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Abstract

The gold standard technique for measuring gastric emptying is scintigraphy using radiolabeled test
meals. Recently, a standardized radiolabeled solid meal has been proposed and adopted by many
centers. There is still a need for alternative meals and several such meals with demonstrated
radiolabel stability have been evaluated in small numbers of subjects. Updated radiation dosimetry
associated with these meals has been calculated for adult males and adult females with normal Gl
transit as well as transit abnormalities.

INTRODUCTION

The use of radiolabeled test meals with scintigraphy is considered the gold standard for
measurement of gastric emptying. It would be ideal if an individualized radiolabeled meal
could be chosen to match the digestive responses which cause symptoms in an individual
patient. In addition ideal properties of the radiolabeled meal should include a radiolabel
which is nonabsorbable from the Gl tract and does not bind to gastrointestinal mucosa. As
many patients do not tolerate a solid meal the meal choice should allow for a physiologic
solid or liquid, which ideally should be palatable to encourage the patient to ingest the entire
meal. Furthermore, the meal should be adequately standardized in a large population to
provide standard ranges for comparison with patient data.

SOLID MEALS

It is generally accepted that a radiolabeled solid meal is preferred as a test meal for gastric
emptying studies, in order to provoke the fed state and full physiologic gastric response to a
meal including the accommaodation response, and to test both the grinding function and the
emptying function of the stomach. Historically, many attempts to achieve a radiolabeled
solid meal did not validate the stability of the radiolabel and resulted in use of test meals in
which the radiolabel dissociated from the solid particles. The first test meal with validated
labeling was in vivo 9MTc-SC chicken liver(1). Since then, many other meals have been
employed (Table 1) but not all have been adequately tested for stability in gastric fluid.
Evaluation in hydrochloric acid only (without proteolytic enzymes such as pepsin) can be
misleading in that meals can be stable in acid but not in gastric fluid.
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Current Consensus Standardized meal: Low fat egg white sandwich labeled with Tc-SC

This meal has recently been recommended as an international standard test meal for gastric
emptying studies(2). Normal gastric emptying values were established in a large multicenter
trial(2). The meal has been endorsed as a standard meal by a working group of
representative clinicians from both nuclear medicine and gastroenterology(3) and by
practice guidelines by both the Society of Nuclear Medicine and American College of
Radiology(4).

Composition and nutritional characteristics of the meal—The meal consists of
120 g (60 kcal) of liquid egg white (EggBeaters® or equivalent), equivalent to the volume of
two large eggs, which is mixed with 99™Tc-sulfur colloid (*®™Tc-SC) and cooked to a firm,
rubbery consistency. This is served with two slices of white bread (120 kcal), 30 g
strawberry jam, (75 kcal) and 120 ml of water. The nutritional composition of the meal is
72% carbohydrate, 24% protein, 2% fat and 2% fiber(2).

Considerations in preparing the meal to assure reproducible data—For valid
gastric emptying studies of a solid meal, it is essential that the radiolabel remain associated
with the particles of solid during exposure to gastric fluid. Evaluation of the 9¥MTc-SC egg
white meal indicated that either microwave cooking or griddle cooking provides a
satisfactory result, provided the egg white is cooked to a completely solid consistency(5).
Interestingly, the use of scrambled fresh whole eggs labeled with #9MT¢-SC, which was the
practice in some nuclear medicine facilities prior to the adoption of the standard low-fat egg
white meal, may lead to a less stable radiolabel when prepared by either microwave or
griddle cooking; this was attributed to the presence of yolk which does not bind the sulfur
colloid well especially with uneven heating which may result with microwave cooking. (5)

ALTERNATIVE RADIOLABELED MEALS

There is a need for alternatives to the low fat egg white sandwich in order to evaluate
patients who may have egg or gluten allergy or who have another objection to eating the
components of this standardized meal. No other meal has been fully standardized for this
purpose, however.

Labeled cheese

It was recently proposed that cheddar cheese can be radiolabeled by melting the cheese
together with 9°™T¢-SC followed by cooling to resolidify the cheese(6). The stability of this
radiolabel was demonstrated to be >95% in freshly aspirated human gastric fluid, pH 2. This
labeled food has been proposed as the basis for an appetizing meal for children who need to
undergo gastric emptying tests. The caloric content and fat content of pizza with cheese or
macaroni with cheese is similar to a scrambled whole egg test meal(6). However,
standardized gastric emptying values are not available for meals based on labeled cheddar
cheese, or for any solid meal in a pediatric population.

