient mice on day 7. 

Flow cytometry. In separate experiments, splenocytes from donor mice were stained with 

fluorochrome-conjugated CD4, CD45RB, CD25, α4β7, CD62L, CD44 (all Pharmingen) 

mAbs and rat IgG2a and IgG2b isotype controls and analyzed on a FACS Calibur flow 

cytometer (Becton Dickinson, CA, USA). 

In vivo homing assay using SPECT. Scintigraphy was performed using a recently 

described and validated high-resolution pinhole SPECT.27 The animal is fixed in a 

perspex cylinder, mounted on a stepping motor driven system and positioned exactly 

above the pinhole collimator of a gamma camera (Philips ARC 3000). Animals were 

sedated with fentanyl and fluanisone (Janssen Pharmaceutica) and midazolam (Roche). 

SPECT was performed 48 h after injection of the 111In labeled cells. SPECT 

reconstruction was performed using a HERMES (Nuclear Diagnostics) application 

program, using filtered back projection adapted to pinhole SPECT. Images were visually 

interpreted on transversal slices. To determine the radioactivity uptake semiquantitatively, 

five consecutive transverse slices with the highest colon uptake were selected and added. 

Regions of interest (ROI) were set for the colon, pelvic bone marrow and abdominal 

background adjacent to the colon and counts in each ROI to determine the ratio of 
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specific activity and nonspecific activity. The specific colon uptake ratio was calculated 

normalized to the pelvic bone marrow uptake and corrected for background activity.  

Ex vivo gamma counting. After SPECT, the mice were sacrificed and colons were 

removed through a midline incision. To validate the results of the SPECT, isolated 

colons were cleaned for standard planar pinhole scintigraphy. In the anti-α4 versus 

control antibody experiment, the colon and a blood sample were weighed and counted in 

a gamma (γ)-counter (Packard 5530) after SPECT and planar scintigraphy. Results of the 

γ-counter were corrected for decay and expressed as counts per minute (cpm)/g tissue. 

To correct for nonspecific binding, ratios were calculated normalized to radioactivity in 

blood ((cpm/g colon-cpm/gram blood)/(cpm/g blood)). 

Blockade of α4 integrin. Rat mAb specific for α4 (PS/2, IgG2b) or an irrelevant isotype-

matched control antibody (rat IgG2b both mAbs were kindly provided by Biogen) were 

administered to recipient mice by a single intraperitoneal injection of 200 µg/mouse 

following the second instillation of TNBS. In addition, approximately 25x106 111In 

labeled donor cells were treated for 20 min at 4°C with 20 µg/mL of the appropriate Ab 

before transfer. Next, the 111In labeled donor cells were washed, resuspended in saline 

and equal volumes were injected iv into recipient mice. 

Assessment of inflammation. An experienced pathologist blinded to the experimental 

protocol performed microscopic evaluation on formalin fixed tissue sections stained with 

hematoxylin and eosin, as previously described.28 Two sections of rolled colons were 

scored using the following parameters 1) percentage of colon involved, 2) fibrosis,  

3) edema, 4) erosions and ulcerations, 5) crypt loss, 6) infiltration of mononuclear cells 

and 7) polymorphonuclear cells. The total score ranges from 0 (normal colon) to a 

maximum of 20 points (most severe inflammation). 
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Figure 1.  Phenotype of donor CD4+ lymphocyte 

Flow cytometry analysis of α4β7 expression on fresh CD4+ lymphocytes isolated from spleens of 

TNBS or saline control BALB/c mice. The y-axis represents the relative cell number (counts) and 

the x-axis represents α4β7 expression overlaid onto the isotype control. Gates were set to 

contain live lymphocytes only. This is a representative image of 13 mice. 

 

 
Statistical analysis 

Differences between groups were analyzed by the Mann-Whitney U test. For 

comparison of multiple data sets, statistical analysis was performed according to Kruskal-

Wallis. Correlation analysis between uptake ratios and histological scores or colon 

weights was performed by applying the Spearman’s rho correlation test. Results are 

expressed as the mean ± SEM. All statistical tests were 2-tailed and differences were 

evaluated at the 5% level of significance. 
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Figure 2.  Blockade of CD4+ cell migration to the colon after anti-α4 antibody 

injection.  

In vivo transverse pinhole SPECT images show distinct colon radioactivity uptake in a mouse with 

TNBS colitis transferred with sensitized 111In labeled CD4+ lymphocytes (panel A). Colon 

radioactivity uptake is decreased after treatment with an anti-α4 antibody (panel B). Images are 

representative of 5 mice per group. 

 

 

Results 

 
Phenotype of donor lymphocytes 

First, we analyzed the phenotype of spleen lymphocytes isolated from TNBS 

sensitized or saline control mice by flow cytometry. TNBS sensitization increased the 

proportion of CD4+ lymphocytes expressing the memory marker CD45RBlow (69 ± 8%) 

compared with saline (51 ± 1%). Further, TNBS sensitization decreased expression of 

CD62L, that is involved in lymphocyte homing to peripheral lymph nodes,29 on CD4+ 

lymphocytes (mean fluorescence intensity (MFI): 185 ± 18) compared with saline 
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Figure 3.  Blockade of CD4+ cell migration to the colon after anti-α4 antibody 

injection 

Ex vivo planar scintigraphic images of isolated cleaned colon show distinct colon radioactivity 

uptake in a mouse with TNBS colitis transferred with sensitized 111In labeled CD4+ lymphocytes 

(panel A). Colon radioactivity uptake is decreased after treatment with an anti-α4 antibody 

(panel B). Images are representative of 5 mice per group. 

 

 

sensitization (MFI: 377 ± 68). By contrast, expression of CD44, which directs 

lymphocytes to the high endothelial venules,30 was higher (MFI: 249 ± 20) in the TNBS 

sensitized CD4+ population compared with the nonsensitized CD4+ population  

(MFI: 199 ± 17). As shown in Figure 1, CD4+ lymphocytes of saline and TNBS 

sensitized mice both expressed intermediate levels of the α4β7. 

  
Increased migration of CD4+ lymphocytes to the colon 

Since the CD4+ cell population is primarily responsible for transferring TNBS-

induced colitis,31, 32 we analyzed the specificity of 111In labeled CD4+ spleen cell 

scintigraphy for migration to both inflamed and healthy colons (experiment 1, Table 1). 

As expected, transfer of sensitized CD4+ lymphocytes to mice with TNBS colitis resulted  
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Figure 4.  Colon radioactivity uptake is decreased after anti-α4 antibody injection 

SPECT was performed of mice with TNBS colitis 48 h after transfer of 111In labeled TNBS 

sensitized lymphocytes and injection of a control or anti-α4 antibody. (A) Colon uptake ratio 

was calculated normalized to the bone marrow uptake in the pelvis. Box plots of mean 

radioactivity uptake of the two groups as indicated (*P = 0.012). (B) Isolated colons were also 

counted in a gamma counter. The results were corrected for decay and expressed as counts per 

min (cpm)/g tissue. To correct for nonspecific binding, ratios were calculated normalized to 

radioactivity in blood ((cpm/g colon-cpm/g blood)/cpm/g blood) (*P = 0.05). 

 

 

in a higher colon uptake ratio than transfer of nonsensitized CD4+ lymphocytes. Saline 

control mice that received sensitized or nonsensitized CD4+ lymphocytes showed low 

colon uptake ratios similar to those found after transfer of total lymphocytes (see chapter 

12).25 Mice with TNBS colitis that received sensitized CD4+ lymphocytes had a more 

severe colitis upon histological evaluation compared with mice receiving nonsensitized 

CD4+ lymphocytes (histological score of 14 and 10, respectively), although no statistical 

analysis was performed due to the limited number of mice per group (n = 2). No 

difference was observed in histological score in the healthy control mice that received 

sensitized or non-sensitized CD4+ lymphocytes (histological score of 2 and 3, 

respectively). 
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Blockade of α4 integrins inhibits migration into the intestine 

Mice with TNBS colitis received a single injection with anti-α4 antibody or a control 

antibody, 4 h before transfer of TNBS sensitized 111In labeled CD4+ lymphocytes 

(experiment 2). SPECT after 48 h demonstrated that there was a significant decrease in 

colon uptake ratio after treatment with the anti-α4 antibody compared with the control 

antibody (P = 0.012, Fig. 2, Fig. 4A). Ex vivo scanning of the isolated colons (Fig. 3) 

confirmed the difference between the anti-α4 antibody-treated and control mice. In 

addition, γ-counting of the isolated colon corrected for weight and normalized to blood 

radioactivity showed a decreased radioactivity in the group treated with the anti-α4 

antibody as compared with the group treated with the control antibody (Fig. 4B,  

P = 0.05). The induced colitis was not severe (maximal histological score 8) and there 

was no significant difference in colon weights or histological scores between the 2 

groups. Together, these data indicate that the anti-α4 antibody partially inhibited CD4+ 

cell migration to the colon in TNBS colitis. Moreover, this inhibition can be adequately 

detected by SPECT. 

 

 

Discussion 

 

The data presented here show that animal pinhole SPECT can be applied to study 

lymphocyte migration in vivo in experimental colitis, allowing noninvasive temporal and 

spatial assessment of lymphocyte migration to the inflamed colon. We visualized homing 

of TNBS sensitized lymphocytes to the inflamed intestine by SPECT and confirmed our 

findings with standard planar scintigraphy of isolated colons. TNBS sensitized 

lymphocytes remained functional after 111In labeling as they exacerbated signs of colitis. 

In addition, the colon radioactivity uptake correlated well with the histological scores of 

intestinal inflammation and can thus be used as a parameter of disease activity in 

experimental colitis. Finally, blockade of lymphocyte homing by an anti-α4 antibody was 

detected by SPECT in vivo and could be confirmed by planar pinhole scintigraphy of 

isolated colons. 
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Several radioactive lymphocyte labeling techniques have been compared for in vivo 

biodistribution studies.23, 24, 33 111In-oxinate seems the most appropriate radiolabel for 

combined spatial and temporal in vivo analysis of T lymphocyte distribution, because of 

its adequate labeling efficiency, long half-life (T½ =67.2 h), and gammaphoton energy 

peaks (171 keV and 245 keV) that allow for satisfactory γ-camera photon detection.34 For 

pinhole SPECT, a minimal amount of radioactivity in the target organ is needed for 

imaging. With a labeling efficiency of 60-80% in our study, this resulted in a required 

mean dose of 1.40 MBq/106 cells, which is considerably higher than the dose used for 

the above mentioned in vitro indium labeling and toxicity studies. Detrimental effects of 

isotope labeling, induced by radio-ionising effects, chelate toxicity and chemical toxicity 

of indium or its decay product cadmium may affect cell viability.35-38 However, our results 

clearly confirm in vivo functionality of the transferred 111In labeled lymphocytes. First, 

specific colon uptake was significantly higher in the inflamed intestine as compared with 

the saline controls, indicating active migration to the intestine. Most nonviable 

lymphocytes are trapped in the liver39 and it is believed that free radiolabel is not 

reutilized by lymphocytes but probably transferred to noncirculating cells like liver 

macrophages.40-42 Secondly, we previously showed that lymphocytes pass the lungs after 

intravenous injection and then move to the liver and spleen. Colon uptake increased over 

time and peaked at 48 h post injection in mice with TNBS colitis25 suggesting continuous 

lymphocyte migration to the colon in time. Finally, 111In labeled TNBS sensitized 

lymphocytes exacerbated signs of intestinal inflammation. Together these data indicate 

that 111In labeled lymphocytes homed to the inflamed intestine and that 111In labeled 

sensitized lymphocytes were actively involved in the pathogenesis of colitis. 

In this study we compared migration of TNBS sensitized lymphocytes with 

nonsensitized lymphocytes. The immunologically active moiety of TNBS links to 

autologous colonic proteins, which become immunogenic and are presented via MHC-

class II on antigen presenting cells to TH1 lymphocytes.26 TNBS sensitized CD4+ 

lymphocytes acquire an effector/memory phenotype and preferentially migrate to the 

tissues with high exposure to the inciting antigen.43 We showed that adoptive transfer of 

total splenic lymphocytes or CD4+ lymphocytes from TNBS sensitized mice, a 

population that included CD4+ memory lymphocytes (CD45RBlow, CD62Llow and 
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CD44high), resulted in a significantly higher colon uptake ratio in the inflamed colon 

compared with transfer of lymphocytes from nonsensitized mice. Moreover, the mice 

with TNBS colitis that received sensitized lymphocytes had a more severe colitis as 

determined by histological scoring and colon weights. These data are consistent with a 

study showing that transferred splenic lymphocytes isolated from rats with TNBS colitis 

migrated to the colon of recipients and exacerbated disease.31 The colon uptake ratio 

correlated well with the total histological score and the colon weight of mice with TNBS 

colitis. Indeed, the number of lymphocytes in the colon is one of the histological 

parameters of colitis severity. These findings prove that the colon uptake ratio assessed 

by SPECT can be used as a parameter of disease activity in vivo.  

The presence of lymphocytes in the colon was determined semiquantitative by means 

of a ratio on transverse slices. The uptake ratio of colon to bone marrow uptake 

eliminates variables dependent on the exact amount of radioactivity injected 

intravenously and normalizes subjects within and in-between groups. This is important 

for comparison, since the exact amount of radioactivity and number of labeled 

lymphocytes injected intravenously is mostly unknown due to toxic cell loss and possible 

partial paravasal administration. The homing pattern of lymphocytes was further 

confirmed by the presence of radioactivity in the isolated colon of recipient mice as 

determined by planar scanning and γ-counting. 

