
Gastric emptying is a significant determinant of the
blood glucose response after an oral carbohydrate
load [1] due to the key role this process plays in regu-
lating the rate of nutrient delivery to the small intes-
tine. Gastric emptying may therefore be a previously
under-recognized contributor to variations in glycae-

mic control in diabetes mellitus. Faster rates of gas-
tric emptying have been reported not only in rat mod-
els of insulin-dependent diabetes mellitus (IDDM)
[2, 3] but also in patients with IDDM [4, 5] and recent
studies suggest that modulation of gastric emptying
could be used to improve glycaemic control in pa-
tients with diabetes [6].

Amylin is a 37 amino acid polypeptide co-secreted
with insulin by pancreatic beta cells, in response to
nutrient stimuli. It circulates at concentrations of
5±30 pmol/l in normal subjects. IDDM patients are
not only insulin deficient but also amylin deficient
[7, 8]. Amylin concentrations in IDDM patients
range from the lower end of the normal range to un-
detectable and do not increase in response to a glu-
cose load. The peptide pramlintide is a stable trisub-
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Summary In a previous study we have shown that an
intravenous infusion of pramlintide (an analogue of
human amylin) delayed gastric emptying, but the
dose of pramlintide was supraphysiological in rela-
tion to the amylin response to food in non-diabetic
subjects. The purpose of this study was to examine
the dose response relationship of subcutaneous injec-
tions of pramlintide on gastric emptying and to deter-
mine whether administration of the drug before one
meal has an impact on the subsequent meal. Eleven
men with insulin-dependent diabetes mellitus were
studied in a double-blind, randomised, four-way
crossover design. None had autonomic neuropathy.
Euglycaemia was maintained overnight before the
study day. At �30 min the patients self-injected their
usual morning insulin and at �15 min they injected
the study drug (either placebo or 30, 60 or 90 mg
pramlintide) subcutaneously. At 0 min they ate a
standard meal consisting of a pancake, labelled with

99mTc, and a milkshake containing 3-ortho-methylglu-
cose (3-OMG). Gastric emptying images were ob-
tained for the next 8 h. At 240 min the subjects ate a
similar meal, but on this occasion the pancake was la-
belled with 111In. All three doses of pramlintide de-
layed emptying of the solid component of the first
meal (p < 0.004) with no significant difference be-
tween the drug doses. There were no differences be-
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longation in the time to peak plasma 3-OMG level
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stituted non-aggregating analogue of amylin [9]
which in animal studies has biological activities simi-
lar to endogenous amylin.

In a previous study we have shown that an intrave-
nous infusion of pramlintide delayed gastric empty-
ing in men with IDDM but the dose of pramlintide
was supraphysiological in relation to the amylin re-
sponse to food in non-diabetic subjects [10]. The pur-
pose of this study was to examine the dose response
effect of pramlintide on gastric emptying and to
determine the duration of any effect by assessing
whether administration of the drug before one meal
has an impact on the subsequent meal.

Subjects and methods

Subjects. Eleven healthy non-obese men (BMI 23.2 ± 0.8 kg/
m2, mean ± SEM, range 19±26.6) with uncomplicated IDDM,
aged 28 ± 2.1 years (mean ± SEM, range 20.6±42.1) were re-
cruited. Mean duration of diabetes was 12.3 ± 2.3 years
(mean ± SEM, range 0.8±27.5) and HbA1c was 9.5 ± 0.7 %
(mean ± SEM, range 6.1±14.6, normal up to 6.1 % for the assay,
SciCor Laboratories, Geneva, Switzerland). All had a basal C-
peptide level less than 1.0 ng/ml (analysed at Laboratoire Riot-
ton, Geneva, Switzerland), and were on no medication apart
from insulin. None had autonomic neuropathy, as assessed
clinically and by tests of cardiovascular reflexes, including the
heart rate response to the valsalva manoeuvre, during deep
breathing and on standing (30 :15 ratio). Informed consent
was obtained from all subjects. The study was approved by
the British Department of Health (Administration of Radioac-
tive Substances Advisory Committee) and the Research Ethics
Committee of the University Hospital, Queen's Medical Cen-
tre, Nottingham.

