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The medical literature states that solid gastric-emptying studies
are more sensitive for the detection of gastroparesis than are
liquid studies; thus, liquid studies are rarely required. However,
we have seen patients with normal solid but delayed liquid emp-
tying. The purpose of this investigation was to determine whether
a study of clear liquid gastric empting has added value for the di-
agnosis of gastroparesis over a study of solid emptying alone.
Methods: A total of 101 patients underwent both solid and liquid
gastric-emptying studies, acquired sequentially on the same
day. A 30-min (1-min frames) liquid study (300 mL of water with
7.4 MBq [0.2 mCi] of 111In-diethylenetriaminepentaacetic acid)
was followed by a standardized 4-h solid-meal study (a 99mTc-
sulfur colloid–labeled egg-substitute sandwich meal). Emptying
was quantified as a best-fit exponential emptying rate (T1/2) for
liquids and percentage emptying at 4 h for solid empting. Thirty
healthy volunteers underwent a study of clear liquid emptying
to establish normal values. The results of the liquid and solid
studies were compared. 111In liquid downscatter into the subse-
quent 99mTc solid meal results was analyzed. Results: The upper
range of normal for clear liquid emptying (T1/2) for healthy volun-
teers was 22 min (mean 6 3 SDs) and 19 min (mean 6 2 SDs). Of
101 patients, delayed emptying was found in 36% of liquid and
16% of solid studies. Of all patients with normal solid emptying,
32% had delayed liquid emptying. 111In downscatter into the
99mTc window was not generally significant. Conclusion: For
the detection of gastroparesis, a 30-min study of clear liquid gas-
tric-emptying has considerable added diagnostic value over a
study of solid emptying alone.
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The radionuclide gastric-emptying study has long been
the standard clinical diagnostic test for the detection of
gastroparesis. Both solid and liquid studies have been used
over the years, either as individual or as dual-phase studies,

for investigative and clinical purposes. Standard teaching
has been that only a solid study is needed for clinical pur-
poses because the liquid study is less sensitive for the detec-
tion of gastroparesis, and liquid studies should be reserved
for patients who cannot tolerate solids (1–6).

However, we have observed patients who have had
delayed liquid but normal solid emptying (7). The primary
purpose of this investigation was to determine, in a large
patient population, whether liquid gastric emptying pro-
vided added diagnostic value over solid emptying alone for
the diagnosis of gastroparesis.

We chose to perform the studies on the same day to avoid
potential problems (e.g., different fasting conditions, dif-
ferent medications, and possible intercurrent clinical con-
ditions that might affect emptying) that might arise from
separate-day studies. Thus, the clear liquid and solid gastric-
emptying studies were performed sequentially; that is, a 30-
min water study was performed, followed by the 4-h
simplified and standardized solid protocol recommended
by recently published consensus recommendations (8). A si-
multaneous dual-isotope dual-phase study was considered
but not used for several reasons. First, the liquid-only study
had been our routine liquid methodology, and the cases of
discordance that we observed between solid and liquid
studies had been noted using the clear liquid–only study.
Additionally, there were no published normal values for
liquid emptying performed in conjunction with the stan-
dardized solid gastric-emptying protocol reported by Tougas
et al. (9).

As part of this investigation, we also sought to establish
normal values for clear liquid emptying in 30 healthy vol-
unteers. Previously, only a few subjects had been reported.
Finally, we analyzed whether 111In downscatter from the
liquid study into the subsequent solid study 99mTc window
could affect the solid emptying results.