Based on the increasing knowledge of the molecular basis of leukocyte trafficking, 

new therapeutic strategies are designed that intervenes with lymphocyte migration to the 

inflamed intestine. For optimal evaluation of therapy efficacy and understanding of the 

mechanism of action of new drugs, serial analysis of lymphocyte migration in animal 

models is a prerequisite for preclinical development. Treatment of mice with TNBS 

colitis with the anti-α4 antibody served as an example for the possible applications of 

SPECT. We showed that animal pinhole scintigraphy of mice with TNBS colitis 

successfully detected inhibition of lymphocyte migration to the intestine by a single 

injection of an anti-α4 antibody. In line with previous studies,8, 44 homing of CD4+ 

lymphocytes to the inflamed intestine was partially blocked by a single injection of an 

anti-α4 antibody. Planar scanning and γ-counting of the isolated colon confirmed the 

SPECT findings. The set-up of this experiment was not therapeutic and we found no 
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difference in our parameters of inflammation between administration of the anti-α4 or 

control antibody. For a therapeutic effect, earlier administration during the course of 

TNBS colitis of the anti-α4 antibody may be necessary. Efficacy of new therapeutic 

strategies with for example chemokine antagonists can be assessed by the here-described 

technique.  

 

  

Conclusion 

 

The results of this study indicate that SPECT of 111In labeled lymphocytes is a 

straightforward and reliable technique to assess lymphocyte migration to the colon in 

experimental colitis and the radioactive uptake ratio of the colon can be used as a 

parameter of disease activity in vivo. Moreover, SPECT will improve the preclinical 

development of drugs that intervene with lymphocyte migration to the inflamed 

intestine. 
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Abstract 

 

Preoperative assessment of liver function is used to estimate the outcome of major 

liver surgery. The indocyanine green (ICG) clearance test is the most frequently used test 

for liver parenchymal function but has its limitations. The aim of this study was to 

investigate the correlation between the liver uptake of 99mTc-mebrofenin measured with 

hepatobiliary scintigraphy and the ICG clearance test. 

Methods. 54 patients were diagnosed with hepatocellular carcinoma (n = 9), hilar 

(Klatskin) tumors (n = 20) and 25 patients with nonparenchymal tumors (NPT) including 

colorectal metastasis (n = 15) and miscellaneous tumors (n = 10). Hepatobiliary 

scintigraphy was performed after intravenous injection of 85 MBq 99mTc-mebrofenin, and 

hepatic uptake rate was calculated. 99mTc-mebrofenin hepatobiliary scintigraphy, the  

15-min clearance rate of ICG (ICG-C15) and conventional plasma liver function tests 

were performed 1 day before operation. 

Results. The ICG-C15 was 86.86% ± 1.19% (mean ± SEM). The 99mTc-mebrofenin 

uptake rate was 12.87 %/min ± 0.52 %/min. A significant correlation was obtained 

between the scintigraphic 99mTc-mebrofenin uptake rate and the ICG-C15 (r = 0.73,  

P < 0.0001). The mean 99mTc-mebrofenin clearance capacity of the right liver segments 

(79.83% ± 1.63%, range 47.75 - 95.97%) was larger than that of the left segments 

(20.24% ± 1.55%, range 6.51 - 52.51%). 

Conclusion. These data show that 99mTc-mebrofenin uptake rate as assessed by 

scintigraphy correlates well with the ICG clearance and is an efficient method for 

determining the liver function. At the same time, 99mTc-mebrofenin scintigraphy provides 

information of segmental functional liver tissue, which is of additional value when 

planning liver resection. 
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Introduction 

 

Hepatic resection is the therapy of choice for malignant and symptomatic benign 

hepatobiliary tumors. Recent years have shown a marked decrease in morbidity and 

mortality rates after major liver resections.1, 2 Refinements in operative techniques, better 

selection of patients and advances in perioperative care are thought to be responsible for 

this improvement.3 Nevertheless, perioperative blood loss and postoperative liver failure 

have remained the most significant complications after liver resections, particularly in 

patients with suboptimal liver function due to parenchymal liver disease such as cirrhosis 

or steatosis.4 The major cause of mortality after liver resection consequently is liver 

failure.1 For this reason it is important to estimate total and regional liver function before 

planning partial resection of the liver in order to predict function of the remnant liver. 

To date, the most frequently used test for evaluating preoperative liver function is the 

indocyanine green (ICG) clearance test.5-8 ICG is a tricarbocyanine dye, exclusively 

removed by the liver and excreted into the bile.9 The ICG clearance test, requiring 

intravenous injection and multiple blood samples, provides indirect measurement of 

global liver function only. Alternatively, 99mTechnetium (99mTc)-labeled iminodiacetic acid 

(IDA) analogues, transported in blood by binding to albumin and with a hepatic uptake 

similar to ICG, can be used for hepatobiliary scintigraphy (HBS) in the assessment of 

liver function.10 In liver transplant patients, HBS has been performed to obtain 

information about the functional and morphological status of the graft.11 HBS, requiring 

a single intravenous injection, provides visual and quantitative information of global and 

regional liver function as well as information on excretory biliary function (intrahepatic 

and extrahepatic bile transport). Both ICG and 99mTc-mebrofenin are excreted in bile by 

the hepatocytes12 by the ATP-dependent export pump multidrug-resistance associated 

protein 2 (MRP 2), without undergoing biotransformation during their transit through 

the hepatocyte.13, 14 Therefore, these agents are well suited for the study of hepatic 

transport. The aim of this study was to examine the correlation of the ICG clearance test 

with the uptake of 99mTc-mebrofenin as determined from the blood as well as from 

scintigraphical assessment. 
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Table 1.  Patient characteristics 

Age (years) 59.2 ± 10.32 (30-80)  
Gender (M/F, number of patients) 29/25 
 
PARENCHYMAL DISEASE 
          - Hepatocellular carcinoma 
           -Klatskin tumor 
 
NONPARENCHYMAL DISEASE 
Colorectal metastases 
Angiosarcoma 
Cystadenocarcinoma 
Cystadenoma 
Angiomyolipoma 
 Non seminoma testis metastases 
Adenocarcinoma ductus cysticus 

 
9 
20 
 
25 
15 
1 
4 
2  
1 
1 
1 

Post-resection mortality (n) 4 
Unresectable tumors (n) 12 

 

 

Materials and Methods 

 
Subjects 

Patient characteristics are listed in Table 1. The study group consisted of patients 

planned to undergo partial liver resection for hepatobiliary tumors between March 2000 

and September 2002. Fifty-four patients were included (25 female, 29 male, mean age 

59.2 yr, range 37 - 80 yr).  Nine patients were diagnosed as hepatocellular carcinoma,  

20 as proximal bile duct cancer (Klatskin tumors), 15 as colorectal metastasis and 10 as 

miscellaneous tumors. Both ICG test and 99mTc-mebrofenin uptake and scintigraphy 

were sequentially performed in patients planned to undergo partial liver resection for 

primary or metastatic liver tumors or proximal bile duct malignancies. Special attention 

was paid to additional information obtained from the dynamic scintigraphy images such 

as possible, local differences detected in liver function or cholestasis of the left- and/or 

right liver lobes. All patients gave written informed consent to participate in the study, 

which was approved by the medical ethics committee of the Academic Medical Center of 

the University of Amsterdam. 
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Figure 1. Correlation blood clearance 

Correlation between clearance at 15 min of ICG and 99mTc-mebrofenin (%/15 min; r = 0.81,  

P < 0.0001, n = 36). 

 
 

ICG clearance test 

One day before surgery, bilateral intravenous VenflonsTM were placed in the 

antecubital veins. After an overnight fast, 25 mg of ICG (Infracyanine; Laboratoires 

pharmaceutiques) was dissolved in 10 mL of 5% dextrose solution and injected rapidly 

into the antecubital vein. The clearance tests were performed after an overnight fasting 

because food consumption stimulates hepatic function and bile flow. Blood samples 

were drawn before the administration of ICG (blank) and at 5, 10, 15 and 20 min after 

ICG injection. Plasma samples were read against the plasma blank at 805 nm by 

photospectrometry to determine the concentration of ICG. The theoretical maximum 

concentration at zero minutes was estimated by using the least squares method.15 Results 

were expressed as the percentage ICG cleared at 15 min (ICG-C15 value). 
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Figure 2.  Correlation Blood clearance and liver uptake 

Correlation between the 99mTc-mebrofenin clearance from blood at 15 min and  
99mTc-mebrofenin uptake as measured by scintigraphy (%/min; r = 0.76, P < 0.0001, n = 36). 

 

 

Hepatobiliary scintigraphy 

On the same day, all patients underwent hepatobiliary scintigraphy (HBS) using the 

radiopharmaceutical agent 99mTc-labeled (2,4,6 trimethyl-3-bromo) iminodiacetic acid 

(99mTc-mebrofenin). After intravenous administration of 85 MBq 99mTc-mebrofenin 

(Bridatec; Amersham Health), dynamic image acquisition was performed with a gamma 

camera (Diacam; Siemens Medical Systems) with the liver and heart in the field-of-view 

(FOV), using a 128x128 matrix. Dynamic acquisition was performed in 1 h at 10 sec per 

frame for 60 frames (liver uptake sequence) followed by 50 frames of 1 min (bile 

excretion sequence). Data was processed on a Hermes workstation (Nuclear 

Diagnostics). Regions of interest (ROI) were drawn around the liver, the heart and large 

vessels within the mediastinum (serving as blood pool) and around the total FOV 

(indicative of total activity). Three different time-activity curves were generated based on 

the liver, blood pool and total FOV. Liver uptake was calculated in %/min as described  
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Figure 3.  Correlation liver uptake and ICG clearance 

Correlation between ICG clearance at 15 min and 99mTc-mebrofenin uptake as measured by 

scintigraphy (y = 0,2925x - 12,745; r = 0.73, P < 0.0001, n = 54). 

 

 

by Ekman,16 based on these 3 parameters. Furthermore, ROIs could be drawn around 

parts of the liver to calculate regional differences in 99mTc-mebrofenin uptake. 

Calculations of 99mTc-mebrofenin uptake by the liver were performed using scanned 

radio activity values acquired between 150 and 350 sec postinjection, to make sure that 

calculations were made during a phase of homogenous distribution of the agent in the 

blood pool and before the rapid phase of hepatic excretion.16 

Since ICG clearance is measured in blood samples, and scintigraphic liver uptake 

function is measured on planar imaging, additional blood samples were taken to measure 
99mTc-mebrofenin blood clearance. Blood samples were taken before the administration 

of 99mTc-mebrofenin and at 1, 2, 3, 5, 10, 15, 20 and 30 min after injection. 
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Figure 4.  99mTc-mebrofenin uptake in different tumor types 

Box and whisker plots of median values for 99mTc-mebrofenin uptake in patients with 

nonparenchymal tumor (NPT), Klatskin tumor or hepatocellular carcinoma (HCC). Whiskers 

represent the min-max range of 99mTc-mebrofenin uptake, boxes represent the interquartile 

range (*P < 0.05 by Mann Whitney U test). 

 

 

By measuring radioactivity in the blood samples, the percentage clearance at 15 min was 

calculated in the same way as the ICG clearance. For calculating regional liver uptake on 

hepatobiliary scintigraphy, the global liver ROI was manually divided into 2 parts 

referring to the right margin of the aorta as the border between the right and left liver 

lobes. 

 
Blood plasma analysis 

Blood samples were collected for routine laboratory biochemistry of liver enzymes 

ALT, AST, LDH, γGT and ALP, and of total and conjugated bilirubin. Routine 

laboratory chemistry tests were performed to obtain values of albumin, PTT, 

antithrombin III (AT III) and activated partial tromboplastin time (APTT). 
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Figure 5.  99mTc-mebrofenin uptake in left and right liver lobes 

Box and whisker plots of median (range and interquartile range) values of 99mTc-mebrofenin 

uptake in left and right liver lobes expressed as percentages of total liver uptake. (***P < 0.05 by 

Mann Whitney U test). 

 

 
Statistical analysis 

Commercial computer package was used for analysis of the data (GraphPad Prism; 

GraphPad Software). Values are given as mean ± SEM. The relationship between ICG 

clearance at 15 min and liver uptake of 99mTc-mebrofenin was tested using the standard 

Pearson correlation coefficient r. The Mann Whitney U test was used for comparison of 

data between the groups. All statistical tests were 2-tailed and differences were evaluated 

at the 5% level of significance. 
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Results 

 

The mean ICG-C15 was 86.86% ± 1.19 % with a range of 58.51 - 98.32%. The 99mTc-

mebrofenin clearance at 15 min was 83.70% ± 1.72% (n = 36, range 51.80 - 93.20% in  

15 min). The 99mTc-mebrofenin uptake rate was 12.87 %/min ± 0.52 %/min with a range 

of 3.2 - 24.4 %/min. The ICG-C15 value and the 99mTc-mebrofenin clearance rate in 

blood in 15 min showed a significant, positive correlation (r = 0.81, P < 0.0001, Fig. 1).  

A significant, positive correlation was found between the 99mTc-mebrofenin clearance 

rate at 15 minutes and 99mTc-mebrofenin uptake by scintigraphy (r = 0.76, P <0.0001,  

Fig 2). Also, the ICG-C15 value and the 99mTc-mebrofenin uptake (as evaluated by 

scintigraphy) showed a significant, positive correlation (r = 0.73, P < 0.0001, Fig 3). 

In total, 26 measurements with ICG-C15 above 90 % were found. Eleven patients 

had ICG-C15 values between 86% and 90% and 18 patients had values lower than 86%. 

The obtained correlation between ICG-C-15 and AST was strong. No significant 

correlation was found between the ICG-C15 values and LDH, APTT and AT III. 

Moderate correlation was obtained between the ICG-C15 values and conjugated bilirubin 

(r = -0.49), total bilirubin (r = -0.53), ALT (r = -0.50) and albumin (r = -0.60) in the 

blood  (Table 2). 