Protocol. Each subject had four gastric emptying studies in a
randomized, double-blind, placebo-controlled four-way cross-
over design. Subjects were admitted on the evening before
the study day and had euglycaemia (blood glucose 5±8 mmol/
l) maintained overnight by intravenous infusion of insulin
and/or glucose. A cannula was inserted into an antecubital
vein for hourly blood glucose sampling and subsequently used
for infusion of glucose, as required. The next morning another
cannula was inserted retrogradely, under local anaesthetic,
into a vein on the dorsum of the dominant hand; it was kept pa-
tent with a slow infusion of 0.9 % NaCl and the hand rested in a
heated box (55±60 �C) to obtain ªarterializedº venous blood
samples.

Low-activity radioactive anatomical markers (99mTc) were
attached to the surface of the subject's skin, anteriorly and
posteriorly. Thirty minutes before they were due to eat, the
patients injected themselves with their usual morning insulin
and 15 min later they injected the study drug (either placebo
or 30, 60 or 90 mg pramlintide) subcutaneously. Arterialized
blood samples were taken for estimation of blood glucose,
plasma 3-ortho-methylglucose (3-OMG), and insulin at �40,
�30 and immediately prior to consumption of the standard
breakfast meal. At 0 min, within 10 min, they ate a standard
meal consisting of a pancake, labelled with 3MBq non-ab-
sorbable Tc-99m-ion exchange resin, and a low fat milkshake
containing 3-OMG so that its appearance in the peripheral
circulation could be used as an index of glucose absorption.
The meal consisted of 50 % carbohydrate, 35 % fat, 15 % pro-

tein, providing a total of 500 kcal. Gastric emptying images
were obtained for the next 8 h. At 240 min the subjects ate a
similar meal, but on this occasion the pancake was labelled
with 111In.

Gastric emptying data were acquired with 30 s anterior and
posterior images of the stomach [11] every 20 min using an
IGE maxi-camera II gamma camera (IGE Medical Systems,
Slough, UK) fitted with a medium-energy general purpose col-
limator. The gamma camera was linked to a dedicated nuclear
diagnostics nuclear medicine computer system. Regions of in-
terest (ROIs) were created around the computer generated
image of the stomach for both anterior and posterior images,
and counts were recorded. The geometric mean of the anterior
and posterior measurements was calculated and counts were
corrected for background radiation, isotope decay and cross
talk between the energy windows. For each of the three ROIs
(proximal, distal, and total stomach), activity time curves, ex-
pressed as a percentage of total meal against time, were de-
rived. Various emptying parameters were calculated from
these curves. The coefficient of variation (CV) for solid t50 in
normal subjects was 13 %.

Arterialised blood samples, for measurement of 3-OMG
and free insulin were taken at regular intervals. Blood glucose
was measured every 10 min after the meal using a Yellow
Springs Analyser (Yellow Springs, Ohio, USA); CV for the as-
say was 3 %. Plasma was stored in fluoride oxalate for subse-
quent determination of 3-OMG by gas-liquid chromatography
[12, 13] (intra-assay CV 1.8±5.7 %). Serum insulin concentra-
tions were analysed at SciCor, Inc., Indianapolis, Ind., USA
(intra-assay CV 2.7±4.6 %, inter-assay CV 6.3±9.7 %). Arteria-
lised blood samples were taken at regular intervals for pram-
lintide measurements which were assayed using a validated im-
munoradiometric assay (IRMA) method at Amylin Pharma-
ceuticals Inc., San Diego, Calif., USA (intra-assay CV
3.4±5.5 %, inter-assay CV 5.2±5.5 %).

Glucose was infused, as required, if a subject's blood glu-
cose fell below 5 mmol/l at any time during the study, following
the meal.

Patients returned to the clinic after 7±14 days for the next
randomised treatment.