MATERIALS AND METHODS

Patient Studies
Between December 2007 and October 2008, sequential liquid

and solid radionuclide gastric-emptying studies were performed in
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101 patients (24 men, 77 women; age range, 17–77 y; mean 6 SD,
48 6 15 y). The patients were referred because of symptoms
suggestive of gastroparesis. Symptoms included postprandial full-
ness, epigastric discomfort or pain, nausea, and vomiting. No patients
had undergone prior gastric surgery. Seven patients had diabetes
mellitus. Patients were taking various medications as ordered by their
referring physicians, and the referring physicians decided whether
the medications should be discontinued. Patients were instructed not
to eat after dinner the night before, to fast overnight, and to have
nothing by mouth the morning of the study. The sequential liquid
and solid studies were performed in the early morning as the first
study of the day. A dual-head large-field-of-view g-camera with
medium-energy collimators was used for both studies. Patients
ingested 300 mL of water from a commercial water cooler, with
7.4 MBq (0.2 mCi) of 111In-diethylenetriaminepentaacetic acid
(DTPA), while lying semiupright (45�) on a hospital gurney. The
liquid study was acquired using only 1 of the detector heads
positioned in the left anterior oblique projection so that the
stomach and upper abdomen were in the field of view and yet
the patient could drink the liquid without difficulty. Imaging
started immediately after the ingestion of the water. The patients
could more easily ingest the liquid in the semiupright position
than they could in the supine position, and imaging could be
started more promptly after ingestion. Images were acquired as
1-min frames · 30 (128 · 128 matrix) using a 20% window
around the 111In photopeaks (171 and 247 keV).

Immediately after the 30-min liquid study was performed, the
patient ingested the solid meal. The methodology and meal
recommended in a recently published consensus report (8) were
closely followed. The meal consisted of a commercially available
egg substitute (equivalent to 2 large eggs), mixed with 74 MBq
(2 mCi) of 99mTc-sulfur colloid and cooked in a microwave oven for
2 min; 2 slices of toast; strawberry jam; and 120 mL of water (9).
Patients ingested the solid meal within 10–15 min while sitting in
an upright position. Patients then lay supine on the imaging table.
Simultaneous anterior and posterior images were acquired for 1 min
each (256 · 256 matrix), with a 20% window centered around the
99mTc photopeak (140 keV). Images were acquired immediately
(time 0) and at 1, 2, 3, and 4 h after the meal was ingested.

Both studies were processed on a Xeleris (GE Healthcare)
workstation. Regions of interest were drawn around the stomach
using a computer, and time–activity curves were generated. For
liquid emptying, a half-emptying time (time required for the
emptying of half the meal) and a best-fit exponential emptying rate
(T1/2) were calculated. Liquid gastric-emptying studies were not
attenuation-corrected; prior investigations have shown that correc-
tion is not necessary for liquid gastric emptying (10,11). Solid
studies were corrected for attenuation and radioactive decay. The
geometric mean method (square root of the product of the anterior
and posterior counts) was used at each imaging time. The percentage
solid gastric emptying was quantified at 1, 2, 3, and 4 h. Normal
values for solid emptying were based on the published results of
Tougas et al. (9). Data from our study are reported as the percentage
emptying rather than as the percentage retention used by Tougas et
al. Emptying of less than 90% at 4 h was considered delayed. If the
patient reached greater than 90% gastric emptying (the 4-h normal
value) at any imaging time, the study was concluded.

Healthy Volunteers
To establish normal values for clear liquid emptying (water), 30

healthy volunteers were recruited (17 women, 13 men; age range,

24–57 y; mean age 6 SD, 41 6 12 y). The volunteers’ body
weight ranged from 49.5 to 117 kg (110–260 lbs) (mean 6 SD,
73.8 6 21.15 kg [164 6 47 lbs]); 15 volunteers were African
American, 12 were Caucasian, and 3 were Asian. The volunteers
were judged to be healthy if they had no recent, recurrent, or
chronic symptoms or diseases; had not undergone prior abdominal
surgery; did not have diabetes mellitus, gastrointestinal symptoms,
or chronic illnesses; and were not taking medications (2 subjects
were taking a daily low-dose oral contraceptive and several pa-
tients were taking over-the-counter vitamins). The study acquisition,
processing, and quantification were identical to those described
for the patient study, except that 37 MBq (1 mCi) of 99mTc-DTPA
(rather than 7.4 MBq [0.2 mCi] of 111In-DTPA) in water were
used because of the lower radiation dose to the volunteers from the
99mTc-DTPA.

Investigation of Potential 111In Downscatter
Using our sequential combination liquid–solid gastric-emptying

studies, we determined that residual 111In-DTPA from the liquid
emptying study might still be present in the stomach or cleared
into the adjacent small bowel during the 99mTc-sulfur colloid solid
emptying study, depending on the degree of gastric emptying.
111In downscatters into the 99mTc window, potentially altering the
results of the 99mTc study. We sought to determine and quantify
the effects of 111In-DTPA, as observed in real data, and predict
when the presence of 111In would have the greatest effect.