Meals prepared from a dry mix

Because of the convenience of preparing a test meal from dry ingredients which have a long
shelf life and do not require refrigeration, some centers prefer test meals which are based on
dry mixes that can be reconstituted and radiolabeled. There has been a resurgence in
popularity of an oatmeal test meal for gastric emptying studies(7, 8). Reconstituted instant
oatmeal provides a semi-solid meal rather than a solid meal, because it does not require
trituration prior to emptying. It is convenient to prepare and palatable to a large number of
subjects. One reported oatmeal test meal(7) labeled with ®®™Tc-SC has a caloric content of
100 kcal and contains 2 g of fat, 4 g of protein, and 19 g of carbohydrate. Some centers
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employ a meal consisting of pancakes which are prepared from a mix into which water
and 9¥MTc-SC are incorporated prior to cooking on a griddle(9). This meal consisted of 273
kcal (8.6 g protein, 56.0 g carbohydrate, 2.9 g fat, 1.4 g fiber). Again however, standard
values in a large subject population are not available for either of these meals. Both meals
were evaluated for radiolabel stability, and appeared to be stable although they were tested
in diluted acid (not gastric fluid). A recent evaluation(6) of 99MTc-SC-labeled instant
oatmeal in human gastric fluid suggested that it is not adequately stable; however, it is not
clear whether different methods of preparation of instant oatmeal had an effect (simple
mixing with hot water(6) or microwave cooking after adding tracer(7)), or whether the
technique of separating oatmeal particles from radiocolloid is really relevant if they empty
together from the stomach.

Other radiolabels have been proposed for labeling test meals, in order to have a second
radionuclide (such as 111In) for simultaneous measurement of liquid and solid meals, or of
simultaneous assessment of gallbladder emptying (®MTc-hepatobiliary agent) with gastric
emptying (alternative label on the meal). Some stable examples include eggs (scrambled
whole eggs or egg whites) labeled with 111In-chloride(10), 111In-oxine(11) or 67Ga-
citrate(12). One component of egg white is conalbumin, a protein which binds trivalent
metal ions(13). Provided the radiometal is added to the egg white in a form that is not
strongly chelated, the radiometal can become bound to the conalbumin. This means

that 111In-DTPA would not be suitable for labeling eggs. It has been found that 111In-
oxine, 111In-chloride or 7Ga-citrate mixed with beaten raw egg or egg white and followed
by cooking were quite stable in gastric fluid(12, 14). The standard transit values that have
been established for the 9°MTc-SC low-fat egg sandwich meal(2) should be valid when the
liquid egg white is labeled with one of these alternative radionuclides, as long as the other
components of the meal remain the same.

It should be noted that 99™Tc-SC is approved by the FDA for oral administration, whereas
most other radiopharmaceuticals including 111In radiopharmaceuticals are not. Any
alternative route of administration meal therefore must be listed on the user’s radioactive
materials license. Unless the Gl tract absorption/adsorption for a new radionuclide has been
established, that must be studied and documented. Every new radiolabeled solid meal must
be evaluated for stability in gastric fluid in vitro. Standard values for emptying in normal
subjects must also be established. Alteration of the nutrient composition of an established
meal will probably require revision of normal values for emptying parameters.

At present, there is no convenient solid or semisolid meal which is truly gluten-free and
vegan, unless special gluten-free instant oatmeal is used.

LIQUID MEALS

Nutrient drink meal

In order to use a convenient meal which is readily available and avoids egg and gluten and is
suitable for vegans, a nutrient drink has been proposed. A high caloric, high fat nutrient
meal, such as Ensure®, mixed with radiolabel, has been anecdotally used for evaluation of
gastroparesis using gastric emptying scintigraphy when patients are unable to tolerate the
usual egg sandwich meal. The radiotracer 9°™Tc-SC is simply mixed with 237 ml of Ensure
Plus® which contains 350 kcal (28% fat, 15% protein, 57% carbohydrate). This meal has
recently been evaluated to characterize gastric emptying parameters in normal subjects and
to directly compare the emptying curves with the low fat egg sandwich meal(15). In 20
healthy volunteers, the T % of the nutrient liquid meal was similar to the low-fat egg white
sandwich meal (1.41 + 0.11 vs 1.52 + 0.08 hr, respectively), but the shapes of the emptying
curves were different (Figure 1). When individual time points were evaluated, there was less

Semin Nucl Med. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Knight

Page 4

gastric retention of the nutrient liquid meal at early times and greater gastric retention at
later times, compared with the low-fat egg white sandwich meal. The 2 hr and 4 hr retention
values are very similar to those currently in use for the recent consensus recommended
liquid egg-white sandwhich meal (normal at 2 hr low-fat egg white sandwich < 60%
retention vs 2 hr Ensure <50% and 4 hr low-fat egg white sandwich < 10% vs 4 hr Ensure
<10%). The meal does not require trituration in order to empty, but may empty slowly
because of its high fat content. Normal values in a larger number of subjects are needed in
order for this meal to become useful in standard evaluation of dyspepsia in patients.