Statistical analysis. Conventional methods were used to calcu-
late means, medians, SEM and SD. The null hypothesis tested
for all of the efficacy analyses was that there was no difference
among the study drug regimens. The alternative hypothesis is
that a difference exists. Since this was a four-period crossover
trial, tests were also performed to check for period, carryover,
and sequence effects. Four-period crossover analysis of vari-
ance methods were used to test for study drug effects, period
effects, carryover effects, and sequence effects [14]. If the ap-
propriate ANOVA assumptions were not met, a Wilcoxon
test, based on ranks, for crossover analyses was used. The
Hochberg adjustment for multiple comparisons [15] was used
to test for treatment differences from placebo. Blood glucose
at the different time points and the AUC from time
0±240 min and 240±480 min were also analysed using 2-tailed
t -test. A p value less than 0.05 was considered significant in
all analyses.

The lag time was defined as the delay between the ingestion
of food and definite start of emptying (this is taken as the time
taken for at least 10 % of isotope to empty) and t50 was defined
as the time at which 50 % of the isotope had left the stomach.

The area under the curve (AUC) was calculated using the
trapezoidal rule. Zero-hour AUC (the area under the serum
or blood level-time curve above the zero-hour value) was
calculated from 3-OMG and blood glucose concentrations
adjusted for baseline concentration.
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Results

Patients self-injected their usual morning insulin at
�30 min and at �15 min they injected the study drug
(either placebo or 30, 60 or 90 mg pramlintide) subcu-
taneously. At 0 min they ate a standard meal and at
240 min they ate a similar meal. Five subjects had in-
sulin injections at 210 min. Gastric emptying images
were taken at 20 min intervals from time 0 to
480 min.

Plasma pramlintide (Fig.1). The mean plasma pram-
lintide concentrations at time 0, 60, 240 min were
36.4 ± 6.8 pmol/l, 21.7 ± 4.4 pmol/l and 1.5 ±
0.8 pmol/l, respectively when 30 mg pramlintide was
injected, 59.3 ± 12.1 pmol/l, 28.1 ± 4.4 pmol/l and
4.3 ± 1.4 pmol/l, respectively when 60 mg pramlintide
was injected and 96.6 ± 12.8 pmol/l, 47.5 ± 10.5 pmol/
l and 6.6 ± 2.9 pmol/l, respectively when 90 mg pram-
lintide was injected.

Blood glucose (Fig.2). There were no differences be-
tween the three doses of pramlintide and placebo in
the overall patterns of blood glucose response after
either meal (no significant difference in AUC from
time 0±240 and 240±480 min). However, the AUC
from time 0±120 min was significantly lower when
60 mg and 90 mg pramlintide were injected
(p = 0.0101 and p = 0.0215, respectively) but there
was no significant difference from placebo in the
AUC over the same time interval when the 30 mg
dose was injected (p = 0.1815). It took longer to reach
peak blood glucose when 60 and 90 mg pramlintide

were injected but not when 30 mg pramlintide was in-
jected (91.8 ± 17.6, 111.8 ± 26.2, 165.1 ± 20.9, 161.8 ±
26.7 min after placebo, 30, 60 and 90 mg pramlintide
injections, respectively). The peak glucose values
after breakfast were 11.4 ± 1.1 mmol/l at 80 min,
10.4 ± 1.2 mmol/l at 200 min, 10.2 ± 1.6 mmol/l at
210 min, 11.1 ± 1.4 mmol/l at 210 min after placebo,
30, 60 and 90 mg pramlintide injections, respectively.
The corresponding values after lunch were
14.4 ± 2.1 mmol/l at 370 min, 11.7 ± 1.9 mmol/l at
300 min, 12.5 ± 1.6 at 310 min and 12.4 ± 1.5 mmol/l
at 310 min, respectively.

Serum insulin. There were no differences between
the three doses of pramlintide and placebo in the in-
sulin profile after either meal (no significant differ-
ence in AUC).