The median values for 99mTc-mebrofenin uptake in the patients with various liver 

malignancies are shown in Figure 4. The median values for 99mTc-mebrofenin uptake 

were significantly different between patients in the nonparenchymal tumor (NPT) group 

(n = 25) and patients with Klatskin tumors (n = 20), as well as between patients in the 

NPT group and patients with hepatocellular carcinoma (HCC, n = 9, P < 0.05). 

The mean 99mTc-mebrofenin clearance capacity of the right liver lobes  

(79.83% ± 10.80%, range 47.75 - 95.97%) was larger than that of the left lobes (mean 

20.24% ± 10.26, range 6.51 - 52.51%, Fig. 5). Atrophic right or left segments, as was 

apparent from CT images, had values lower than the mean (data not shown). 
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Table 2.  Biochemical results 

ICG-C15 
 

 

n Correlation 
r 

Qualification 
of correlation 
 

ALT 54 -0.50 Moderate 
AST 51 -0.63 Strong 
ALP 52 -0.36 Weak 
γGT 51 -0.38 Weak 
LDH 51 0.07 NS 
Total bilirubin 49 -0.53 Moderate 
Conjugated bilirubin 50 -0.49 Moderate 
Albumin 51 0.60 Moderate 
PTT 51 -0.34 Weak 
APTT 52 0.02 NS 
AT III 43 0.08 NS 

 

 

Discussion 

 

Prevention of postoperative hepatic insufficiency is important for improvement of the 

outcome after partial liver resection in patients with malignant liver disease. Patients with 

hepatic insufficiency after major liver resection have low chances for survival.1, 17 

Therefore, adequate preoperative estimation of liver function potentially improves 

postoperative morbidity and mortality after major liver resections.6 

 In the literature, the results of ICG tests are expressed as ICG-R15, which describes 

the percent of retention in 15 min. It has been reported that the ICG-R15 value is a 

better indicator of liver function than the Child-Pugh classification in patients who 

underwent cardiac surgery.  In these patients, a high ICG-R15 correlated with a high rate 

of mortality.6 ICG retention of 14% at 15 min, equaling a clearance of 86% at 15 min, 

has been suggested as the safe limit for patients undergoing major liver resection.5 

Clinical use of ICG has been associated with a few cases of serious adverse reactions 

including anaphylactic shock, hypertension, and urticaria.18 We did not encounter any of 

these complications during our study. 



Chapter 14 

268 

Several studies have been performed to estimate the preoperative hepatic functional 

reserve by making use of 99mTc-DTPA-galactosyl human serum albumin (99mTc-GSA) 

liver scintigraphy. 99mTc-GSA is a novel liver scintigraphy agent that binds to the 

asialoglycoprotein receptor on hepatocytes.19 It was found that the total counts and 

counts per unit hepatic volume based on 99mTc-GSA in the entire liver significantly 

decreased in patients with more extensive liver disease.20 The disadvantages of 99mTc-

GSA are that it does not provide any information on hepatic excretory function. For the 

present study, 99mTc-mebrofenin was used because it has high hepatic uptake and fast 

excretion and it has been shown to have a very low renal excretion.21, 22 Moreover, it can 

be used at higher plasma bilirubin levels than previous derivatives due to a halogen atom 

on the phenyl ring.21 It has been demonstrated that uptake of ICG is competitively 

inhibited by conjugated23 and unconjugated bilirubin.24 In our study this is of less 

importance because most of the patients underwent decompression of the biliary tract by 

stenting to reduce serum bilirubin levels before surgery.25 The patients who were not 

decompressed showed bilirubin values within normal range. 

 From the ICG blood-time curve and 99mTc-mebrofenin levels in blood samples taken 

during scintigraphy, it was concluded that a mono exponential fit rendered a suitable 

mathematical model to describe the concentration of circulating radioactivity in the 

chosen interval. The blood concentration curves of ICG and 99mTc-mebrofenin showed 

the same decline, suggesting the same hepatic uptake rate for ICG and 99mTc-mebrofenin 

(Fig. 6). 

To compare clearance of ICG and 99mTc-mebrofenin, the clearance rate at 15 min 

from blood was calculated with the same mono exponential regression analysis. A strong 

positive correlation coefficient was seen, indicating that the clearance function of the 

liver was equally represented by both agents. 

 When the 99mTc-mebrofenin clearance rate at 15 min was compared with the uptake 

rate calculated by using the scintigraphy images, a strong positive correlation was seen. 

Also, a statistically significant, positive correlation was seen between 99mTc-mebrofenin 

liver uptake by scintigraphy and ICG-C15 levels. These findings indicate that both the 

blood clearance rate and liver uptake by scintigraphy of 99mTc-mebrofenin give a similar 

estimation of liver function. 



Scintigraphic liver function testing 

269 

0 5 10 15 20 25 30
0.0×10 -00

1.0×10 05

2.0×10 05

3.0×10 05

4.0×10 05

5.0×10 05

0.00

0.25

0.50

0.75

1.00

Time (min)

99
m

T
c-

m
eb

ro
fe

ni
n

(c
pm

/m
L)

IC
G

 fraction

 

Figure 6.  ICG and 99mTc-mebrofenin curves in blood after bolus injection 

99mTc-Mebrofenin time-activity curve (-▼-) and ICG clearance curves (-■-) showing identical 

dynamic behavior in time. 

 

 

The results of this study confirm that the standard tests for liver enzymes and 

bilirubin plasma levels are not appropriate for describing actual liver function in pre-

operative patients. When ICG-C15 was compared with the liver enzymes as ALT or 

ALP, poor correlation was found. Between the ICG-C15 and hepatic synthetic function 

tests a correlation was observed for albumin and PTT, but not for APTT. Furthermore, 

the degree of improvement in routine liver transaminase levels was not able to identify 

clinically improved or unimproved patients with alcoholic hepatitis.26  

 It is known that unaffected liver segments may retain good function and that liver 

function in cancer-bearing segments tends to be decreased when compared with that of 

noncancerous segments.27 Thus, although liver enzymes may be increased due to regional 

hepatocellular damage, other liver lobes may compensate and establish good liver 

function.  

 The correlation coefficient between ICG-C15 and ALT plasma values was lower than 

between ICG-C15 and AST plasma levels. The discrepancy between the correlations of 

these transaminases with ICG-C15 can be explained by the localization of the enzymes  
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Figure 7.  Dynamic hepatobiliary scintigraphy 

Dynamic hepatobiliary scintigraphy with 85 MBq 99mTc-mebrofenin in a patient with a hilar tumor. 

Sequential, 5 min images starting at 15 min postinjection. The images show homogenous tracer 

distribution in the liver (panel A), with excretion into large bile ducts and subsequently, gal 

bladder and bowel. In segments 7 and 8 stasis of tracer is visualized (panel C-I), corresponding 

with segmental bile duct obstruction. 

 

 

within hepatocytes. ALT is localized in the cytosol, whereas AST is found for 80% in 

mitochondria.28 Mitochondria are the site of oxidative phosphorylation and are 

specialized in the production of cellular ATP.29 A study showed that the hepatic ATP 

level is reflected by the amount of ICG and excretion of ICG in bile. Severe damage of 

hepatocytes leads to damage of mitochondria as reflected by the increase of AST in 

blood, and due to lack of ATP, a decrease of ICG clearance results.30  
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Figure 8.  Hepatobiliary scintigraphy 

Dynamic hepatobiliary scintigraphy with 85 MBq 99mTc-mebrofenin in a patient with cirrhosis.  

A decreased uptake is depicted in segment 7 and 8 (panel A-I). Gal bladder has been marked out 

for image quality purposes. 

 

 

In this study, patients with colorectal metastases (including other liver malignancies in 

the nonparenchymal tumor (NPT) group) showed a better 99mTc-mebrofenin uptake in 

liver than patients with HCC or patients with a Klatskin tumor. Hepatic changes develop 

very rapidly after bile duct obstruction. Hepatocyte function can decrease in late stages of 

biliary obstruction, as is the case in many Klatskin tumor patients, resulting in secondary 

decline of hepatocyte extraction.31 In long-standing cases biliary cirrhosis develops,32 

which in part explains the decreased 99mTc-mebrofenin uptake seen in this patient group. 

An advantage of HBS is that affected areas of the liver can be seen as not properly 

visualized areas on the dynamic images obtained during scintigraphy.  Another main 

advantage of scintigraphy over ICG clearance studies is the additional information that 
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comes with the obtained dynamic images, e.g. visualization of bile pooling in ducts of 

patients with cholestasis and heterogeneous uptake of the radiopharmaceutical agent in 

the presence of liver disease.33 Moreover, the images may be valuable in separating 

primary biliary from primary hepatocyte disease.22  

HBS has high diagnostic sensitivity in the diagnosis of biliary obstruction during long-

term follow-up after curative hepatic resection with biliary-enteric anastomosis. It has 

proven particularly helpful in diagnosis of segmental biliary obstruction.34 Patients with 

biliary obstruction involving 1 or 2 segments may present with normal or minimally 

deviating liver function clearance tests. The rest of the liver may function normally.35 

Scintigraphy allows distinguishing bile pooling in the uptake-image of the corresponding 

segment. In our study the dynamic images in some of the patients with segmental biliary 

obstruction showed clearly which parts were affected (Fig. 7).  

 In our study, for calculating function of the left- and right liver lobes as a percentage 

of total liver uptake, the right margin of the aorta was taken as the border. This choice  

was based on the appearance of the aorta in the first dynamic images. In truth, the border 

is defined by the inferior vena cava. Scintigraphy showed that the right liver lobes had a 

higher uptake function in comparison with the left lobes. This is in accordance with the 

larger liver volume of the right liver lobes. It should be noted that the true border 

between the right and left liver lobes (i.e. the division of segments 5 and 8 on the right 

side and segment 4 on the left side) corresponds with the caval vein, lying to the right of 

the aorta, accounting for an underestimation of function of the left liver. 

 Affected uptake activity of liver segments could be detected by decreased function 

percentage. Affected liver segments showed decreased uptake activity when compared to 

the mean value. 

Livers with atrophy of the right lobes due to obstruction of the right portal vein as a 

result of tumor ingrow, showed a decrease in 99mTc-mebrofenin uptake when compared 

to nonatrophic livers. Cirrhosis present in particular segments of the liver showed 

decreased activity (Fig. 8). Other studies showed that in diseases like cirrhosis the hepatic 

extraction, i.e. the portion of the radiopharmaceutical removed during each circulatory 

pass from plasma, decreases.22  
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Following the comparison between ICG-C15 and 99mTc-mebrofenin uptake by 

scintigraphy, an uptake rate of 12.6 %/min could be regarded as the safe limit. It should 

be noted, that this is a theoretically calculated cut off value. 

 

  

 

Conclusion 

 

These data show that 99mTc-mebrofenin uptake rate as assessed by scintigraphy 

correlates well with ICG clearance and is a valid method for determining liver function. 

Additional morphological information obtained from HBS provides valuable information 

on localization of liver segments with inferior function and/or bile pooling in obstructed 

liver segments. Plasma levels of liver enzymes, bilirubin and tests that measure hepatic 

synthetic function do not correlate well with ICG clearance and are therefore less 

suitable for assessment of global liver function in patients in need of a liver resection.   
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Abstract 

 

Hepatic resection is the therapy of choice for malignant and symptomatic benign 

hepatobiliary tumors. The concept of remnant liver volume (RLV) has been introduced 

and can be assessed with CT. However, inhomogeneous liver function distribution and a 

lack of correlation between morphologic hypertrophy and functional recovery fuelled the 

enthusiasm for functional imaging. The aim of the present study was to assess liver 

function reserve (LFR) and remnant liver function (RLF) before and after major liver 

surgery with hepatobiliary scintigraphy (HBS) and to compare scintigraphic results with 

volumetric CT data and ICG clearance test results. Furthermore, HBS was used to assess 

functional recovery of liver function and results were compared with volumetric data. 

Methods. Fifteen patients with a partial liver resection were included. HBS was 

performed before, 1 day after and 3 mo after surgery. ICG clearance and CT were 

performed before and 3 mo after surgery. Liver function determined with HBS was 

compared to ICG and volumetric data. 

Results. Liver function determination using HBS was highly reproducible. There was a 

strong positive association (r = 0.84) between LFR determined with HBS and ICG 

clearance. There was little or no association (r = 0.27) between CT volumetry and 

corresponding ICG clearance. There was a strong positive association (r = 0.95) between 

the RLF determined preoperatively on HBS and the actually measured value 

postoperatively. There was a weak positive association (r = 0.61) between functional liver 

regeneration and liver volume regeneration in 3 mo time after partial liver resection. 

Conclusion. HBS offers a unique combination of functional liver uptake and excretion 

assessment with the ability to determine the preoperative LFR and to estimate the RLF 

preoperatively. Determination of the RLF instead of the RLV might clarify some of the 

discrepancies observed in the literature between RLV and clinical outcome in patients 

with a nonhomogeneous liver function. Finally, liver function regeneration can be 

monitored using HBS. 



