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Summary. In 10 patients with Type i (insulin-dependent) 
diabetes mellitus gastric emptying of a digestible solid and 
liquid meal was measured during euglycaemia (blood glu- 
cose concentration 4-8 retool/l) and during hyperglycaemia 
(blood glucose concentration 16-20 mmol/1). Gastric empty- 
ing was studied with a scintigraphic technique and blood glu- 
cose concentrations were stabilised using a modified glucose 
clamp. Patients were also evaluated for gastrointestinal 
symptoms, autonomic nerve function and glycaemic control. 
When compared to euglycaemia, the duration of the lag 
phase before any of the solid meal emptied from the stomach 

(p = 0.032), the percentage of the solid meal remaining in the 
stomach at 100 min (p = 0.032) and the 50% emptying time 
for the solid meal (p = 0.032) increased during hypergly- 
caemia. The 50% emptying time for the liquid meal 
(p = 0.042) was also prolonged during the period of hypergly- 
caemia. These results demonstrate that the rate of gastric 
emptying in Type i diabetes is affected by the blood glucose 
concentration. 

Key words: Gastric emptying, stomach, hyperglycaemia, au- 
tonomic neuropathy. 

Recent  studies have demonstrated that approximately 
50% of patients with diabetes mellitus have delayed gas- 
tric emptying [1-3]. Since the control of blood glucose 
concentrations in Type i (insulin-dependent) diabetes 
mellitus is dependent  on how well the delivery of adminis- 
tered insulin is matched with the rate of nutrient absorp- 
tion from the small intestine, abnormal gastric emptying 
may not only cause gastrointestinal symptoms, but also 
contribute to poor  glycaemic control [4, 5]. Diabetic gas- 
troparesis has been traditionally thought to reflect irre- 
versible autonomic nerve damage [5-7], but there is some 
evidence that gastric emptying is also modified by the 
blood glucose concentration [1, 3]. Acute hyperglycaemia 
slows gastric emptying in normal subjects [8-10] and re- 
cent studies, in which blood glucose concentrations were 
monitored, but not made constant during a single meas- 
urement of gastric emptying, suggest that there is an in- 
verse relationship between the blood glucose concentra- 
tion and the rate of gastric emptying in Type i and Type 2 
(non-insulin-dependent) diabetic patients [1, 3]. In these 
latter studies it was unclear whether delay in gastric 
emptying was related to acute or chronic hyperglycaemia. 
We have now measured gastric emptying in patients with 
Type i diabetes during hyperglycaemia and euglycaemia 

and confirm that gastric emptying is slower at an increased 
blood glucose concentration. 

Subjects, materials and methods 

The studies were performed in 10 patients with Type 1 diabetes 
(7 male, 3 female), who were selected randomly from all the ambu- 
lant out-patients treated for Type 1 diabetes by two members (MH 
and PH) of the Endocrine Unit of the Royal Adelaide Hospital. 
Clinical data on these patients are shown in Table 1. The median dur- 
ation of known diabetes was 15 years (range 1-22). Patients were not 
included in the study if they were taking any medication other than 
insulin. The plasma creatinine concentration was within the normal 
range (0.05-0.12 mmol/1) in all of the patients. Smoking was pro- 
hibited on the day of any gastric emptying measurement. Written, in- 
formed consent was obtained in all cases and the study was app~-oved 
by the Ethics Committee of the Royal Adelaide Hospital. 

Protocol 

In each diabetic patient gastric emptying was measured twice: during 
euglycaemia (venous blood glucose 4-8 retool/l) and during hyper- 
glycaemia (blood glucose 16-20 retool/l). The order of the two tests 
was randomized and they were separated by approximately one 
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Table 1. Clinical features ofthepatients  
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Patient Age Duration Sex BMI HbAlc Autonomic nerve Upper gastrointestinal ~ 
No. (years) of diabetes function Tests a Symptom score 

mellitus DB L/St BP b "Gastric . . . .  Oesoph- Total 
(years) ageal" 

1 41 I7 M 21.9 4.8 1 0 0 1. 0 1 
2 47 17 F 22.4 t i .0  1 0 0 2 0 2 
3 43 7 M 33.0 10.5 1 0 0 1 2 3 
4 27 4 M 25.5 9.2 0 0 0 0 0 0 
5 37 15 F 22.6 9.8 0 0 0 0 0 0 
6 43 1 M 27.2 11.8 0 0 0 0 0 0 
7 54 15 M 23.8 10.3 2 0 1 1 4 5 
8 43 22 F 25.8 13.0 2 2 2 1 1 1 
9 37 12 M 27.5 12.8 2 2 0 5 0 5 