3-OMG (Fig.3). When compared to placebo, plasma
3-OMG AUC corrected for the zero-hour value was
significantly lower after the first meal after all three
doses of pramlintide (40.5 ± 3.1 vs 29.5 ± 3.8,
27.7 ± 4.3, 25.6 ± 2.5 mmol × min l�1, respectively,
p < 0.02) but there was no difference after the second
meal. All three doses of pramlintide resulted in a pro-
longation in the time to peak plasma 3-OMG level
after the first meal (Tmax 65.0 ± 3.3, 175.5 ± 16.9,
192.5 ± 19.2, 213.3 ± 19.0 min after placebo, 30, 60
and 90 mg pramlintide injections, respectively;
p < 0.0001) but there was no difference after the sec-
ond meal (Tmax 312.5 ± 9.2, 318.0 ± 10.9, 330.0 ± 23.6,
310.0 ± 6.5 min, respectively).

Effect on solid gastric emptying (Fig.4 and Fig. 5).
The figures for the proximal and distal distribution
of the meal are shown for illustrative purposes. Statis-
tical analysis was only performed on the ªtotal stom-
achº emptying data; the results for the proximal
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Fig.1. Pramlintide concentrations after 30 mg (-o-), 60 mg (-x-)
and 90 mg (-D-) injections



and distal stomach are shown in the figures and de-
scribed qualitatively.

All three doses of pramlintide delayed emptying
of the solid component of the first meal (p < 0.02
for the lag time and p < 0.004 for t50) with no differ-
ence between the drug doses. The mean lag times
were 32.5 ± 7.2, 54.4 ± 6.8, 56.4 ± 8.0, 70.3 ± 14.6
min and the mean t50 values were 128.6 ± 20.4,
187.2 ± 14.0, 200.1 ± 17.0 and 214.5 ± 22.5 min for
placebo, 30, 60 and 90 mg pramlintide, respectively,
(Fig.4a and Fig.5a). There were no differences
between placebo and pramlintide after the
second meal. The lag times were 34.2 ± 7.3,
46.5 ± 8.6, 40.0 ± 6.5, 48.2 ± 8.9 min and the t50 va-
lues were 136.9 ± 13.5, 138.5 ± 11.1, 140.6 ± 11.0 and
145.4 ± 13.6, respectively (Fig.4 b). Thus, there was
a delay of both the initial phase and the first 50%
of gastric emptying of the first meal but there was
no effect on the second meal. The slower emptying
after pramlintide injection could largely be ex-
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Fig.2. Blood glucose after placebo (-+-), 30 mg (-o-), 60 mg
(-x-) and 90 mg (-D-) injections. There were no differences be-
tween the three doses of pramlintide and placebo in the overall
patterns of blood glucose response after either meal (no signif-
icant difference in AUC from time 0±240 and 240±480 min).
However, the AUC from time 0±120 min was significantly low-
er when 60 and 90 mg pramlintide were injected (p = 0.0101
and p = 0.0215, respectively) but there was no significant dif-
ference in the AUC over the same time interval when the
30 mg dose was injected (p = 0.1815)

Fig.3. Plasma 3-OMG after placebo (-+-), 30 mg (-o-), 60 mg
(-x-) and 90 mg (-D-) injections. When compared to placebo,
plasma 3-OMG AUC corrected for the zero-hour value was
significantly lower after the first meal after all three doses of
pramlintide (40.5 ± 3.1 vs 29.5 ± 3.8, 27.7 ± 4.3, 25.6 ±
2.5 mmol × min l�1, respectively, p < 0.02) but there was no dif-
ference after the second meal. All three doses of pramlintide
resulted in a prolongation in the time to peak plasma 3-OMG
level after the first meal (p < 0.0001)



plained by retention in the proximal stomach
(Fig.5b).

The study protocol was well tolerated by all sub-
jects but nausea and vomiting occurred in one patient
when he had the 60 mg injection. One patient report-
ed nausea when he received placebo. Hypoglycaemia

occurred in two patients when on placebo (blood glu-
cose values of 3.8 mmol/l 50 min after the second
meal and 3.3 mmol/l 4 h after the first meal) and in
one patient in each of the three pramlintide groups
(blood glucose values of 3.8 mmol/l 170 min after the
second meal, 3.4 mmol/l 20 min after the first meal
and 3.0 mmol/l 10 min after the first meal).