Scintigraphic assessment of remnant liver function 

279 

Introduction 

 

Hepatic resection is the therapy of choice for malignant and symptomatic benign 

hepatobiliary tumors. Recent improvement in the safety of liver surgery has resulted in 

the performance of more extended hepatic resections.1, 2 The improvement of results is 

largely due to better techniques and selection of patients.3 

The maximum extent of resection compatible with a safe postoperative outcome 

remains unknown, but it is generally believed that the risk for perioperative 

complications increases when the remnant liver volume is too small.4 Therefore, 

preoperative assessment of hepatic function and remnant liver volume (RLV) is 

advocated.3 Preoperative and remnant liver volumes can be accurately estimated with 

CT.5, 6  However, most strategies evaluating preoperative hepatic function reserve and 

estimating the remnant liver volume rely on a homogeneous liver function.7 Unlike 

patients undergoing liver resection for metastatic cancer or benign liver conditions, 

patients with hepatocellular carcinoma (HCC) or obstructing tumors like 

cholangiocarcinoma may have underlying chronic liver disease or cholestasis with 

primary or secondary impaired total or segmental liver function.8-10 

Hepatobiliary scintigraphy (HBS) using 99mTc-labeled iminodiacetic acid (IDA) 

analogues has been proposed as a liver function test.11 The liver uptake function can be 

measured by first pass hepatocyte extraction fraction or the IDA liver uptake rate.12, 13 

There is a good correlation between the preoperative 99mTc-mebrofenin liver uptake rate 

and the ICG clearance test in patients scheduled for major liver surgery.14 As IDA-

scintigraphy is commonly used for the evaluation of hepatobiliary function,15 

hepatobiliary scintigraphy might be interesting for evaluation of both total and regional 

hepatocyte uptake function as well as excretory kinetics for risk assessment before major 

liver surgery. 

Therefore, the aim of this study was to validate total and regional hepatobiliary 

scintigraphy as a tool to measure total and regional liver function before and after major 

liver surgery and to compare scintigraphic results with volumetric data and ICG clearance 

test results. Furthermore, the correlation of the immediate postoperative remnant liver 

function predicted on preoperative scintigraphy and measured 24 h after surgery  
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Figure 1.  Hepatobiliary scintigraphy 

Preoperative HBS (pt. 13) in a patient with a proximal cholangiocarcinoma. Panel A shows 

reframed images of the dynamic acquisition. There is a homogeneous liver uptake with moderate 

cholestasis in the left side without functional repercussion. Panel B shows a summed image from 

150 – 350 sec after intravenous injection of 80 MBq 99mTc-mebrofenin. A ROI is drawn semi-

automatically (threshold 20%) around the entire liver. A second ROI is drawn in the mediastinum 

(blood pool). Panel C shows a blood pool corrected liver-uptake time-activity curve. Liver 

uptake (d) is calculated as increase of specific (corrected for blood pool) 99mTc-mebrofenin 

uptake (y-axis) per minute over a time period of 200 sec (x-axis). 

 

 

with scintigraphy was assessed. Finally, the relation between liver function regeneration 

determined with HBS and volumetry was assessed. 
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Materials and methods 

 
Subjects 

55 patients, who were asked to participate in a trial assessing metabolic effects of 

major liver resection, and in whom partial liver resection for hepatobiliary tumors was 

considered, were screened in a period of 2 years. Eight patients refused to participate. In 

8 patients concurrent volumetric data was not available. Sixteen patients had an 

irresectable tumor. Three patients had a severe peroperative complication (blood loss  

> 2 L), excluding them from further participation in the primary trial. Seven patients had 

severe perioperative complications (sepsis, n = 4;  abdominal bleeding, n = 1 and lethal 

hepatic insufficiency, n = 2). We included 15 consecutive patients (7 men, 8 women, 

mean age 60.8 range 37-77 yrs) with a peroperative uncomplicated partial liver resection. 

There were no patients with biliary obstruction at the time of inclusion. 6 patients were 

treated for cholangiocarcinoma, 7 patients had a solitary metastasis of a colon carcinoma 

and 2 patients had a hepatocellular carcinoma without liver cirrhosis. 5 patients had a 

right hemihepatectomy, 4 patients had an extended right hemihepatectomy, 3 patients 

had a left hemihepatectomy and 3 patients had only 1 or 2 liver segments removed. All 

patients had an ICG clearance test one day before and 3 mo after surgery. Immediate 

postoperative ICG clearance was not performed. All patients had hepatic CT volumetry 

and HBS max. 2 wk before, and 3 mo after surgery. All patients had HBS 24 h after 

surgery.  The volume of the resected liver was measured by immersing the specimen in 

water. The postoperative liver volume was calculated by subtracting the volume of the 

resection specimen from the preoperative measured CT liver-volume. All patients gave 

written informed consent to participate in the study, which was approved by the medical 

ethics committee of the Academic Medical Center of the University of Amsterdam. 

 
ICG clearance test 

On every occasion, bilateral intravenous lines were placed in the antecubital veins. 

After an overnight fast, 25 mg of ICG (Infracyanine; Laboratoires pharmaceutiques) was 

dissolved in 10 mL of 5% dextrose solution and injected rapidly into the antecubital vein. 

The clearance tests were performed after overnight fasting because food consumption 
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stimulates hepatic function and bile flow. Blood samples were drawn at the contralateral 

side of injection before the administration of ICG (blank) and at 5, 10, 15 and 20 min 

after ICG injection. Plasma samples were read against the plasma blank at 805 nm by 

photospectrometry to determine the concentration of ICG. The theoretical maximum 

concentration at zero minutes was estimated by using the least squares method.16 Results 

were expressed as the percentage ICG cleared at 15 min (ICG-C15 value). 

 
CT volumetry 

CT volumetry was performed as described by Vauthey et al.6 Patients had a diagnostic 

CT abdomen with and without i.v. contrast before and 3 mo after surgery. All CT 

examinations were performed with a helical scanner (Philips). CT of the abdomen was 

performed to include the whole liver in one breath-hold, using a 5 mm collimation. Liver 

volumes were calculated by integrated software techniques that use density threshold 

seeding. With this technique, the levels of density desired for inclusion in the data set was 

selected. Regions that were of the selected density but should not be included in the data 

set – such as inferior vena cava, gall bladder, abdominal and chest wall muscles – were 

excluded. Liver volumes were calculated before and 3 mo after surgery. Liver volume 

recovery was calculated by subtraction of the measured volume after 3 mo and the 

immediate postoperative volume. A comparison was made between CT volumetry and 

ICG clearance as gold standard before and 3 mo after surgery. Finally, the relation 

between liver function regeneration determined with HBS and volumetry was assessed. 

 
Scintigraphic Test Procedure 

Patients underwent hepatobiliary scintigraphy using the radiopharmaceutical agent 
99mTechnetium (99mTc)-mebrofenin (Bridatec; Amersham Health). After intravenous 

administration of 85 MBq 99mTc-mebrofenin, dynamic image acquisition was performed 

with a gamma camera (Diacam; Siemens Medical Systems) with the liver and heart in the 

field-of-view (FOV), using a 128 x 128 matrix. Dynamic acquisition was performed in  

1 h at 10 sec per frame for 60 frames (liver uptake sequence) followed by 50 frames of  

1 min (bile excretion sequence). Data was processed on a Hermes workstation (Nuclear 

Diagnostics). The liver uptake rate was calculated as described by Ekman et al.13 Regions 
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of interest (ROI) were drawn around the liver, the heart and large vessels within the 

mediastinum (serving as blood pool) and around the total FOV (indicative of total 

activity). The liver ROI was drawn automatically on a threshold-based algorithm using 

20% of the max. liver value on a summed image of the first 10 min of the acquisition as 

cut-off. Three different time-activity curves were generated, based on the liver, blood 

pool and total FOV. Liver uptake was calculated in %/min, based on these 3 parameters. 

Furthermore, ROI could be drawn around parts of the liver to calculate regional 

differences in 99mTc-mebrofenin uptake. Calculations of hepatic 99mTc-mebrofenin uptake 

were performed using scanned radioactivity values acquired between 150 and 350 sec 

after injection, to make sure that calculations were made during a phase of homogeneous 

distribution of the agent in the blood pool and before the rapid phase of hepatic 

excretion.13 

All studies were processed twice by the same operator to assess the reproducibility of 

the hepatic uptake calculations. A correlation was made between the scintigraphic liver 

uptake and the ICG clearance as gold standard before and 3 mo after surgery.  

For calculating regional liver uptake of the future remnant liver on the preoperative 

HBS, the global liver ROI was manually divided into 2 parts. The remnant liver ROI was 

drawn upon guidance of the surgeon performing the hemihepatectomy. In this remnant 

liver ROI, the estimated RLF was calculated. Furthermore, the remnant liver ROI of the 

immediate postoperative HBS was copied on the preoperative HBS dataset to recalculate 

the RLF.  Subsequently, a comparison was made between the preoperative estimated 

RLF and the actually measured immediate postoperative RLF. The functional hepatic 

recovery was calculated by subtraction of the measured scintigraphic liver function after 

3 mo and the immediate postoperative liver function. Three mo after surgery, functional 

scintigraphic liver regeneration was compared to CT volumetric regeneration. 

 
Statistical analysis 

The relationship between ICG clearance, liver uptake of 99mTc-mebrofenin and CT 

volumetry was tested using the standard Pearson correlation coefficient. All results are 

expressed as mean ± SEM values. All statistical tests were 2-tailed and differences were 

evaluated at the 5% level of significance. 
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Table 1.  Patient volumetric and functional data 

 Preoperative  Peroperative Postoperative 
Pat. 
Nr 

ICG(%) CT 
(mL) 

HBS 
(%/min) 

RLFHBS 

(%/min) 

 

 Volres 

(mL) 

VolRem 

(mL) 

 HBS 
(%/min) 

1 95.80 1318 14.55 6.41  800 518  5.64 
2 91.63 1739 11.70 4.89  1000 739  4.61 
3 98.57 1285 16.05 5.88  800 485  5.15 
4 96.31 2346 18.45 8.10  950 1396  8.43 
5 90.81 1518 11.51 7.37  900 618  8.67 
6 94.54 1353 15.55 12.23  500 853  11.7 
7 89.69 1887 14.71 12.14  700 1187  13.97 
8 87.20 1616 10.18 8.35  200 1416  8.82 
9 96.37 1759 16.72 7.97  800 959  7.25 

10 90.61 2825 13.62 4.19  1300 1525  3.06 
11 94.26 3312 13.85 9.10  1100 2212  9.38 
12 93.23 1668 14.96 5.27  700 966  4.08 
13 89.24 1942 12.39 5.81  1200 742  4.65 
14 87.23 1282 10.77 4.96  400 882  4.79 
15 86.44 982 10.30 8.89  400 582  9.30 

RLFHBS = RLF determined on preoperative HBS 

VolRes = Surgically resected volume 

VolRem = Volume remnant liver 

   

 

 

Results 

 

Patient volumetric and functional data are summarized in Table 1. A total of 45 HBS’s 

were performed in 15 patients (Fig. 1). On every scintigraphy, the hepatic uptake rate of 
99mTc-mebrofenin was calculated twice, once on the day the scintigraphy was performed 

and once in batch after completion of the trial by the same operator. There was an 

excellent correlation (r = 0.99, P < 0.001) between both calculations (Fig. 2A). Altman-

Blant statistics are shown in figure 3A. In 27 HBS’s (preoperative and 3 mo after surgery) 

a corresponding ICG clearance was performed. There was a strong positive association  

(r = 0.84, P < 0.001) between the LFR determined with HBS and ICG clearance  

(Fig. 2B).  
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Figure 2.  Correlation plots 

Scatter plots with linear regression line of HBS liver function calculation reproducibility (A), HBS 

and ICG clearance LFR assessment (B), HBS preoperative RLF assessment and postoperative RLF 

measurement (C), liver volume recovery and liver function recovery (D). 

 

Upon guidance of the surgeon, a ROI was drawn on the preoperative HBS 

encompassing the future remnant liver (Fig. 4A and 5A). The scintigraphic remnant liver 

function (RLF) within this ROI was assessed and compared to the scintigraphic liver 

uptake 1 day after surgery (Fig. 4B and 5B). There was a strong positive association  

(r = 0.95, n = 15, P < 0.001) between these measurements (Fig. 2C). Altman-Blant 

statistics are shown in figure 3B. When the ROI of the remnant liver on the immediate 

postoperative HBS was copied on the baseline preoperative scintigraphy to calculate the 

RLF, the correlation (r = 0.97, n = 15, P < 0.001) was slightly better. 
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Figure 3.  Altman-Blant statistics of liver uptake function 

Altman-Bland plot with the mean of the repeated liver uptake function calculation on HBS in 45 

studies on the horizontal axis and the differences in the repeated calculations on the vertical axis 

(A). Altman-Bland plot with the mean of FLR determination on HBS before and after surgery in 

15 studies on the horizontal axis and the differences in the repeated measurements on the 

vertical axis (B). Data are expressed as %/min hepatic 99mTc-mebrofenin uptake. The horizontal 

solid line indicates the mean difference between both calculations. The horizontal dashed lines 

indicate the 95% limits of agreement (mean ± 1.96 SD). 
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Table 2.  Liver recovery data 

Pat. 
No 

HBS(Post) 

(%/min) 

HBS(3M) 

(%/min) 

Vol(Post) 

(mL) 

 

Vol(3M) 

(mL) 

HBS(Rec) 

(%/min) 

Vol(Rec) 

(mL) 

1 5.64 12.80 518 960 7.16 442 
2 4.61 11.84 739 1277 7.23 537 
3 5.15 14.52 485 1086 9.37 601 
4 8.43 12.33 1396 1558 3.90 162 
5 8.67 10.18 618 914 1.51 296 
6 11.7 12.71 853 1177 1.01 324 
7 13.97 9.30 1187 1327 -4.67 140 
8 8.82 11.14 1416 1381 2.32 -35 
9 7.25 13.60 959 1047 6.35 87 
10 3.06 4.15 1525 1530 1.09 5 
11 9.38 14.20 2212 2592 4.82 380 
12 4.08 9.94 966 1356 5.86 389 
13 4.65 7.83 742 947 3.18 206 
14 4.79 9.76 882 955 4.97 72 
15 9.30 11.79 582 913 2.49 331 

(Post) = Assessment 1 day after surgery 

(3M) = Assessment 3 months after surgery 

HBS(Rec) = Functional recovery determined with HBS 

Vol(Rec) = Volume recovery determined with CT 

 

 

 

Liver volumes were assessed with CT preoperatively and 3 mo after surgery. In 27 CT 

volumetry assessments (preoperative and 3 months after surgery) a corresponding ICG 

clearance was performed. There was little or no association (r = 0.27) between the 

measured liver volume and function, determined with CT and ICG clearance, 

respectively. 
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Figure 4.  Right-sided hemihepatectomy 

Summed images from 150 – 350 sec after 

intravenous injection of 80 MBq 99mTc-

mebrofenin (pt. 3) preoperative (A), 1 d 

postoperatively after right-sided hemi-

hepatectomy (B) and 3 mo postoperatively (C). 