10 45 8 M 22.4 12.4 0 0 2 0 0 0 

0 = Normal; 1 = borderline; 2 = abnormal 
a DB = heart rate response to deep breathing; L/St = lying/standing heart rate; b BP_systolicbloodpressureresponsetostanding;0 "Gastric" 
symptoms: anorexia, nausea, early satiety, abdominal distention, vomiting, abdominal pain "oesophageal" symptoms: dysphagia, heartburn, 
acid regurgitation; 0 = none, 1 = mild, 2 moderate, 3 = severe; the score represents the sum of individual symptoms 

week. Venous blood glucose concentrations were maintained in 
either the euglycaemic, or the hyperglycaemic range with the use of 
a modified glucose clamp technique [11]. After entry into the study 
(and within two days of the first gastric emptying measurement) 
each subject had HbAic measured, an evaluation of gastrointestinal 
symptoms with a questionnaire and an objective assessment of au- 
tonomic nerve function with cardiovascular reflex tests [1, 3, 12-15]. 
The HbAlc results were expressed as a percentage; the range in nor- 
mal subjects being 3.5~5.0% [1]. 

Stabilization of blood glucose concentrations 

On the morning of each gastric emptying measurement an i.v. ca- 
theter was inserted into an antecubital vein at approximately 
08.00hours, after each subject had fasted from solids from 
19.00 hours and liquids from 24.00 hours the previous day. Intra- 
venous infusions of insulin (Actrapid human, CSL-Novo, Sydney, 
NSW, Australia) and/or glucose (10% glucose in water) were then 
commenced via an infusion pump and subsequently adjusted, by fre- 
quent measurements of blood glucose, so that the venous blood glu- 
cose concentration was maintained either in the range 4-8 mmol/1, 
or 16-20 mmol/1 for at least 60 min before the commencement of, 
and during the gastric emptying measurement [11]. Blood was taken 
from a catheter placed in an antecubital vein of the contralateral 
arm. In the total study period the rate of the insulin infusion varied 
from 0.5-8.0 U/h and the rate of glucose infusion varied from 0- 
15 g/h. Measurements of blood glucose concentration were per- 
formed during each test with BM-Test-Glycemie 20-800 strips 
(Boehringer-Mannheim, Sydney, NSW, Australia) and a portable 
glucose meter (Refiolux l l M ,  Boehringer-Mannheim). Blood glu- 
cose measurements were also made subsequently on these venous 
samples with a hexokinase technique and these values are reported 
in the text. 

Measurement of gastric emptying 

Details of this double isotope test, which measures gastric emptying 
of solid and liquid meals simultaneously have been published [16, 
17]. The solid meal was 100 g of cooked ground beef containing 
1.0-1.5 mCi of in vivo labelled 99~Tc-sulphur colloid chicken liver 
[16]. The liquid meal consisted of 150 ml of 10% dextrose in water la- 
belled with 0.75-1mCi of n3mIn-DTPA (diethylenetriamepen- 
taacetic acid). The test was commenced at approximately 
12.00 hours. Patients sat with the scintillation camera behind them 

and ate the solid meal over 5 min, followed immediately by the dex- 
trose drink. Each study was continued for at least 3 h after meal com- 
pletion, which was taken as time zero. 

Data were corrected for patient movement, radionuclide decay, 
Compton scatter and gamma ray (tissue) attenuation using pre- 
viously described methods [16, 17]. A proximal stomach region-of- 
interest was defined by the "reservoir" area seen in all subjects for at 
least the first few min after ingestion of the solid meal [17]. From the 
curves of solid and liquid gastric emptying (expressed as a percent- 
age of the total meal remaining within the stomach vs time) several 
parameters were derived for subsequent analysis. For the solid meal 
these were: (1) the lag phase before any food left the stomach, (2) the 
amount of isotope remaining in the stomach at 100 rain after meat 
completion, and (3) the time for 50% gastric emptying. In some pa- 
tients with delayed gastric emptying the pattern of emptying was too 
irregular for accurate determination of a linear emtpying rate for the 
solid meal, and consequently this parameter was not used for statis- 
tical analysis. Intragastric distribution of the solid meal was evalu- 
ated by determining the time for 50% of the meal to leave the proxi- 
mal stomach region and the amount which remained in the proximal 
stomach at 100 min [13, 16, 17]. Comparisons of liquid meal empty- 
ing were made with values for the amount remaining in the stomach 
at 5 min and the time for 50% emptying [13, 16]. 