Discussion

The rate of gastric emptying can be affected by a
large number of factors such as meal composition,
blood glucose concentration and insulinaemia. To
avoid potential influence of meal content, the study
was designed as a crossover trial and a standardized
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b

Fig.4 (a). Half-emptying times (t50) of the solid component of
the first meal after placebo, 30 mg, 60 mg and 90 mg injections.
All three doses of pramlintide delayed emptying of the solid
component of the first meal (p < 0.004) with no difference be-
tween the drug doses. (b) Half-emptying times (t50) of the so-
lid component of the second meal after placebo, 30 mg, 60 mg
and 90 mg injections. There were no differences between place-
bo and pramlintide after the second meal



test meal used. Hyperglycaemia is known to delay
gastric emptying in both normal subjects and patients
with diabetes [16±18]. The delayed gastric emptying
after the first meal when pramlintide was injected
was not related to postprandial hyperglycaemia; com-
pared to placebo the AUC from time 0±120 min was
significantly lower when 60 and 90 mg pramlintide
were injected but there was no significant difference
in the AUC when the 30 mg dose was injected. Thus,
injections of 60 and 90 mg pramlintide resulted in a
delay of gastric emptying which was not due to a
greater hyperglycaemic response than the placebo in-
jection.

Hyperinsulinaemia (approximately 270 pmol/l)
has been reported to delay gastric emptying in nor-
mal subjects [19]. In the present study, there were no
differences between the three doses of pramlintide
and placebo in the insulin profile after either meal.

Therefore, the delay in gastric emptying after pram-
lintide injection was not an effect of insulin.

Following gastric emptying glucose is transported
across the intestinal wall and enters the circulation.
Its absorption rate can be estimated using double iso-
tope labelling techniques. However, since 3-OMG is
actively transported across the small intestine [20],
but is not metabolized after absorption [21], this glu-
cose analogue can serve as an indicator of active
monosaccharide absorption. Delayed absorption of
3-OMG would be consistent with an effect secondary
to delayed gastric emptying. In the present study, the
absorption of 3-OMG was delayed after all three do-
ses of pramlintide after the first meal which was prob-
ably secondary to the delay of gastric emptying.
There was no difference after the second meal.

The delayed gastric emptying of the solid compo-
nent of the meal by subcutaneous injections of pram-
lintide appears to be due to its retention in the proxi-
mal stomach region. Collins et al. [22] have reported
that a dextrose drink delayed gastric emptying of a
solid meal, compared with saline, by increasing the
lag period and retention in the proximal stomach.
This could possibly be due to a delay of emptying
caused by endogenous amylin and/or insulin which
will have been co-secreted in response to the glucose
drink. Thus, subcutaneous injections of pramlintide
cause retention of food in the proximal stomach,
similar to an intravenous infusion of pramlintide
[10]. This may be an extension of the effects of glu-
cose described by Collins et al. [22].

In our previous study an intravenous infusion of
pramlintide was used and the peak plasma concentra-
tion achieved was 130.3 ± 18.9 pmol/l. Fasting plasma
amylin concentrations range between 4 and 11 pmol/l
in normal subjects and increase 2±3 fold following a
mixed meal or during an oral glucose tolerance test
[23, 24]. The 30, 60, 90 mg pramlintide injections
achieved plasma concentrations of 21.7 ± 4.4,
28.1 ± 4.4 and 47.5 ± 10.5 pmol/l, respectively at time
60 min. The lag time and the delay in t50 after the first
meal when pramlintide was injected provide some in-
dication of a necessary concentration of pramlintide
for an effect on gastric emptying. The lack of effect
after the second meal confirms that the plasma pram-
lintide concentration needs to be more than 10 pmol/l
to have an effect on gastric emptying.
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Fig.5 a±c. Solid gastric emptying of the first meal after placebo
(-+-), 30 mg (-o-), 60 mg (-x-) and 90 mg (-D-) injections. Data
are median and interquartile ranges, a total; b proximal;
c distal. There was a delay of both the initial phase and the first
50 % emptying. The slower emptying after pramlintide injec-
tion could largely be explained by retention in the proximal
stomach
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