Images are normalized to the preoperative HBS. 

On panel A, a ROI is drawn over the entire liver 

(black), the future remnant liver (white) and 

mediastinal blood pool (bl). The ROIs were 

copied on the HBS performed 1 day and 3 mo 

postoperative. The total liver function was 16.05 

%/min and the RLF was estimated at 5.88 %/min 

on preoperative HBS. The measured RLF 1 day 

postoperative was 5.15 %/min. After 3 mo, the 

liver function recovered to 12.80 %/min with 

hypertrophy visible on HBS.   
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Figure 5.  Left-sided hemihepatectomy  

Summed images from 150 – 350 sec after 

intravenous injection of 80 MBq 99mTc-

mebrofenin (pt. 15) preoperative (A), 1 day 

postoperatively after left-sided hemi-

hepatectomy (B) and 3 months postoperatively 

(C). Images are normalized to the preoperative 

HBS. On panel A, a ROI is drawn over the 

entire liver (black), the future remnant liver 

(white) and mediastinal blood pool (bl). The 

ROIs were copied on the HBS performed 1 day 

and 3 mo postoperative. The total liver function 

was 10.30 %/min and the RLF was estimated at 

8.99 %/min on preoperative HBS. The measured 

RLF 1 day postoperative was 9.30 %/min. After 3 

mo, the liver function recovered to 11.79 %/min 

with hypertrophy visible on HBS. 
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Finally, functional liver regeneration was assessed with HBS and compared to volume 

regeneration assessed with CT volumetry (Table 2). There was a strong positive 

association (r = 0.81, n = 10, P < 0.01) between liver function assessed with HBS and 

ICG clearance 3 mo after surgery.  There was a weak association (r = 0.61, n = 15,  

P = 0.16) between functional liver regeneration and liver volume regeneration in 3 mo 

time after partial liver resection (Fig. 2D). An example of HBS in a patient with a right-

sided hemihepatectomy is shown in Figure 4. An example of HBS in a patient with a left-

sided hemihepatectomy is shown in Figure 5. 

 

 

Discussion 

 

Improvement in the safety of liver surgery has resulted in the performance of more 

extended hepatic resections.1, 2 The improvement of results is largely due to better 

techniques resulting in reduction of blood loss.3 However, better selection of patients 

and exclusion of high-risk patients seems to be another important contributory factor.3 

Furthermore, preoperative (selective) portal vein embolization is used in patients with 

and without underlying liver disease to increase safety and tolerance of major 

hepatectomy with a small liver remnant.4  

Important parameters in risk assessment for major hepatectomy are the preoperative 

liver function reserve (LFR) and the remnant liver volume (RLV).3, 4 Several methods of 

liver function assessment have been used, including liver biochemistry, Child 

classification and quantitative liver function tests.3 The ICG clearance test is regarded as 

the most accurate test for the evaluation of preoperative hepatic function reserve and in 

predicting postoperative mortality.17, 18 However, test results reflect total liver function 

but cannot provide information on the distribution of liver function among liver 

segments.  

Preoperative liver volume and RLV can be accurately assessed with CT.6 The 

combination of functional data with morphology is able to predict hepatic dysfunction in 

patients with normal liver parenchyma undergoing major liver resection.19 However, 

many patients undergoing partial hepatectomy for HCC have associated liver cirrhosis.8 
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Furthermore, patients with obstructing biliary tumors like cholangiocarcinoma may have 

cholestasis with secondary impaired total or segmental liver function.9 Therefore, 
99mDTPA-galactosyl human serum albumin (99mTc-GSA) scintigraphy was previously 

tested20 and refined for hepatic function testing and risk assessment for safe partial 

hepatectomy.21, 22 Major limitations are the availability of 99mTc-GSA and the fact that 
99mTc-GSA is not excreted into the bile making it impossible to study liver uptake and 

excretory function within one test which can be useful in tumors or pathology with the 

possibility of obstruction.23 

HBS has been performed in liver transplant patients to assess the functional and 

morphological status of the graft, including structural complications like bile leakage or 

bile duct obstruction.24, 25 The uptake mechanism of IDA-analoques by the hepatocyte is 

similar to those of other anorganic anions.15 Both ICG and IDA-analogues are excreted 

in the bile by hepatocytes by the ATP-dependent export pump multidrug-resistance 

associated protein 2 (MRP 2), without undergoing biotransformation during transit 

through the hepatocyte.26-28 The liver uptake function measured by Iodida clearance rate 

was described by Ekman et al.13 We adopted this technique but used 99mTc-mebrofenin as 

radiopharmaceutical. 99mTc-mebrofenin shows a high liver uptake and minimal urinary 

excretion and resists strongly the displacement by a high bilirubin level.15  

In our study, there was a strong positive association between the LFR measured with 

ICG and HBS, which confirmed earlier observations.14 Furthermore, the reproducibility 

of the liver function calculation based on HBS was high. However, it has to be stressed 

that reproducibility depends largely on the level of automatic and systematic ROI 

drawing, which is subject to a learning curve. Therefore, only one operator performed 

calculations in this phase of the trial program. 

It can be argued that diseased regions are difficult to localize on planar registration 

and differences in volumes of liver ROIs might influence the findings.23 Therefore, 

SPECT techniques offer potential advantages in localization.23 However, quantitative or 

semiquantitative analysis in SPECT has limitations of its own and implementation of 

attenuation and scatter correction should be considered.29 Furthermore, the LFR 

determined with planar dynamic HBS correlates well with ICG clearance and the RLF 

assessed preoperatively correlated well with the postoperative measured value.  
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Therefore, we feel confident to use planar HBS for the assessment of LFR and RLF. The 

asymmetric liver shape can produce over or underestimation of uptake on planar anterior 

dynamic scintigraphy. Despite the fact that this did not significantly affect our data in this 

study, dual-head dynamic acquisition with geometric mean value calculation could 

improve the reliability of RLF and this will be evaluated in the future. 

It has been shown that CT is able to assess liver volumes with accuracy.6 However, 

the question remains whether volume and function can be related in any given situation. 

When a small tumor has to be resected in a homogeneous and normal functioning liver, 

volume and function can be related.19 For these patients, restricted surgery is needed and 

the significance of remnant liver function determination is questionable.4 For multiple 

resectable or large tumors, liver function distribution is not homogeneous. Furthermore, 

patients with HCC frequently present with associated underlying disease like cirrhosis 

and cholestasis induced by obstructing biliary tumors can affect total or segmental liver 

function. In these patients it is possible that morphologic volumetry will not reflect 

functional volumetry, which might explain the reported lack of association between the 

volume of the remaining liver and the postoperative course.4, 19  

When assessing functional recovery of the liver after hemihepatectomy, our results 

show that there is only a weak association between functional liver regeneration and liver 

volume regeneration in 3 mo time after partial liver resection. This emphasizes the 

importance of functional imaging and might play an important role in patients subject to 

preoperative liver function enhancement techniques such as portal embolization.30 

Finally, HBS offers the ability to assess both liver uptake and excretory function. 

Besides preoperative assessment of functional consequences of possible cholestasis, 

postoperative assessment of remnant liver function can be combined with biliary 

function and bile leak assessment. This combination of investigations is not possible with 

laboratory (ICG), morphological (CT) or other scintigraphic techniques.23, 31, 32 
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Conclusion 

 

Hepatobiliary scintigraphy offers a unique combination of functional liver uptake and 

excretion assessment with the ability to determine the preoperative LFR and to estimate 

the RLF preoperatively. Determination of the RLF instead of the RLV might clarify 

some of the discrepancies observed in the literature between RLV and clinical outcome 

in patients with a nonhomogeneous liver function. Finally, it has been shown that liver 

function regeneration can be monitored using HBS. 
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Most of the clinical manifestations of gastrointestinal (GI) disease reflect abnormal 

function. Dysphagia, dyspepsia, change in bowel habit, abdominal pain, GI bleeding, and 

jaundice are all manifestations of disturbed physiology. Whereas abnormal anatomy is 

usually best investigated by endoscopy, conventional radiology, ultrasound or computed 

tomography (CT), some functional abnormalities are better defined and explored by 

radionuclide techniques. Research in GI motility, IBD and hepatology is making 

quantum leap progression increasing the demand for noninvasive validation of 

hypotheses and techniques. Therefore, the aim of this thesis was to further characterize 

existing nuclear medicine techniques in the evolving field of gastroenterology and to 

explore novel applications and techniques for clinical and experimental use in human 

studies and animal experiments. 

 

 

Gastrointestinal motility 

 

Radionuclide gastric emptying studies are widely used for clinical and research 

purposes. The normal values for these studies are generally based on all-male or mixed 

populations, because it has been assumed that men and women have identical rates of 

gastric emptying. Over the last 10 years, however, it has become increasingly evident that 

women have slower gastric emptying rates for solids and possibly also for liquids. The 

aims of the study presented in chapter 2 were (1) to confirm the difference in gastric 

emptying for solid and liquid test meal between healthy men and women and (2) to 

investigate the origin of this difference in absence of pathology by studying regional 

gastric emptying and antral motility. We demonstrated that gastric emptying of solids is 

significantly slower in women as compared to men. In contrast with pathological 

situations such as idiopathic or diabetes mellitus gastroparesis, where antral motor 

activity is affected, the antral motor activity does not seem to play a major role in the 

gender difference. In our opinion, the gastric fundus is also responsible for delaying the 

gastric emptying in females.  

Dual-isotope scintigraphy is the gold standard for evaluation of gastric emptying. With 

the addition of powerful tools such as regional gastric emptying and dynamic antral 
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scintigraphy the test is even more informative without increasing the radiation burden 

excessively. For routine clinical purposes, each nuclear medicine facility should define  

2 separate sets of normal gastric emptying reference values for men and premenopausal 

women. As regards future experimental work, we believe it is of major interest that 

investigations are carried out separately for men and women. This might clarify some of 

the contradictions in the literature, possible caused by different ratios of men and women 

in study protocols. 

When evaluating small-bowel transit as part of an entire bowel transit protocol, 

determination of the 10% small bowel transit time (SBTT) for solid test meal could be 

different for male and female patients because gastric emptying is slower in healthy 

premenopausal women than in men. Therefore, the purpose of the study presented in 

chapter 3 was to define normal values of small-bowel transit in men and women, and to 

assess if there is a gender difference, or a difference between solids and liquids. Unlike 

gastric emptying, the SBTT of solids and liquids is not significantly different, nor was a 

significant difference for gender found in healthy volunteers. Determination of the 

orocecal transit time (OCTT) seems to be the simplest and most accurate approach to 

measure SBTT with scintigraphy, because of less dependence on gastric emptying, even 

though no significant difference could be demonstrated in healthy controls. Whether or 

not, defining the 10%SBTT as well will be helpful in differentiating between gastric and 

small bowel dysmotility in idiopathic gastroparesis remains to be elucidated. Finally, our 

observations confirm that an 111In-DTPA labeled liquid test meal can also be used for the 

determination of colon transit in a single imaging, whole-gut study protocol since 

ileocecal transfer occurs as a bolus phenomenon. 

Scintigraphy is usually considered the reference technique for measuring the OCTT. 

Several drawbacks, however, limit its application in routine practice. Expensive 

equipment, time and specialized personnel are required, and the use of radioactive 

isotopes is associated with some irradiation (<3 mSv). It is not preferable to repeat the 

technique at short intervals in children, and in pregnant women the use of this technique 

should be avoided completely. Therefore, it was the aim of the study presented in 

chapter 4 to investigate the validity of the lactulose-[13C]ureide (LU) breath test (LUBT) 

by direct comparison with a well-established method, namely scintigraphy using a  



Chapter 16 

300 

99mTc-sulfur colloid labeled test meal. The highly significant correlation of OCTT 

measured using LUBT and the scintigraphically determined OCTT in these healthy 

volunteers shows that the breath test could be a valid alternative for scintigraphy. 

 

The use of mouse models has increased in gastrointestinal (GI) research, particularly 

in GI oncology and GI immunology. In contrast, GI motility research would benefit 

from further development and application of mouse models. The aims of the study 

presented in chapter 5 were: (1) to adapt a routine pinhole gamma camera system, 

suitable for murine gastric-emptying scintigraphy without the need of sedation or 

invasive parabiotic preparation, (2) to validate murine gastric-emptying scintigraphy by 

comparing it to an established technique such as phenol red recovery, and (3) to 

determine normal values for solid and liquid gastric emptying and evaluate effects of 

multiple handling or earlier sedation and/or analgesia on gastric emptying. It has been 

shown that pinhole gastric-emptying scintigraphy in small laboratory animals allows 

accurate, noninvasive measurement of gastric emptying of both liquids and solids. It 

correlates well with the gold standard, phenol red, but requires significantly fewer 

laboratory animals and provides more information. Finally, it allows serial measurements 

in the same animal, making this technique suitable to evaluate the effects of 

pharmacologic or other interventions on gastric emptying within the same animal.  