Non-nutrient liquid meals

(water) have also been labeled with 99MTc¢-SC, 99MTc-DTPA or 11In-DTPA(16). If the non-
nutrient liquid is given on a separate occasion from a 99MTc-labeled solid meal, 99MTc-SC
can be used as the radiotracer in the water. In some cases it may be desirable to perform the
liquid-only emptying study during a 30 minute period prior to administering the solid meal
for a solid emptying study. In this case, one would use 111In-DTPA for the water and 9MTc
in the solid meal(17).

GASTRIC EMPTYING STUDIES USING OTHER TECHNIQUES

Because of concerns about radiation exposure, other methods of assessing gastric emptying
have been proposed which do not require radioactive materials or scintigraphy.

Breath tests have been developed in which a meal containing 13C-labeled digestible
substrate is metabolized to release 13CO, which is excreted in the breath. The collected
breath samples can be analyzed by mass spectrometry to quantify the nonradioactive 13C
(18). The results of these tests depend not just on gastric emptying, but also on intact
absorption and metabolic function. Breath tests give an estimate of global gastric emptying,
but are not able to assess the regional (antral vs fundal) gastric function that scintigraphy is
able to provide. The methods of analysis of the data are not standardized.

Transabdominal 2-D ultrasound has been proposed as a method for assessing gastric
emptying(19). This technique measures gastric volume based on stomach cross-sectional
area and can selectively evaluate antral motility(20). Recently, 3-D ultrasound has been
proposed as an improved method which enables assessment of intragastric meal distribution
as with scintigraphy(21). Liquid meals have primarily been used, but recent studies have
also used pasta meals(22).

Recent improvements in MRI which enable higher spatial resolution and more rapid
acquisition have enabled imaging of the gastrointestinal tract for emptying studies(23). The
images are three-dimensional and the assessment of emptying is based on changes in
volume. If a gadolinium-containing meal such as pudding mixed with Gd-DTPA is used,
gastric volume can be corrected for secretions to estimate the emptying of the meal(24).
MRI uses expensive technology which is in high demand for other types of exams. To
enable a rapid test, measurements have been made only through 30 minutes and extrapolated
to calculate the later T1/2(24). Furthermore, in most centers the patient must be supine for
the exam and this is not reflective of most patients’” body position while eating or after meal
completion. MRI may be particularly useful in assessing gastric accommodation response.

DOSIMETRY FOR RADIOLABELED MEALS

One of the main issues raised about scintigraphic determination of gastric emptying is
radiation exposure. This section will address this important concern. Previous estimates of
radiation exposure from gastric emptying scintigraphy reported radiation doses only for
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adult males, not adult females or children. Currently, radiation exposure is reported as
Effective Dose Equivalent (EDE), which is a whole-body weighted average of doses
delivered to various body organs and tissues. The previous publications did not report the
EDE for radiolabeled meals.

Radiation dosimetry for radionuclides ingested orally was previously based on an
assessment of the physiology of the Gl tract by Eve(25) and incorporated into ICRP 30 in
1979(26). The transit times utilized in these models were based on observations of barium
paste rather than physiologic meals. The transit times for previous models are shown in
Table 2.

The radiation dosimetry for radiolabeled solid and liquid meals was summarized in 1983
(27). The reported dosimetry included solid meals labeled with 99MTc-SC, 99MTc-ovalbumin
or 11In-colloid, and non-nutrient liquids labeled with 99MT¢-SC, 111In-DTPA or 113m|n-
DTPA. Sulfur colloid currently is the only radiopharmaceutical used in Gl studies which is
FDA approved for oral administration, but the dosimetry for sulfur colloid when orally
administered as meals of various compositions (e.g., solid vs semisolid vs liquid) is not
reported in the package insert.

The dosimetry published in 1983 used a catenary compartment model (28) consisting of four
compartments: stomach, small intestine, upper large intestine, and lower large intestine. In
order to simplify calculations, first-order kinetics were assumed for the transit from each
compartment. The transit times were obtained from transit data in 20 normal subjects: Ty,
for stomach 0.38h for liquid, 1.47h for solid; small intestine 2.8h; upper large intestine 10h;
lower large intestine 17h. The radiation absorbed doses were reported for only Gl tract,
gallbladder wall and gonads.