In our laboratory a "normal range" for gastric emptying has been 
obtained with an identical test meal in 22 normal volunteers (14 ma- 
le, 8 female), median age 33 years (range 21-62) median body mass 
index 23.0 (range 20.0-26.6) and median body weight 72 kg (range 
57-89) who were non-smokers, on no medication and without evi- 
dence of gastrointestinal disease [1]. We have defined "delayed" gas- 
tric emptying as values more than two standard deviations above the 
mean in this group for either the amount of the solid meal remaining 
in the stomach at 100 min ( > 61% ), or the 50% emptying time of the 
liquid meal ( > 31 min) [1]. 

Assessment of gastrointestinal symptoms 

Upper gastrointestinal symptoms were assessed by a standard ques- 
tionnaire [1, 3, 12, 13]. Anorexia, nausea, early satiety, upper ab- 
dominal discomfort or distention, vomiting, abdominal pain ("gas- 
tric" symptoms), dysphagia, heartburn and acid regurgitation 
("oesophageal" symptoms) were scored according to the following 
scheme: 0 = none, 1 = mild (symptom could be ignored if the patient 
did not think about it), moderate (symptom could not be ignored, 
but did not influence daily activities), 3 =severe (symptom in- 
fluenced daily activities). The maximum possible total score was 18 
for the "gastric" symptoms and was 9 for the "oesophageal" symp- 



R. J. Fraser et al.: Hyperglycaemia and gastric emptying 

Blood 
glucose 

concentration 
(mmol/I) 

20 

16 

12 

8 

4 

0 
i i i t 

o 3o 60 90 do ls'o 

Time (rain) 

Fig. 1. Mean blood glucose concentrations ( + S. E. M.) at 30 min in- 
tervals following ingestion of the test meal during euglycaemia 
(-0-) and hyperglycaemia (-[] -) 

toms. The number of bowel actions each week, the consistency of 
bowel actions and the presence or absence of nocturnal diarrhoea 
and faecal incontinence were also noted. The patient was considered 
to suffer from constipation if less than three spontaneous bowel ac- 
tions occurred each week. 

Assessment of autonomic neuropathy, peripheral 
neuroPathy and retinopathy 

Autonomic nerve function was assessed by standard cardiovascular 
reflex tests. Parasympathetic function was evaluated by the heart 
rate variation (R-R interval) during deep breathing and the immedi- 
ate heart rate response to standing ("30:15" ratio). Sympathetic 
function was assessed by the fall in systolic blood pressure in re- 
sponse to standing. The result of each of these tests was scored as 
0 = normal, 1 = borderline, or 2 = abnormal (for a maximum possible 
score of 6), according to criteria outlined by Ewing and Clarke [14]. 
A total score of ~> 3 was taken to indicate definite autonomic nerve 
damage [1, 3,13]. 

Retinopathy was graded as none, background or proliferative on 
the basis of a recent ophthalmological assessment, which often in- 
cluded fluoroscein angiography. Peripheral neuropathy was diag- 
nosed clinically when absent ankle reflexes were associated with 
either sensory or motor changes. 

Statistical analysis 

Data were evaluated using the Wilcoxon rank-sum test (paired data) 
and linear regression analysis. Data are shown as median values and 
ranges unless otherwise stated. A p-value of < 0.05 was considered 
significant in all analyses. As it was postulated that hyperglycaemia 
would slow gastric emptying, one way tests of significance were ap- 
plied to the analysis of the gastric emptying data. 

Results 

Gastrointestinal symptoms and diabetic complications 

There  was considerable variation in gastrointestinal 
symptoms between patients. The median score for "gas- 
tric" symptoms was 1 (range 0-5) and the median score 
for "oesophageal"  symptoms was 0 (0-4). Of  the other 
gastrointestinal symptoms one patient suffered f rom con- 
stipation, none had nocturnal diarrhoea, and none had 
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faecal incontinence. Three of the patients had definite evi- 
dence of autonomic neuropathy (total score /> 3) and 
seven had a score of I or more (Table 1). Three patients 
had peripheral  neuropathy. Four patients had no retino- 
pathy, four patients had background ret inopathy and two 
patients had proliferative retinopathy. 