An application of the model described and validated in chapter 5 is illustrated in 

chapter 6. In this study, the aim was to show in a murine model for postoperative ileus 

that leukocyte infiltrates recruited in the intestinal muscularis by selective small-intestinal 

manipulation affect the motility of parts of the gastrointestinal tract, distant from the site 

of manipulation, by triggering an inhibitory neural pathway. Gastrointestinal motility was 

successfully assessed with pinhole gastric emptying-scintigraphy in mice. 

 

Measurement of the gastric accommodation response to meal intake is technically 

difficult and available techniques have methodological drawbacks. The current gold 

standard for the measurement of accommodation is the gastric barostat, involving the 

introduction of a balloon into the gastric fundus. In addition to the discomfort associated 

with this invasive and time-consuming procedure, the presence of a balloon in the 



Summary and conclusions 

301 

stomach has been shown to cause dilatation of the antrum as a result of meal 

displacement and induction of exaggerated proximal gastric relaxation. The aim of the 

study presented in chapter 7 was to refine a recently described scintigraphic method, 

limiting the radiation dose applied and increasing possible postinjection imaging time 

span without losing image quality, so that sequential (multiple measurements within  

1 test) and repetitive (measurements before and after treatment) measurements within  

1 subject become possible without increasing radiation burden. It has been shown that 

noninvasive measurement of gastric volume with a reduced dose of pertechnetate is 

feasible without losing image quality. This noninvasive technique enables repeated and 

serial measurement of gastric volume response to a test meal, a process that is potential 

useful for characterization and follow-up of dyspeptic patients with and without drug 

intervention.  

The volumes measured by gastric volume scintigraphy (GVS) will reflect intragastric 

content such as gastric secretions, swallowed air and ingested foods or liquids. Based on 

these assumptions, we hypothesized in chapter 8 that in the absence of a barostat 

balloon, GVS will largely detect the volume effect of meal ingestion and will be a rather 

insensitive tool to detect fundic relaxation. To test this hypothesis, the ability to detect 

fundic relaxation of comparable magnitude evoked by meal ingestion or glucagon was 

compared between the 2 techniques performed at separate days. We concluded that GVS 

is able to detect changes in gastric volume in a noninvasive manner. However, our data 

suggest that GVS, in the absence of a distending force, is less suitable than the gastric 

barostat to detect gastric relaxation and rather detects the volume of the intragastric 

contents after meal intake. These findings question the role of GVS as a tool to detect 

gastric relaxation or impaired accommodation and imply that further validation is 

required, for instance by using a larger test meal or drink test protocols. 
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Inflammatory bowel disease 

 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease accompanied by 

frequent acute exacerbations. It is usually diagnosed by rectosigmoidoscopy, colonoscopy 

or double-contrast barium enema. Colonoscopic and contrast radiographic procedures 

have inherent disadvantages and can be cause of severe complications. However, 

knowing the severity of disease is important for estimating the intensity of anti-

inflammatory therapy and the risk of complications. The aim of the study presented in 

chapter 9 was to determine if 99mTc-HMPAO labeled WBC scintigraphy could be an 

alternative to endoscopy with biopsy to determine the extent and the severity of the 

disease in these critically ill patients. It was demonstrated that disease severity can be 

determined adequately by planar WBC scintigraphy in patients with a severe attack of 

UC. Because the presence and severity of disease correlates well with histologic findings, 

it is possible to assess disease activity and extent with WBC scintigraphy without the need 

for colonoscopy. This could decrease the number and severity of complications in 

already critically ill patients. 

Treatment of UC is mainly based on corticosteroids, administered orally, parenterally 

or rectally. A rapid and sustained response is usually seen within a few days following 

initiation of treatment. However, the overall rate of steroid treatment failure in acute 

exacerbations of UC remains high, and 20-30% of patients ultimately require surgery. 

Prediction of the long-term prognosis of UC at the time of diagnosis and early 

identification of which patients with a severe exacerbation will not respond to therapy 

remains difficult. The aim of the study presented in chapter 10 was to determine if WBC 

scintigraphy can predict early treatment failure in patients with acute attacks of UC. 

Repeated WBC scintigraphy seems able to predict therapy resistance in UC within 1 wk 

after start of treatment. This technique provides a noninvasive and reliable tool to 

monitor therapy in ulcerative colitis and depict nonresponders in an early stage where 

intensifying therapy or changing management or ultimately colectomy is possible without 

losing valuable time and increasing risk of dangerous complications. 
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In chapter 11, it has been shown that the concept of pinhole SPECT using a rotating 

object and a fixed collimated camera-head is technically feasible and enables SPECT 

imaging in small animals. Using this procedure, we circumvent the problem of 

mechanical shift and unknown instabilities in a practical, easy-to-use and low-cost 

environment. Therefore, pinhole SPECT may be used more extensively for the 

assessment of in vivo uptake of radioligands in small animals and may replace many in 

vitro experiments, reducing the number of animals needed for experiments. 

 

Although the initiating events of IBD are still unknown, increasing evidence indicates 

that mucosal CD4+ T cells activated by enteric bacteria initiate and perpetuate the 

inflammation in genetically susceptible individuals. Aberrant (excessive or inappropriate) 

homing of these cells to mucosal sites is believed to be a central element in the 

pathogenesis of IBD. For investigating these homing patterns, a noninvasive technique, 

able to assess lymphocyte recirculation and kinetics in the follow-up of experimental 

treatment for IBD, would not only benefit longitudinal studies, but also reduce the 

number of animals required to test. Therefore, the aim of the study presented in chapter 
12 was to construct and validate an animal model for IBD, in which intestinal 

lymphocyte homing can be monitored noninvasively in vivo by means of pinhole 

SPECT. Our results indicate that lymphocyte homing can be assessed in vivo by means 

of dedicated animal pinhole SPECT using a technique that enables serial measurement of 

specific cell trafficking in TNBS colitis. This technique provides temporal insight in the 

disease process, and yields potential of in vivo evaluation of novel anti-inflammatory 

strategies in IBD. In the study presented in chapter 13, we used dedicated animal 

SPECT for assessment of radioactive labeled 111In-oxinate purified T helper lymphocyte 

homing to the gut in TNBS-induced experimental colitis in mice. Furthermore, we 

applied this technique to study blockade of intestinal lymphocyte influx in TNBS colitis 

with an anti-α4 integrin antibody. The results of this study indicate that SPECT of 111In 

labeled purified lymphocytes is a straightforward and reliable technique to assess 

lymphocyte migration to the colon in experimental colitis and the radioactive uptake ratio 

of the colon can be used as a parameter of disease activity in vivo. Blockade of 

lymphocyte homing by an anti-α4 antibody was detected by SPECT in vivo and could be 
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confirmed by planar pinhole scintigraphy of isolated colons. Therefore, SPECT can 

improve the preclinical development of drugs that intervene with lymphocyte migration 

to the inflamed intestine. 

 

 

Liver disease 

 

Preoperative assessment of liver function is used to estimate the outcome of major 

liver surgery. To date, the most frequently used test for evaluating preoperative liver 

function is the indocyanine green clearance (ICG) test. This test, requiring intravenous 

injection and multiple blood samples, provides indirect measurement of global liver 

function only. Alternatively, 99mTc-labeled iminodiacetic acid (IDA) analogues, 

transported in blood by binding to albumin and with a hepatic uptake similar to ICG, can 

be used for hepatobiliary scintigraphy (HBS) in the assessment of liver function. HBS, 

requiring a single intravenous injection, provides visual and quantitative information of 

global and regional liver function as well as information on excretory biliary function. 

The aim of the study presented in chapter 14 was to examine the correlation of the ICG 

clearance test with the uptake of 99mTc-mebrofenin as determined from the blood as well 

as from scintigraphical assessment. The data presented in this study show that 99mTc-

mebrofenin uptake rate as assessed by scintigraphy correlates well with ICG clearance 

and is a valid method for determining the liver function. Additional morphological 

information obtained from HBS provides valuable information on localization of liver 

segments with inferior function and/or bile pooling in obstructed liver segments. 

The maximum extent of resection compatible with a safe postoperative outcome 

remains unknown, but it is generally believed that the risk for perioperative 

complications increases when the remnant liver volume is too small. Therefore, 

preoperative assessment of hepatic function and remnant liver volume (RLV) is 

advocated. Preoperative and remnant liver volumes can be accurately estimated with CT. 

However, most strategies evaluating preoperative hepatic function reserve and estimating 

the remnant liver volume rely on a homogeneous liver function. Unlike patients 

undergoing liver resection for metastatic cancer or benign liver conditions, patients with 
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hepatocellular carcinoma or obstructing tumors like cholangiocarcinoma may have 

underlying chronic liver disease or cholestasis with primary or secondary impaired total 

or segmental liver function. There is a good correlation of the preoperative 99mTc-

mebrofenin liver uptake rate and the ICG clearance test in patients scheduled for major 

liver surgery. Therefore, the aim of the study presented in chapter 15 was to assess total 

and regional liver function before and after major liver surgery and to compare 

scintigraphic results with volumetric data and ICG clearance test results. Furthermore, 

the correlation of the immediate postoperative remnant liver function (RLF) predicted 

on preoperative scintigraphy and measured 24 h after surgery with scintigraphy was 

assessed. Finally, the relation between liver function regeneration determined with HBS 

and volumetry was assessed. It has been shown that HBS offers a unique combination of 

functional liver uptake and excretion assessment with the ability to determine the 

preoperative liver function reserve and to estimate the RLF preoperatively. 

Determination of the RLF instead of the RLV might clarify some of the discrepancies 

observed in the literature between RLV and clinical outcome in patients with a 

nonhomogenous liver function. Finally, it has been shown that liver function 

regeneration can be monitored using HBS. 
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Nuclear Gastroenterology 

 

Scintigraphy has more potential than the routine clinical investigations currently 

available in most nuclear medicine facilities. The current applicability of scintigraphic 

methods in gastroenterology is larger and includes for instance detection and 

quantification of gastroesophageal and enterogastric reflux, esophageal clearance, gastric 

emptying, small bowel and colonic transit, calculous and acalculous biliary disorders, 

localization of ectopic gastric mucosa in a Meckel’s diverticulum, localization of sites of 

GI hemorrhage and identification of sites of inflammation in the GI tract.  

This thesis is an illustration of the ability of nuclear medicine to adapt to changing 

clinical and experimental needs for investigation of physiological and pathophysiological 

processes. The ability of nuclear medicine to image and quantify these processes without 

interference or introducing nonphysiological devices is a serious advantage. Furthermore, 

the possibility of repetitive measurements in laboratory animals potentially reduces the 

number of animals needed for experiments in which animals would have to be sacrificed 

for the measurement act. Despite the possible advantages of these nuclear medicine 

techniques, radiation exposure should always be accounted for in the ultimate decision 

whether to use techniques involving radiation.  

Nuclear gastroenterology remains an important part of nuclear medicine. In a dynamic 

nuclear medicine environment, with multiple challenges like PET, receptor imaging, 

apoptosis and radioimmunotherapy, modern nuclear techniques prove to be useful for 

clinical and experimental gastroenterology. Nuclear medicine physicians have to be aware 

of basic nuclear gastroenterology and its evolution. Therefore, the opportunity to acquire 

this specific knowledge in training and by continuing education should remain. Profound 

knowledge of all aspects of nuclear medicine, including nuclear gastroenterology, is a key 

to improving patient management and advances in medical research. 
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Gastrointestinale (GI) pathologie uit zich meestal in een abnormale maagdarm functie. 

Dysfagie, dyspepsie, een veranderend ontlastingspatroon, buikpijn, GI bloedverlies en 

icterus zijn allemaal uitingen van een verstoorde functie. In tegenstelling tot anatomische 

afwijkingen, die het best met endoscopie, conventionele radiologie, echo of CT 

onderzocht kunnen worden, kunnen sommige functionele maagdarm problemen beter 

onderzocht worden met scintigrafische technieken. Er wordt grote vooruitgang gemaakt 

in het onderzoek op het gebied van GI motiliteit, IBD en hepatologie waardoor de vraag 

naar niet-invasieve validatie van hypothesen en technieken toeneemt. Daarom was het 

doel van dit proefschrift het uitbreiden van bestaande nucleair geneeskundige technieken 

op het gebied van de gastroenterologie en het onderzoeken van nieuwe toepassingen en 

technieken voor klinisch en experimenteel gebruik bij mens en dier. 

 

 

Gastrointestinale motiliteit 

 

Maagontledigingsscintigrafie is in de klinische praktijk en voor wetenschappelijke 

onderzoeksdoeleinden een veel gebruikte techniek. Omdat er aangenomen werd dat 

mannen en vrouwen een identieke maagontledigingssnelheid hebben zijn de 

normaalwaarden voor dit onderzoek historisch gebaseerd op een mannelijke of op een 

gemengde populatie. Sinds een tiental jaren zijn er echter toenemend aanwijzingen dat 

vrouwen een tragere maagontledigingssnelheid hebben voor vast voedsel, en mogelijk 

ook voor vloeibaar voedsel. Het doel van de studie beschreven in hoofdstuk 2 was  

(1) het bevestigen van een verschil in maagontledigingssnelheid voor vast en vloeibaar 

voedsel bij gezonde mannen en vrouwen en (2) het bestuderen van de oorsprong van dit 

verschil bij gezonde proefpersonen door het onderzoeken van de regionale 

maagontlediging en de antrale maagmotiliteit. In dit onderzoek hebben we aangetoond 

dat de maagontlediging van vast voedsel significant trager verloopt bij vrouwen in 

vergelijking met mannen. In tegenstelling tot pathologie zoals idiopatische of diabetische 

gastroparese, waarbij de antrale motorfunctie is aangetast, lijkt de antrale motorfunctie 

geen belangrijke rol te spelen in het geslachtsgebonden verschil in maagontlediging. Naar 

onze mening speelt de maagfundus wel een belangrijke rol in dit verschil.  
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Scintigrafie is de gouden standaard voor het onderzoeken van de maagontlediging. 