In 1992, a new model (RIDIC model) of gastrointestinal transit was proposed(29), which
assumed more complex patterns of transit (a combination of linear, exponential and bolus
transit). A unique feature of this model was the modeling of transit from small intestine
(terminal ileum) to ascending colon: transit was assumed to occur in two boluses 30 minutes
apart. Further, this model divided the colon into three segments, in which the segments
ascending colon and transverse colon correspond to the upper large intestine of the previous
models and the third segment was the descending/rectosigmoid colon (equivalent to lower
large intestine in the earlier models). In comparison with the earlier ICRP 30 model,
stomach residence times for solids were essentially unchanged, but small intestinal residence
times increased and colon residence times decreased. The RIDIC model was used to
consider age- and gender-related differences in Gl transit.

More recently, the ICRP published a report containing a revised Human Alimentary Tract
Model (HATM) for computing doses to the Gl tract(30), to replace the ICRP 30 model and
to take into account new information about gut transit and radiation sensitivity of various
segments of the Gl tract. The HATM also included modifications to allow for consideration
of retention in the oral cavity, exposure to the esophagus, and estimates of dosimetry in
children. In this model, the entire colon is treated as a single segment. The model was
designed to allow consideration of various ingested radionuclides, but did not specifically
consider radiolabeled test meals which are nonabsorbable. Although they recognized that the
RIDIC model took into account some specific differences in movement of meals in different
segments of the Gl tract, the ICRP felt that first-order kinetics for each segment gives an
adequate estimate of the movement for purposes of dosimetry calculation.

The dose calculations reported here are based on the catenary compartment model(28) as
used by Siegel et al(27) and uses exclusively first-order kinetics as recommended in
HATM(30). In addition to the target organs, the EDE is reported. The normal transit times
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for stomach were assumed to be 1.42 h for solids(2), 0.44 h for semisolid (oatmeal)(7) and
0.35 h for liquids; normal transit half-times for small intestine, upper large intestine and
lower large intestine were assumed to be 4 h, 10 h and 18 h, respectively(29, 31). Physical
decay of the radiolabel was also considered in the model. It was assumed that the meal is
instantaneously deposited in the stomach, transits in one direction through the Gl tract, and
that no absorption into the bloodstream occurs. After calculation of the cumulated activities
(uCi-hr, 133.2 MBg-s = 1 uCi-hr) in each segment of the Gl tract, these four source organs
were used to compute the dose to all the target organs in the body according to the RADAR
method (RAdiation Dose Assessment Resource, www.doseinfo-radar.com). Phantoms for
each radionuclide for adult male and adult female were used to calculate dose to each organ.
Weighting factors from ICRP 103 (32) were used to compute EDE. The results are reported
in Table 3. Detailed organ doses for the 9°™Tc-SC-labeled low-fat egg white sandwich meal
are given in Table 4 for adult males and adult females with normal transit times.

Since the primary interest in performing Gl transit studies is to evaluate patients with
suspected alterations in transit times of food, it seems reasonable to estimate radiation doses
in conditions in which transit is abnormal. For example, if gastric emptying of a %MTc-
labeled meal is significantly delayed from a normal half-emptying time of 1.42 hours to 10
hours, the model predicts that this will increase the radiation dose to the stomach by a factor
of approximately two (Table 3). The EDE in this case is increased by about 50%. A situation
of constipation was also modeled. Based on a study using 1311-fiber(31), normal subjects
had upper and lower large intestine transit times of 8 and 18 hr, and constipated patients had
upper and lower large intestine transit times of 48 and 72 hr, respectively. With a 9™Tc-
labeled solid meal, modeling this extent of constipation increased the dose to the upper large
intestine (ULI) by about 44%, but did not significantly affect the EDE. When the longer-
lived 111In is used for the solid meal label, however, this degree of constipation increased
the dose to the lower large intestine (LLI) by about 61% and more than doubled the EDE
(Table 3).

In this modeling, the same transit times were used for adult males and females, and the only
differences were in the phantoms which take into account the different organ sizes and
distances between organs. It is well known that transit times differ between normal males
and females, between individuals of different ages, and between premenopausal women in
different phases of the menstrual cycle(33-36). These differences are expected to affect
primarily the transit times of the stomach and the colon(29), and should have effects on
radiation dose similar to those modeled in the gastroparesis and constipation examples,
except that the changes would be less pronouced than in the extreme examples modeled
here.