True solid emptying is calculated by determining the percent-
age of 99mTc emptying, not the percentage of measured activity
emptying. That is, at time zero (T 5 0 h), immediately after
ingestion of the solid meal, 99mTc activity in the entire abdomen is
the measured activity in the entire abdomen minus any residual
111In activity in the abdomen from the prior 111In liquid emptying
study. The 111In activity was measured in the 99mTc window
before administration of 99mTc, in both anterior and posterior
projections before the calculation of the solid emptying geometric
mean. At 4 h, 99mTc activity in the stomach is the measured
activity in the stomach minus the residual 111In activity in the
stomach. Although the amount of 111In in the stomach was not
known, it was modeled as either zero or the maximum amount of
111In originally in the stomach. At 4 h, the image processing with
our software automatically performed decay correction for 99mTc
(T1/2 5 6 h), resulting in an artificial decay correction for 111In
(T1/2 5 67 h) activity scattered into the 99mTc window. This
artificial increase was rectified by the following equation: 99mTc in
the stomach at 4 h 5 measured activity in the stomach minus 111In
activity in the stomach at 4 h, where 111In activity in the stomach
at 4 h can be modeled as zero or as no emptying (111In in the
stomach at 0 h) · 1.5 (1.5 is the 99mTc decay data–correction
factor at 4 h).

RESULTS

Data are mean 6 SD.

Healthy Volunteers

For the 30 healthy subjects, the liquid water half-empty-
ing time ranged from 6 to 20 min (14.3 6 4.1 min). The
T1/2 exponential-fit clearance rate ranged from 7 to 19 min
(12.4 6 3.1 min). All healthy subjects had an exponential
emptying pattern. A delay before emptying began, ranging
from 1 to 10 min (1.9 6 2.6 min), was seen in 12 of 30
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subjects. Because of the more variable and longer half-
emptying time (compared with T1/2 exponential-fit clear-
ance rate) due to this delay, the exponential-fit value was
used to determine normal. For the mean plus 2 SDs, the
upper range of normal T1/2 was 18.6, or less than 19 min;
for the mean plus 3 SDs, the upper range of normal was
21.8 min, or less than 22 min.

Of 7 diabetic patients in this study, 4 had normal solid and
liquid emptying, 2 had delayed solid and liquid emptying,
and 1 had normal solid but delayed liquid emptying. The
serum blood glucose was available for 1 patient with normal
solid and liquid emptying (185 dL/mL) and for 1 patient
with delayed solid and liquid emptying (145 dL/mL).

Patient Studies

½Fig: 1� Figures 1A and 1B show the distribution of normal and
abnormal liquid and solid studies based on normal values of
the mean plus 2 and 3 SDs. Of the 101 patient studies, solid
emptying was delayed in 16. Liquid emptying was delayed
in 39 (2 SDs) and 36 (3 SDs), respectively. Thus, liquid
emptying was delayed more than twice as frequently as was
solid emptying. Both solid and liquid emptying studies were
delayed in 12 patients, and solid emptying was delayed but
liquid was normal in 4 patients. A total of 27 (2 SDs) and
24 (3 SDs) had delayed liquid but normal solid emptying.

Of 85 patients with normal solid emptying, 27 (2 SDs;
32%) and 24 (3SDs; 28%) had delayed liquid emptying.

Not all patients ingested the entire solid meal. Of 101
patients, 13 ingested only 50%290% of the meal. Five of
the 13 patients had prolonged liquid emptying with an
exponential T1/2 of 28, 35, 40, 41, and 284 min. All had
normal solid emptying values; however, because they did
not ingest the entire meal, the normal values may not apply.

Patients with a normal T1/2 for liquid emptying had an
exponential clearance pattern in 61 of 65 studies (94%). Of
the 36 patients with a delayed T1/2 (mean 6 3 SDs), 56%
had an exponential pattern of emptying; 44% did not.
None of the patients with a T1/2 greater than 42 min had
exponential clearance. A delay before emptying began was
seen in 41 of 65 patients (63%) with a normal T1/2 (2.7 6

3.4 min) and in 29 of 36 (81%) of patients with an
abnormally prolonged T1/2 (8.9 6 9.5 min). The distribu-
tion of delayed T1/2 liquid emptying was 22–24 min (5
patients), 25–30 min (11 patients), 31–58 min (12 patients),
and 122–526 min (8 patients).