Glycosylated haemoglobin concentrations 

The HbAlc concentrations are shown in Table 1. One pa- 
tient was in the range for normal,  no patient was in the 
range 6.1-9.0%, six patients were in the range 9.1-12.0% 
and three patients had values > 12.0%. 

Glucose and insulin values during the study 

In the first 2 h after the commencement  of the gastric 
emptying measurement  there was no significant dif- 
ference (p = 0.30) in the median rate of insulin infusion be- 
tween the two tests 1.6 U/h (0.4-11.5) during the hypergly- 
caemic test and 2.0 U/h (1.4-4.4) during the euglycaemic 
test. There  was a non-significant trend (p -= 0.i6) for the 
median rate of glucose infusion to be higher in the hyper- 
glycaemic test (4.7 g/h (1.4-12.1)) than during the eugly- 
caemic test (3.4 g/h (0.3-8.6)). The mean blood glucose 
concentrations are summarised in Figure 1. 

Gastric emptying 

Solid emptying. 1. Total s tomach emptying: in all subjects 
solid emptying was slower than liquid emptying and was 
characterized by an initial lag phase followed by an 
emptying phase. Gastric emptying of the solid meal  was 
slower during hyperglycaemia, compared  to euglycaemia 
in nine of the ten patients. There was prolongation of the 
lag phase (56 min (27-93) vs 46 rain (22-78), p = 0.032) 
and the 50% emptying time (141 min (86-220) vs 124 rain 
(80-150), p = 0.032) (Fig. 2). The percentage retention of 
the meal  at 100 min was also increased during hypergly- 
caemia (71% (36-97) vs 61% (37-75)p = 0.032). Total sto- 
mach emptying of the solid meal  at 100 rain was within the 
delayed range in five of the diabetic patients during eugly- 
caemia and in seven of the patients during hypergly- 
caemia. 

2. Intragastric distribution: when compared to eugly- 
caemia there were non-significant trends for prolongation 
of the time for 50% of the meal  to leave the proximal sto- 
mach and the amount  of the meal  remaining in the proxi- 
mal stomach at 100 min during hyperglycaemia (42 min 
(9-72) vs 28 rain (4-65)p  = 0.097) and 19% (6-37) vs 15% 
(4-36), p = 0.14 respectively). The percentage of the meal  
remaining in the proximal  stomach at 100 rain correlated 
directly with both the duration of the lag phase (r = 0.64, 
p < 0.003) and the amount  of the meal  remaining in the 
total s tomach at 100 min (r = 0.64,p < 0.003). 

Liquid emptying. In all but one of the patients the empty-  
ing curve for the liquid meal  was non-linear with a slope 
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Fig.2 a, b. Individual values 
for solid gastric emptying 
expressed as: (a) the lag phase 
and (b) 50% emptying time, 
during euglycaemia (left) and 
hyperglycaemia (right). The 
range for these values 
(mean _+ 2SD) obtained in 
22 control subjects (1) is shown 
in the shaded area 

that decreased with time and approximated a monoex- 
ponential pattern. In patient six there was the surprising 
observation of a lag phase of 29 min in the euglycaemic 
study (the lag phase for the liquid meal was less than 8 min 
in all of the other studies). In nine of the ten patients the 
50% emptying time of the liquid meal was slower during 
hyperglycaemia than with euglycaemia (41 min (26-56) vs 
35 min (19-61),p = 0.042) (Fig.3). The nine out often sub- 
jects who showed slower solid emptying during hypergly- 
caemia were not the same as those who had slowed liquid 
emptying. There was a non-significant trend for greater 
retention of the liquid meal at 5 min during hypergly- 
caemia (99 (88-100) vs 95 (82-100), p = 0.081). The 50% 
emptying time for the liquid meal was delayed in six pa- 
tients during euglycaemia and in 8 patients during hyper- 
glycaemia. 

There was no significant relationship between either 
solid or liquid gastric emptying (on the euglycaemic or 
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Fig.3. Individual values for liquid gastric emptying expressed as the 
50% emptying time, during euglycaemia (left) and hyperglycaemia 
(right). The range for the liquid 50% emptying time (mean + 2SD) 
obtained in the 22 control subjects (1) is shown in the shaded area 

hyperglycaemic test) and autonomic nerve function, the 
duration of diabetes, plasma creatinine, or gastrointesti- 
nal symptoms. 