Door dit onderzoek uit te breiden met bepalingen van de regionale maagontlediging en 

de antrale contractiesnelheid en amplitudo wordt maagontledigingsscintigrafie 

informatiever zonder drastische toename van de stralenbelasting. Wegens de 

geslachtsgebonden verschillen in maagontlediging en de afhankelijkheid van de test van 

de gebruikte proefmaaltijd, zou iedere afdeling nucleaire geneeskunde voor routine 

gebruik een eigen referentiedatabase moeten opbouwen met afzonderlijke 

normaalwaarden voor mannen en premenopausale vrouwen. Wat toekomstig 

wetenschappelijk onderzoek betreft, lijkt het ons van groot belang dat het onderzoek bij 

mannen en vrouwen afzonderlijk uitgevoerd wordt. Dit zou een deel van de bestaande 

controverse in de literatuur kunnen verklaren die mogelijk veroorzaakt wordt door het 

gebruik van onderzoekspopulaties met verschillende verhoudingen van mannen en 

vrouwen. 

Als men de dunnedarmtransit onderzoekt als onderdeel van een maagdarmtransit 

protocol kan de bepaling van de 10% dunnedarmtransittijd (10%SBTT) voor een vaste 

proefmaaltijd verschillend zijn voor mannen en vrouwen omdat de maagontlediging bij 

premenopausale vrouwen trager verloopt dan bij mannen. Het doel van de studie 

beschreven in hoofdstuk 3 was daarom het definiëren van normaalwaarden voor de 

dunnedarmtransit bij mannen en vrouwen en te onderzoeken of er een 

geslachtsgebonden verschil bestaat of een verschil in dunnedarmtransittijd tussen vast en 

vloeibaar voedsel. Uit ons onderzoek blijkt dat in tegenstelling tot de maagontlediging, de 

dunnedarmtransittijd van vast en vloeibaar voedsel niet significant verschillend is. Er 

werd eveneens geen geslachtsgebonden verschil in dunnedarmtransittijd opgemerkt. 

Gezien de orocecale transittijd (OCTT) minder afhankelijk is van de maagontlediging 

lijkt het  bepalen hiervan de meest eenvoudige en accurate manier te zijn om de 

dunnedarm-transittijd scintigrafisch te meten. Of het bijkomend bepalen van de 10% 

dunnedarmtransittijd nuttig is ter differentiatie van maag- en dunnedarm 

motiliteitsstoornissen bij idiopatische gastroparese zal nog nader onderzocht moeten 

worden. Ten slotte is uit ons onderzoek gebleken dat een 111In-DTPA gelabelde vloeibare 

proefmaaltijd gebruikt kan worden voor het bepalen van de colontransit in een 

maagdarmtransit protocol omdat de ileocecale overgang als een bolus plaatsvindt. 
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Scintigrafie wordt beschouwd als de referentietechniek voor het bepalen van de 

OCTT. Enkele nadelen beperken echter het gebruik ervan in de klinische praktijk. Voor 

het onderzoek zijn kostbare apparatuur, tijd en personeel noodzakelijk. Tevens gaat het 

gebruik van radioactieve isotopen gepaard met stralenbelasting (< 3 mSv). Herhaling van 

deze techniek op korte termijn bij kinderen is daarom niet aan te bevelen. Daarnaast 

wordt het gebruik van straling bij zwangere vrouwen zoveel mogelijk vermeden. Het doel 

van het onderzoek beschreven in hoofdstuk 4 was om de lactulose-[13C]ureide (LU) 

adem test (LUBT) te valideren en te vergelijking met de gouden standaard, zijnde de 

dunnedarm transit scintigrafie. De goede correlatie van de OCTT gemeten met LUBT en 

scintigrafie bij gezonde vrijwilligers toont aan dat de ademtest een goed alternatief kan 

zijn voor het bepalen van de OCTT. 

 

In het wetenschappelijk onderzoek is het gebruik van muizen als proefdieren sterk 

toegenomen, met name in het gastroenterologisch-oncologisch en -immunologisch 

onderzoek. Het gebruik van muizen in het maagdarm-motiliteitsonderzoek daarentegen 

blijft achter en zou baat kunnen hebben bij de ontwikkeling en implementatie van nieuwe 

onderzoeksmodellen. De doelstellingen van het onderzoek beschreven in hoofdstuk 5 

waren: (1) het aanpassen van een routine gammacamera zodat deze geschikt wordt voor 

het onderzoeken van de maagontlediging bij muizen zonder sedatie of invasieve 

parabiotische constructie, (2) het valideren van de maagontledigingsscintigrafie bij 

muizen door vergelijking met de veel toegepaste techniek van fenolrood klaring, en  

(3) het bepalen van de normaalwaarden voor de maagontlediging van vast en vloeibaar 

voedsel en het evalueren van de effecten van veelvuldig manipuleren of het effect van 

voorgaande analgesie of anesthesie op de maagontlediging. In dit onderzoek hebben we 

aangetoond dat de maagontlediging van een vaste of vloeibare proefmaaltijd op een niet-

invasieve manier betrouwbaar gemeten kan worden bij muizen m.b.v. pinholescintigrafie. 

Er is een goede correlatie met de referentietechniek. Scintigrafie levert meer informatie 

op omdat naast kwantitatieve gegevens ook visuele beoordeling mogelijk is. Daarnaast is 

het niet nodig een dier te offeren voor scintigrafie waardoor herhaalde metingen in  

1 experiment mogelijk zijn. Hierdoor wordt een significante reductie van het aantal 

proefdieren gerealiseerd. Ten slotte zijn longitudinale studies met een zelfde dier 
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mogelijk, waardoor de techniek efficiënt gebruikt kan worden voor het beoordelen van 

farmacologische effecten of effecten van interventies op de maagontlediging.  

Een toepassing van het model beschreven in hoofdstuk 5 wordt geïllustreerd in 

hoofdstuk 6. Het doel van deze studie was het aantonen in een muizenmodel dat 

postoperatieve ileus veroorzaakt wordt door een lokale leukocyten infiltratie in de 

muscularis van de gemanipuleerde darm waarbij een inhiberende zenuwreflex wordt 

geactiveerd met een laattijdig effect op het gehele maagdarmkanaal. De maagdarm 

motiliteit werd beoordeeld met pinhole maagontledigingsscintigrafie bij muizen. 

 

Het bepalen van de maagaccommodatie op voedselinname is technisch moeilijk en de 

beschikbare technieken hebben methodologische nadelen. De maagbarostat, een 

techniek waarbij een ballon via de neus in de maag wordt gebracht is de huidige 

referentietechniek voor het meten van de maagaccommodatie. Behalve het feit dat het 

inbrengen van de ballon een vervelende, invasieve en tijdrovende procedure is, 

veroorzaakt de aanwezigheid van de ballon als gevolg van de overdruk een overdreven 

uitzetten van de maagfundus en wordt ook het antrum verwijd als gevolg van de 

verplaatsing van het voedsel. Het doel van het onderzoek beschreven in hoofdstuk 7 

was het aanpassen van een recent gepubliceerde scintigrafische techniek, waarbij de 

stralenbelasting werd beperkt en de beeldvormingtijd werd verlengd zonder verlies aan 

beeldkwaliteit zodat seriescintigrafie en herhaling van het onderzoek bij een 

proefpersoon mogelijk wordt zonder toename van de stralenbelasting. In dit onderzoek 

hebben we aangetoond dat de bepaling van het maagvolume scintigrafisch mogelijk is 

met een gereduceerde hoeveelheid pertechnetaat zonder verlies aan beeldkwaliteit. Deze 

niet-invasieve techniek maakt seriële en herhaalde meting van het maagvolume mogelijk, 

hetgeen behulpzaam kan zijn bij het onderzoek naar en de opvolging van dyspeptische 

patiënten met en zonder farmacologische behandeling.  

Het volume van de maag gemeten met gastric volume scintigraphy (GVS) wordt 

bepaald door de maaginhoud met onder meer voedsel, maagsecretie en ingeslikte lucht. 

Hiervan uitgaande is de hypothese beschreven in hoofdstuk 8 dat in afwezigheid van een 

distenderende barostatballon, GVS alleen het volume-effect van de maaltijd kan meten 

zonder informatie te geven over de maagwandrelaxatie. Om deze hypothese te testen 
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werd de maagrelaxatie, veroorzaakt door een proefmaaltijd of glucagon, met GVS 

gemeten en vergeleken met barostatgegevens bij dezelfde proefpersonen op verschillende 

dagen. Hieruit concluderen we dat GVS in staat is het maagvolume op een niet-invasieve 

wijze te meten. De gegevens wijzen er echter op dat GVS slechts in staat is het volume 

van de maaginhoud te meten doch zonder aanwezigheid van een distenderende kracht 

(ballon) niet in staat is informatie te geven over de maagwandrelaxatie. Deze bevindingen 

trekken de rol van GVS voor het bepalen van de maagwandrelaxatie of van gestoorde 

maagaccommodatie in twijfel en vragen om bijkomende validatie waarbij gebruik 

gemaakt dient te worden van een grotere proefmaaltijd of drinktest protocollen. 

 

 

Inflammatoire darmziekten 

 

Colitis ulcerosa (CU) is een chronische inflammatoire darmziekte die gepaard gaat met 

acute opflakkeringen. CU wordt meestal gediagnosticeerd met behulp van 

rectosigmoidoscopie, coloscopie of contrastradiografie. Coloscopie en contrast-

radiografie hebben belangrijke nadelen en kunnen de oorzaak zijn van ernstige 

complicaties. Het is echter belangrijk om de ernst en de uitgebreidheid van de ziekte te 

kennen voor een optimale behandeling en voor een risico-inschatting van de mogelijke 

complicaties. Het doel van de studie beschreven in hoofdstuk 9 was te onderzoeken of 
99mTc-HMPAO gelabelde witte bloedcel (WBC) scintigrafie een alternatief kan zijn voor 

endoscopie met biopsie ter evaluatie van de ernst en de uitgebreidheid van de ziekte bij 

ernstig zieke patiënten. In dit onderzoek hebben we aangetoond dat de ernst van de 

ziekte betrouwbaar bepaald kan worden m.b.v. WBC scintigrafie. Daar de aanwezigheid 

en de ernst van de ziekte goed correleren met de histologische bevindingen kan de ernst 

en de uitgebreidheid van de ziekte met WBC scintigrafie onderzocht worden zonder 

gebruik te maken van coloscopie. Dit zou het aantal en de ernst van complicaties kunnen 

verminderen in een reeds ernstig zieke patiëntengroep. 

De behandeling van CU is gebaseerd op o.a. corticosteroïden, welke oraal, parenteraal 

of rectaal worden toegediend. Meestal reageren patiënten snel op de ingestelde 

behandeling. Bij 20-30% van de patiënten slaat de behandeling echter niet aan en zal de 
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patiënt uiteindelijk geopereerd moeten worden. Het voorspellen van het effect van de 

behandeling en het vroegtijdig identificeren van patiënten die slecht reageren op de 

behandeling blijft moeilijk. Het doel van het onderzoek beschreven in hoofdstuk 10 was 

te onderzoeken of het falen van een behandeling bij patiënten met een acute opflakkering 

van CU vroegtijdig aangetoond kan worden m.b.v. WBC scintigrafie. In dit onderzoek 

werd aangetoond dat het herhalen van een WBC scintigrafie binnen een week na de start 

van een behandeling uitsluitsel kan geven over therapieresistentie. Hierdoor kan de 

behandeling tijdig aangepast worden waarbij het risico van bijkomende complicaties 

vermindert. 

 

In hoofdstuk 11 wordt er aangetoond dat het concept van pinhole SPECT met een 

roterend object en een gefixeerde gammacamera technisch haalbaar is en SPECT 

mogelijk maakt bij kleine proefdieren. Pinhole SPECT kan ingezet worden voor het 

bestuderen van de in vivo opname en biodistributie van radioliganden in kleine 

proefdieren. Hierdoor worden herhaalde in vitro studies overbodig wat een reductie van 

het aantal proefdieren tot gevolg kan hebben. 

 

Hoewel de oorzaak van IBD nog niet bekend is, is er toenemend bewijs dat mucosale 

CD4+ T cellen, geactiveerd door darmbacteriën, in genetisch voorbeschikte personen een 

ontsteking initiëren en onderhouden. Een centraal element in de pathogenese van IBD is 

mogelijk een verstoord homingpatroon van deze cellen naar de darmmucosa. Om deze 

homingpatronen te onderzoeken is een herhaalbare, niet-invasieve techniek noodzakelijk 

waarbij de lymfocytenrecirculatie en -kinetiek bestudeerd kan worden in longitudinale 

studies met of zonder behandeling. Het doel van het onderzoek beschreven in 

hoofdstuk 12 was het ontwikkelen en valideren van een muizenmodel voor IBD, waarbij 

het hominggedrag van lymfocyten op een niet-invasieve manier in vivo m.b.v. pinhole 

SPECT gevolgd kan worden. In dit onderzoek hebben we aangetoond dat het 

hominggedrag van lymfocyten in het TNBS-colitis muizen model m.b.v. pinhole SPECT 

in vivo herhaaldelijk in beeld kan worden gebracht. Deze techniek kan een beeld geven 

van het ziekteproces in de tijd en maakt evaluatie van nieuwe anti-inflammatoire 

strategieën bij IBD in een experimentele fase mogelijk. In het onderzoek beschreven in 
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hoofdstuk 13 hebben we gebruik gemaakt van de pinhole SPECT techniek bij het 

beoordelen van het homingpatroon van met 111In-oxine gelabelde gezuiverde T helper 

lymfocyten bij TNBS-geïnduceerde experimentele colitis in muizen. Daarnaast hebben 

we deze techniek gebruikt om het blokkeren van de lymfocyteninflux met een anti-α4 

integrin antistof te bestuderen. De resultaten van dit onderzoek tonen aan dat pinhole 

SPECT met 111In gelabelde gezuiverde lymfocyten een betrouwbare techniek is om de 

lymfocytmigratie naar het colon in experimentele colitis te bestuderen en dat de  

radioactieve uptake-ratio in het colon gebruikt kan worden als een parameter van 

ziekteactiviteit in vivo. Het blokkeren van de lymfocyt-homing door een anti-α4 antistof 

kan dus in vivo bestudeerd worden d.m.v. SPECT. Pinhole SPECT kan daarom helpen 

bij het preklinisch onderzoek naar de ontwikkeling van geneesmiddelen die interfereren 

met het migratiepatroon van lymfocyten naar de ontstoken darm. 