Downscatter Analysis

A sample of 20 patient studies was analyzed for the
possibility of downscatter from the 111In into the 99mTc
window. If it is assumed that any 111In remaining in the
stomach at time zero for the solid study was still present at
4 h, true percentage solid emptying differed from measured
percentage solid emptying by 0.15 (8.43%) ( ½Fig: 2�Figs. 2A and
2B). If 111In was assumed to remain in the stomach at 4 h,
45% of true percentage solid emptying was less than mea-
sured, versus 95% if no 111In was assumed to remain in
the stomach. These data suggest that, if all or most of the
111In is in the small bowel at 4 h, true percentage solid
emptying tends to be less than measured percentage emp-
tying, the error varies with the magnitude of percentage
emptying, and the error is usually small.

The variables of relative total 99mTc and 111In counts,
relative amounts of 111In in the stomach and small bowel at
0 and 4 h, and measured percentage solid emptying were
modeled to MATLAB (student version; The MathWorks) to
predict when the 111In could produce the greatest deviation
in percentage solid emptying. The results of the model
followed the previously mentioned conclusions made from
data. If no 111In is assumed in the stomach at 4 h, the
maximum possible error varies linearly with the relative
amounts of 111In and 99mTc, with greater error when a
greater amount of 111In is present.

DISCUSSION

From a functional standpoint, the stomach has 2 compart-
ments: the proximal stomach, or fundus, and the distal
stomach, or antrum (3,12). After ingestion of a meal, the
fundus relaxes and accommodates the meal volume; the
smooth muscle of the fundus contracts in a tonic manner,
producing a pressure gradient between the fundus and the
pylorus, which is responsible for liquid emptying. In contrast,

FIGURE 1. (A) Matrix for 101 patient studies with normal
and delayed gastric emptying using normal to be 2 SDs
around mean (,19 min) of 30 healthy subjects. (B) Matrix for
101 patient studies with normal and delayed gastric emp-
tying using normal to be 3 SDs around mean (,22 min) of 30
healthy subjects.
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the antrum produces strong phasic muscular contractions that
grind up solid food into small particles that can pass through
the pylorus; the antrum is responsible for solid emptying.

Standard teaching has long been that solid radionuclide
gastric emptying is more sensitive for the detection of
gastroparesis than is liquid emptying. This is stated in
gastrointestinal (4–6) and nuclear medicine review articles
(13–15), textbooks (1,16), and Society of Nuclear Medicine
Procedure Guidelines (17). This consensus seems to have
been based on observations made from dual-phase, dual-
isotope solid–liquid gastric-emptying studies (18–23). As a
result, only solid gastric-emptying studies are recommended
for clinical purposes; liquid studies are needed only in spe-
cial situations, for example, for patients who cannot tolerate
solid meals, patients who are postoperative, or patients with
suspected dumping syndrome (4,5,16).

A potential problem with accepting the results from dual-
phase studies is that the emptying of the liquid phase is
directly affected by the solid-phase meal. For example, the
addition of calories in the form of 10% dextrose to a clear

liquid meal slows the emptying rate, although the exponential
pattern of emptying is maintained. However, with increasing
caloric content (e.g., 25% dextrose) the emptying rate is
slowed further and the pattern of clearance changes, from
exponential to linear, similar to that seen in a solid study (20).
Thus, the solid phase has a definite effect on the rate of liquid
emptying, which may explain the discrepancy between our
results and prior reports derived from dual-phase studies.

The Tougas et al. (9) standardized and simplified solid-
meal protocol has been recommended in a joint report of the
Society of Nuclear Medicine and the American Neurogas-
troenterology and Motility Society (8). One criticism of this
method is that infrequent imaging does not allow for the
analysis of the pattern of gastric contractility. The present
investigation is the second time that we have integrated a
research study and the 4-h Tougas protocol (24). In the prior
study, we investigated whether the lag phase could predict
delayed emptying. We acquired images every 10 min during
the first hour of the 4-h study. The lag phase did not prove to
be a predictor of overall emptying (24). However, in that same
study, we found that a solid study length of 4 h, compared
with the more traditional 2-h study, increased the number of
patients diagnosed with gastroparesis by 32%. In the present
investigation, we have integrated a 30-min clear liquid study
with the Tougas protocol and have found that the clear liquid
study detected gastroparesis in approximately 30% of pa-
tients with normal solid empting studies. The diagnosis of
gastroparesis increased significantly, from 16% of patients
for the solid-only 4-h study to an additional 28%232% of
patients who had a normal solid study but abnormal liquid
emptying. Thus, the addition of the liquid study to the solid
study has considerable added diagnostic value.