Discussion 

We have shown that gastric emptying in patients with 
Type 1 diabetes is influenced by the blood glucose con- 
centration, indicating that diabetic gastroparesis may re- 
sult from poor glycaemic control. This observation is 
consistent with results of our previous studies in patients 
with Type i and 2 diabetes [1, 3]. Delayed gastric empty- 
ing of liquid barium sulphate has been reported in pa- 
tients with poor glycaemic control, but without evidence 
of autonomic neuropathy [18]. Wright et al. [19] did not 
find any relationship between blood glucose and gastric 
emptying, but they studied only ten patients who all had 
autonomic neuropathy. Variations in blood glucose con- 
centrations may account for the poor reproducibility of 
gastric emptying in Type 2 diabetic patients [20] and the 
contradictory results regarding the prevalence of abnor- 
mal gastric emptying, particularly of liquids, in Type 1 pa- 
tients [1-3, 19, 21, 22]. Although marked changes in gas- 
tric emptying were observed in some patients, the 
magnitude of the difference between hyperglycaemia 
and euglycaemia was variable, and the median change 
was relatively modest. These observations are consistent 
with the response of diabetic patients to gastrokinetic 
drugs [12, 13]. 

The mechanism(s) responsible for the inhibitory ac- 
tion of hyperglycaemia on gastric emptying is not known. 
Proximal gastric tone, antral motility and pyloric and 
duodenal resistance are probably all important in the 
regulation of gastric emptying [23, 24]. In normal subjects 
induced hyperglycaemia slows gastric emptying of nu- 
trient-containing liquid meals [8-10] and, during fasting, 
decreases antra[ pressure waves [25]. Recently, we have 
demonstrated that hyperglycaemia stimulates pyloric mo- 
tility in normal subjects [26]. Hyperglycaemia may there- 
fore account, at least in part, for the results of manometric 
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studies in Type i patients with symptomatic gastroparesis, 
which have shown diminished antral pressure waves, ab- 
sence of antral phase 3 moto r  activity and an increased 
number  of pyloric pressure waves [6, 7, 27, 28]. In these 
studies blood glucose concentrations were apparently not 
monitored. Because of these effects on motility, hypergly- 
caemia may also contribute to delayed gastric emptying of 
non-digestible solid particles in diabetic gastroparesis 
[29]. Hyperglycaemia may suppress vagal nerve activity 
[30] and be an important  factor in the aetiology of auton- 
omic nerve dysfunction [31]. Alterations in the secretion 
of gastrointestinal hormones  (such as motilin, somatos- 
tatin, glucagon and gastric inhibitory polypeptide) may 
also be important  [10, 25, 32]. A previous study [33] indi- 
cates that the changes in gastric motility are not due to di- 
rect effects of insulin. 

Our results have several important  implications. It is 
apparent  that the definition of diabetic gastroparesis must 
take into account the blood glucose concentrations during 
the performance of the gastric emptying measurement .  
Adequate  control of blood glucose is also important  in the 
assessment of the effects of pharmacological  agents on gas- 
tric motility, or gastric emptying in patients with diabetes. 
The results also suggest that gastric emptying may be a 
hitherto underemphasised contributor to variations in gly- 
caemic control in diabetes. Changes in gastric emptying re- 
sulting f rom variations in blood glucose concentration may 
contribute to upper  gastrointestinal symptoms and poor  
glycaemic control. The latter hypothesis is supported by a 
recent study in normal  subjects [35] which demonstra ted 
that hyperglycaemia delays the absorption of the sulpho- 
nylurea drug, glipizide, presumably by slowing gastric 
emptying. Conversely it remains probable,  but unproven, 
that delayed gastric emptying due to irreversible auto- 
nomic nerve damage may also contribute to poor  blood 
glucose controlby causing discrepancies between the onset 
of insulin action and the release of nutrients into the intes- 
tine. The effects of changes in blood glucose concentrations 
on the function of other regions of the gastrointestinal tract 
also warrant  evaluation. Our  results provide a further ra- 
tionale to improve, and avoid major  fluctuations in blood 
glucose levels in diabetic patients. 
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