 

 

Leverziekten 

 

Om de haalbaarheid van majeure leverchirurgie te evalueren wordt preoperatief de 

leverfunctie bepaald. De indocyanine groen clearance (ICG) test is de meest gebruikte 

test voor het bepalen van de preoperatieve leverfunctie. Deze test vereist een 

intraveneuse toediening en herhaalde bloednames uit een contralaterale vene. Daarnaast 

levert de test slechts informatie op over de globale leverfunctie. 99mTc-gelabelde 

iminodiacetaat (IDA) analogen worden in het bloed gebonden aan albumine en op 

dezelfde manier in de hepatocyt opgenomen als ICG. Het is daarom mogelijk 

hepatobiliary scintigraphy (HBS) te gebruiken als leverfunctiebepaling. Met HBS is het 

mogelijk om na de iv toediening van het radiofarmacon visuele en kwantitatieve 

informatie over de globale of regionale leverfunctie te verkrijgen naast beelden van de 

excretoire (biliaire) functie. Het doel van het onderzoek beschreven in hoofdstuk 14 was 

te beoordelen of de correlatie tussen de ICG test en de uptake van 99mTc-mebrofenin in 

de lever voldoende is om de leverfunctie te kunnen bepalen m.b.v. HBS. In dit 

onderzoek hebben we aangetoond dat de 99mTc-mebrofenin uptakesnelheid, bepaald met 

scintigrafie, een goede methode is voor het bepalen van de leverfunctie. De bijkomende 
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morfologische informatie van HBS levert belangrijke gegevens op over de lokalisatie van 

leversegmenten met een verminderde leverfunctie en/of de aanwezigheid van 

leversegmenten met een belemmerde galafvoer. 

De maximale hoeveelheid die men van een lever kan wegnemen zonder de patiënt in 

gevaar te brengen is onbekend, maar het wordt algemeen aangenomen dat het 

perioperatieve risico toeneemt als het resterende levervolume afneemt. Daarom is het 

bepalen van de leverfunctie en het resterende levervolume belangrijk. Preoperatieve en 

resterende levervolumina kunnen nauwkeurig gemeten worden m.b.v. CT. Hierbij wordt 

ervan uitgegaan dat de leverfunctie homogeen in de lever verdeeld is. In tegenstelling tot 

patiënten die een partiële leverresectie dienen te ondergaan voor levermetastasering of 

goedaardige leveraandoeningen, hebben patiënten met een hepatocellulair carcinoom  of 

galwegobstruerende aandoeningen zoals het cholangiocarcinoom onderliggend chronisch 

leverlijden of cholestase met primaire of secundaire verminderde totale of segmentale 

leverfunctie. Er is een goede correlatie tussen de preoperatieve 99mTc-mebrofenin lever 

uptakesnelheid en de ICG test in patiënten die een partiële leverresectie dienen te 

ondergaan. Daarom is het doel van het onderzoek beschreven in hoofdstuk 15 om de 

globale en regionale leverfunctie voor en na leverchirurgie te bepalen en de 

scintigrafische resultaten te vergelijken met volumetrische gegevens en ICG waarden. 

Tevens werd er gekeken of de leverfunctie bepaald 24 h na de operatie m.b.v. HBS 

correleert met de preoperatief voorspelde waarde van de resterende functie. Ten slotte 

werd de leverfunctieregeneratie scintigrafisch bepaald en vergeleken met de volume-

regeneratie. In dit onderzoek hebben we aangetoond dat HBS een unieke combinatie 

oplevert van functionele uptake- en uitscheidingsgegevens met de mogelijkheid tot het 

preoperatief bepalen van de functionele leverreserve en de postoperatieve resterende 

leverfunctie. Bepaling van de resterende leverfunctie in plaats van het resterende 

levervolume zou sommige discrepanties in de literatuur tussen het resterende 

levervolume en de klinische outcome kunnen ophelderen bij patiënten met een 

inhomogene leverfunctie. 
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Nucleaire Gastroenterologie 

 

Scintigrafie heeft meer mogelijkheden dan de routine procedures die momenteel 

aangeboden worden in de meeste afdelingen nucleaire geneeskunde. Het huidige aantal 

scintigrafische technieken voor gastroenterologische diagnostiek is groot en omvat o.a. 

detectie en kwantificatie van gastroesofageale en enterogastrische reflux, esofageale 

transit, maagontlediging, dunnedarm- en colontransit, biliaire pathologie, lokalisatie van 

ectopische maagmucosa in een Meckel’s divertikel, lokalisatie van GI bloedverlies en 

identificatie van ontstekingshaarden in the GI tractus.  

Dit proefschrift is een illustratie van de mogelijkheden van de nucleaire geneeskunde 

om zich aan te passen aan de veranderende klinische en experimentele behoefte voor 

onderzoek naar fysiologische en pathofysiologische processen. De mogelijkheid van de 

nucleaire geneeskunde om beeldvorming en kwantificatie van deze processen te 

verwezenlijken zonder introductie van onfysiologische meetomstandigheden is een 

belangrijk voordeel. Verder biedt de nucleaire geneeskunde de mogelijkheid herhaalde 

metingen uit te voeren bij proefdieren, waardoor het aantal te gebruiken dieren in een 

experiment drastisch afneemt indien die dieren voor een andere techniek geofferd 

zouden moeten worden om te kunnen worden gemeten. Ondanks de vele voordelen van 

de beschreven nucleair geneeskundige technieken blijft de stralenbelasting een belangrijk 

punt dat bij de afweging van de keuze tot het gebruik van een onderzoekstechniek 

gewogen moet worden.  

Nucleaire gastroenterologie blijft een belangrijk onderdeel van de nucleaire 

geneeskunde. In een dynamische omgeving, met meerdere uitdagingen zoals PET, 

receptor imaging, apoptose en radioimmunotherapie blijken moderne nucleair 

geneeskundige technieken waardevol voor klinische en experimentele gastroenterologie. 

Nucleair geneeskundigen moeten kennis hebben en onderhouden van de beginselen van 

de nucleaire gastroenterologie. Het is daarom belangrijk dat de kennis daarvan opgedaan 

en onderhouden kan worden. Gedegen kennis van alle aspecten van de nucleaire 

geneeskunde, inclusief de nucleaire gastroenterologie, is de sleutel tot verbetering in de 

patiëntenzorg en vooruitgang in het medisch onderzoek. 
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Tot slot van dit proefschrift, ben ik dank verschuldigd aan heel veel mensen. Het 
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Om bij het begin te beginnen, wil ik mevrouw Y. Herzog en de heren J. Kimmel en 

W. Daniels bedanken voor het kweken van wetenschappelijke interesse op de middelbare 

school. De brede basis die ik daar heb gekregen is altijd bijzonder van pas gekomen en 

heeft mij gestimuleerd tot verder onderzoek. 

Vervolgens bedank ik mijn opleiders in de nucleaire geneeskunde, prof.dr. M. de Roo, 

prof.dr. G. Schiepers en prof.dr. L. Mortelmans. Naast het vertrouwen wat ik gekregen 

heb ben ik hen dankbaar voor de brede opleiding en het aanzetten tot verdieping in de 

nucleaire gastroenterologie, waarbij ik voldoende tijd en ruimte kreeg om de 

fundamenten van dit proefschrift te leggen. 

In mijn Leuvense periode heb ik met veel mensen samengewerkt die een belangrijke 

invloed op mij hebben gehad. Om te beginnen wil Marc Peeters bedanken, die ik 

ontmoet heb toen hij destijds kortdurend aan het vak nucleaire geneeskunde moest 

snuffelen. Marc, ik vond het bijzonder prettig en inspirerend met je samen te werken, en 

hoop dat in de toekomst verder te mogen blijven doen. Vervolgens wil ik Benny 

Geypens en Paul Rutgeerts bedanken voor de samenwerking op het gebied van de 

gastrointestinale motiliteit en inflammatoire darmziekten, hetgeen geleid heeft tot 

meerdere hoofdstukken in dit proefschrift. Ten slotte wil ik Vera van den Maegdenbergh 

bedanken, die als expert-laborante talloze onderzoeken heeft uitgewerkt, en waarvan de 

historische kennis van onschatbare waarde is geweest bij het tot stand komen van de 

hoofdstukken m.b.t. de maagontlediging. 

Vlak voor het beëindigen van mijn opleiding tot nucleair geneeskundige kreeg ik de 

kans om de laatste maanden van deze opleiding door te brengen in het AMC als 

buitenlandstage. Hierbij werd een aanstelling na beëindiging van de opleiding in het 

vooruitzicht gesteld. Ik ben Eric van Royen en Monique Tiel van Buul veel dank 

verschuldigd om ons over te halen naar Nederland te immigreren en mij de kans te 
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hebben gegeven om in het AMC-gastroenterologie bolwerk mijn projecten voort te 

zetten. 

Aangekomen in het AMC werd ik onmiddellijk met open armen ontvangen in de 

onderzoeksgroepen van Guy Boeckxstaens, Sander van Deventer en Thomas van Gulik. 

Op het gebied van de gastrointestinale motiliteit heb ik dankzij Guy aan heel veel 

projecten kunnen deelnemen. Daarnaast heb ik met veel van zijn medewerkers prettig 

samengewerkt en ik hoop dat dit nog lang zo doorgaat. Met het risico iemand te vergeten 

wil ik Wouter de Jonge, Rene van den Wijngaard, Bram van den Elzen, Sjoerd Kuiken, 

David Hirsch, Olle The en Mark Benninga bedanken. Op het gebied van de 

inflammatoire darmziekten heb ik mijn onderzoek in het AMC voortgezet in 

samenwerking met de afdeling Experimentele Interne Geneeskunde, onder leiding van 

Sander van Deventer. Naast Sander ben ik Anje te Velde en Bibi van Montfrans veel 

dank verschuldigd. De perfecte symbiose heeft het mogelijk gemaakt dat ik onderzoek 

heb kunnen verrichten met beperkt beschikbare financiële middelen. Ten slotte wil ik de 

medewerkers van de afdeling Experimentele Chirurgie, onder leiding van Thomas van 

Gulik bedanken voor de samenwerking m.b.t. de leverprojecten. Met name Deha 

Erdogan, Bob Heijnen en Irene Straatsburg, bedankt voor de hulp bij het opzetten van 

de scintigrafische leverfunctiebepaling. 

Zonder de steun van de mensen van mijn eigen afdeling was er van onderzoek niet 

veel terechtgekomen. Ten eerste Berthe, bedankt dat je mijn promotor wil zijn. 

Daarnaast wil ik je bedanken voor het goede leiderschap en de samenwerking waar we als 

collega’s naast de algemene nucleaire geneeskunde elk ons eigen deelgebied kunnen 

verzorgen. Dit geldt ook voor Gerrit, Jan B. en Hein. Bedankt voor de fijne 

samenwerking. Zonder radiofarmaca geen beeldvorming; wat aangeeft dat Kirsten, 

Formijn en Cynara een onmisbare schakel zijn in het totaalbeeld. Zonder biotechnici 

geen proefdieronderzoek; Kora, Astrid, Joost en Ingvild bedankt voor de vele proeven 

en het geduld. Zonder technische ondersteuning geen werkende camera’s of computers; 

Ellinor, Jan H., Arjen en Onno, bedankt voor de hulp. En ten slotte, zonder medisch 

nucleair werkers en administratief ondersteunend personeel in Leuven en Amsterdam 

geen patiëntenonderzoek. Deze groep mensen (die ik niet allemaal bij naam kan noemen 

omdat die in de afgelopen 5 jaar in een continu dynamisch proces veranderd is) wil ik 
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bijzonder bedanken voor het geduld en de inzet waarmee bewust of onbewust is 

meegewerkt aan de totstandkoming van dit proefschrift.  

Mijn ouders en familie wil ik bedanken voor hun liefde en de nooit aflatende steun bij 

alles wat ik gedaan heb. 

Ten slotte ben ik veel dank verschuldigd aan Gitte, mijn lieve echtgenote. Hoewel het 

cliché van de vele eenzame avonden enz. op ons niet van toepassing is, is het wel zo dat 

de liefde en stabiliteit die jij me geeft een absolute voorwaarde is voor de kracht, 

doorzettingsvermogen en creativiteit die nodig is was voor dit onderzoek. Ik hou van je! 

En helemaal op het einde: Joost en Arthur, bedankt voor het lenen van de Schotse 

geruite kunstmuis, die in veel presentaties gefigureerd heeft als illustratie, en zo alleen al 

heeft bijgedragen aan een reductie van het aantal gebruikte proefdieren (hoewel ik 

vermoed dat jullie daar een heel andere visie op hebben). 
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