Past investigations have found a poor correlation between
patient symptomatology and the results of gastric-emptying
studies. Abnormal emptying has been found in a relatively
low percentage of patients with symptoms suggestive of
gastroparesis, who have a clinical diagnosis of nonulcer
dyspepsia, idiopathic gastroparesis, and diabetes mellitus
(5,25–27). One important reason may be that we have been
studying only antral contraction and not fundal contraction.

Previously published data on normal values for clear
liquid gastric emptying are limited. In 1974, Chaudhuri
reported on noncaloric liquid (saline) gastric emptying in 8
healthy subjects (28). Each subject underwent 3 studies,
and the study was shown to have good reproducibility. A
normal T1/2 value based on these 24 total studies (8 · 3)
was 6–18 min (mean 6 SD, 12 6 3 min). Two other reports
also used a saline clear liquid meal. In 1 study with 7 healthy
subjects, the upper level of normal values was less than
20 min (29), and in another report with an uncertain
number of subjects, the upper level was less than 25 min
(30). Our investigation of 30 healthy subjects found normal
emptying to be less than 19 min (mean 6 2 SDs) and less
than 22 min (mean 6 3 SDs). The rate of liquid emptying
is, to some extent, position-dependent; the rate is slower
with the patient in a supine rather than sitting position (29).

FIGURE 2. (A) Absolute difference from measured per-
centage solid gastric emptying vs. true percentage emptying
at 4 h, assuming maximum 111In in stomach at 4 h. (B) Ab-
solute difference from measured percentage solid gastric
emptying vs. true percentage emptying, assuming no 111In in
stomach at 4 h.

RGB
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Unlike solids, clear liquids have been reported to empty
in a monoexponential pattern, with no delay before emp-
tying begins (31). However, our study has shown a delay of
1–10 min (1.9 6 2.6 min) in 13 of 30 healthy subjects. All
healthy subjects in our study had an exponential pattern of
emptying. In our study, the patients with a moderate delay
in liquid emptying maintained an exponential emptying
pattern; however, those with more delayed emptying often
did not empty exponentially.

There has long been concern about 111In downscatter into
the 99mTc window in dual-isotope studies. Some investi-
gations have used scatter-correction methods to minimize
this problem (20); other studies, however, have shown that,
if the administered dose of 99mTc is at least 5–6 times that
of 111In, dose downscatter is not a significant problem
(32,33). With the sequential methodology described in this
article, there was a concern that residual liquid 111In might
affect the results of the 99mTc solid study. Using a 10:1
administered dose ratio of 99mTc to 111In keVin our study, our
analysis showed that the problem of residual liquid is gen-
erally not significant using the methodology described.

There have been anecdotal reports of patients who had
delayed liquid but normal solid emptying (34). A single
published investigation of 85 patients with diabetes reported
delayed liquid but normal solid emptying in 24% of patients
(35). This finding was said by the authors to be specific to
diabetic patients, and this observation has not been followed
up. Our study clearly demonstrates that abnormal liquid but
normal solid gastric emptying is not an uncommon finding in
a general referral population of patients with symptoms
suggestive of gastroparesis. Only 7 of our patients were
diabetic but none had delayed liquid/normal solid emptying.

Patients with delayed liquid emptying but normal solid
emptying likely have dysfunction of the gastric fundus.
Further investigation is needed to determine whether this
hypothesis is correct. Several techniques (e.g., barostatic
manometry, ultrasonography, MRI, and SPECT) have been
described that might help evaluate gastric fundal function
(36). If this hypothesis is true, this might lead to new methods
of therapy that are more physiologic and might allow for
individualized therapy of gastroparesis, depending on whether
the patients have antral or fundal dysfunction or both.

CONCLUSION

We defined the reference range for clear liquid gastric
emptying. In a sequential 2-phase protocol, we found that a
30-min clear liquid gastric-emptying study performed im-
mediately before a 4-h standardized solid emptying study is
often abnormal when the solid study is normal, and the
gastric-emptying study added considerable diagnostic value
for the detection of gastroparesis over solid emptying alone.
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