There is a need to estimate radiation dosimetry in children who receive radiolabeled meals
for gastric emptying studies. Unfortunately, there is a lack of information on normal transit
times in children due to a reluctance to expose normal children to radiation for purely
research purposes. Future studies should attempt to gather data from children who are
undergoing gastric emptying studies as part of their care, to establish ranges of typical transit
times and permit estimation of radiation dosimetry.
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Figure 1.

Comparison of a nutrient liquid meal (Ensure Plus) and current consensus egg-white
sandwhich meal. The mean + sem values for percentage retention over time for the egg meal
are shown (filled squares, solid line) vs the Ensure meal (dashed line). The data are for 20
subjects each studied twice, once with each meal. The liquid meal has slightly faster early
gastric emptying due to lack of any need for trituration which occurs with solids, but has
similar retention at 2 hours. There is slightly increased retention between 2—4 hours likely
due to its higher fat and caloric content.
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Table 1
Examples of Acceptable Radiolabeled Foods
SOLID MEALS ref
9MTc-SC Liquid egg white Cooked thoroughly after mixing (2)
9mTc-SC Raw beaten whole egg  Cooked thoroughly after mixing 37)
9MTc.SC Chicken liver in vivo Inject into live chicken; cook liver ()
9mTc-SC Injected liver cubes Inject liver, then cook thoroughly 37)
9mMTc.SC Pancake batter Cooked thoroughly after mixing 9)

9MTc-SC Milk Acidify, heat, collect labeled cheese  (38)

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN
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9MTe-SC Cheddar cheese Melt cheese with Tc-SC, cool (6)
ncl, Raw egg or whites Cooked thoroughly after mixing (10)
1n-oxine Raw egg or whites Cooked thoroughly after mixing (14)
67Ga-citrate Raw egg or whites Cooked thoroughly after mixing (12)
SEMISOLID MEALS
9mMTc-SC Liver pate Mix, then cook thoroughly (39)
9mTc-SC Instant oatmeal Microwave after mixing )
9MTCcO,~ Dowex 2-x8 resin Mix with oatmeal (40)
9mTcO,7/Sn  Chelex resin Mix with oatmeal (41)
LIQUID NUTRIENT MEALS
9MTc-SC High caloric liquid Mix well (15)
(Ensure ®)
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Table 2

Transit time assumed for modeling segments of the Gl tract

Portion of the Gl tract  time (hr) time (hr) time (hr) time (hr)

(Reference) (25) (27) (29) (this article)
Stomach
Liquid 1 0.38 0.5 0.35
Semisolid 0.44
Solid 1 1.47 1 1.42
Small intestine 4 2.8 4* 4
Upper large intestine 13 10 - 8
Ascending colon - - 8.4
Transverse colon - - 7.3
Lower large intestine 24 17 15.9 18

(Descending/rectosigmoid)

*
Upon filling the terminal ileum, 50% of activity is transferred to ascending colon in a bolus. Thirty minutes later, the remaining small intestinal
activity is transferred to the ascending colon as a bolus.(29)
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Table 4

Estimated Absorbed Radiation Doses for 9MTc-Low Fat Egg White Sandwich Meal, mrem/0.5 mCi (mSv/
18.5 MBg) NORMAL TRANSIT

Organ Adult Male Adult Female
Upper Lg Intestine wall ~ 165.8 (1.66) 1944 (1.94)
Lower Lg Intestine wall ~ 127.2  (1.27) 1429 (1.43)

Sm Intestine wall 107.8 (1.08) 1334 (1.33)
Stomach wall 103.9 (1.04) 1234 (1.23)
Ovaries - - 52.7 (0.53)
Uterus - - 34.7 (0.35)
Testes 21 (0.02) - -

Gallbladder Wall 243  (024) 313 (0.31)
Pancreas 19.3  (0.19) 244  (0.24)
Spleen 128  (0.13) 151  (0.15)
Urinary Bladder Wall 11.3 (0.11) 149 (0.15)
Kidneys 111 (0.11) 134  (0.13)
Red Marrow 8.3 (0.08) 10.0 (0.10)
Adrenals 6.2 (0.06) 8.0 (0.08)
Brain 00  (000) 00  (0.00)
Breasts 0.9 (0.01) 1.2 (0.01)
Heart wall 35 (0.04) 48 (0.05)
Liver 70  (007) 94  (0.09)
Lungs 18 002) 27 (0.03)
Muscle 6.0 0.06) 75 (0.08)
Bone Surf 76 (008 96  (0.10)
Skin 18 0.02) 22 (0.02)
Esophagus 0.6 (0.01) 09 (0.01)
Thyroid 01  (000) 01  (0.00)
Salivary Glands 0.0 (0.0) 0.0 (0.00)
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