
Postprandial hypotension, defined as a fall in systolic

blood pressure of ≥ 20 mmHg, occurring within 2 h of a

meal (Jansen & Lipsitz, 1995), is now recognised to be an

important clinical problem, predisposing to syncope and

falls (Hines et al. 1981; Jansen & Hoefnagels, 1991; Mathias,

1991; Jansen & Lipsitz, 1995). Those most at risk include

older people, and patients with autonomic neuropathy;

the latter is most commonly seen in association with diabetes

mellitus (Mathias et al. 1989a; Jansen & Hoefnagels, 1991;

Mathias, 1991; Jansen et al. 1995). Postprandial hypotension

occurs in 30–40 % of nursing home residents and is more

common than orthostatic hypotension (Jansen & Lipsitz,

1995). 

Despite its high prevalence and clinical significance, the

pathophysiology of postprandial hypotension is poorly

understood, and approaches to treatment are largely based

on anecdotal observations (Jansen & Lipsitz, 1995). The

magnitude of the postprandial fall in blood pressure is

known to be dependent on meal composition; ingestion of

carbohydrate, particularly glucose, has the greatest effect

(Potter et al. 1989), with only minor changes occurring

after protein or fat ingestion. Accordingly, it has been

suggested that a reduction in dietary carbohydrate content

may be of benefit in the treatment of postprandial

hypotension (Jansen & Lipsitz, 1995). Moreover, in adults

with autonomic failure, an increase in meal frequency

(without any change in total carbohydrate or energy

intake) so that the amount of carbohydrate in each meal

was reduced, decreases postprandial hypotension (Puvi-

Rajasingham & Mathias, 1996). Given that the postprandial

fall in blood pressure is almost immediately evident, with a

maximum response at 30–60 min (Jansen & Lipsitz, 1995),

and that intravenous glucose has little, if any, effect on

blood pressure (Jansen & Hoefnagels, 1987), it appears

that the interaction of carbohydrate with receptors in the

gastrointestinal tract is pivotal to the blood pressure

response. 

Our recent studies suggest that the magnitude of the

postprandial fall in blood pressure may be dependent on

the rate of carbohydrate delivery to the small intestine (Jones

et al. 1998, 2001); the implications of this are that slowing

of gastric emptying and/or small intestinal carbohydrate

absorption may prove to be therapeutically useful. In

patients with type 2 diabetes mellitus, we observed that the

magnitude of the fall in systolic blood pressure after

ingestion of a drink containing 75 g glucose was greater

when gastric emptying was relatively more rapid (Jones et
al. 1998). A limitation of this study was the cross-sectional

design. In a subsequent study of healthy older subjects, the

addition of guar gum to a drink containing 50 g glucose
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slowed gastric emptying and glucose absorption, and this

was associated with a substantial attenuation of the fall in

systolic blood pressure (Jones et al. 2001). Moreover, post-

prandial blood pressure was inversely related to glucose

absorption (Jones et al. 2001). While these observations

(Jones et al. 1998, 2001) establish a role for the rate of small

intestinal nutrient absorption as a determinant of the

postprandial fall in blood pressure, it should be recognised

that both ‘gastric’ and ‘small intestinal’ factors may have

contributed to this effect. For example, the slowing of gastric

emptying by guar reflects an increase in small intestinal

feedback mechanisms that slow gastric emptying, as well as

the more direct effects of an increase in the viscosity of

gastric contents (Meyer et al. 1988). By acting as a barrier

to glucose absorption in the small intestine, guar allows the

exposure of glucose to a greater length of small intestine,

possibly including the distal small intestine (Meyer et al.).

Accordingly, in considering the mechanisms mediating

the observed effect of guar in attenuating the fall in blood

pressure after oral glucose, a distinction cannot be made

between the potential effects of slowing of the rate of

nutrient entry into the small intestine (i.e. retardation of

gastric emptying) and those of slower glucose absorption

from the lumen of the small intestine. The effects of infusion

of nutrients directly into the small intestine (i.e. bypassing

‘gastric’ factors) has hitherto not been evaluated. 

The purpose of this study was to evaluate the hypothesis

that the effect of intraduodenal infusion of glucose on

blood pressure in older subjects is related to the rate of

glucose delivery. 

METHODS
Subjects
Eight healthy older subjects (four male and four female) with a
mean age of 70.3 ± 3.4 years, and a body mass index (BMI) of
23.6 ± 0.78 kg m_2 were recruited by advertisement. All were non-
smokers, and none had a history of gastrointestinal disease or
surgery, diabetes mellitus, significant respiratory or cardiac disease,
alcohol abuse or epilepsy. No subject was taking medication known
to influence either blood pressure or gastrointestinal function.

The protocol was approved by the Research Ethics Committee of
the Royal Adelaide Hospital, and each subject gave written,
informed consent prior to the commencement of the study. All
experiments were carried out in accordance with the Declaration
of Helsinki.

Protocol
Each subject underwent paired studies, separated by an interval of
7 days (range 5–9 days). The two studies were performed in
randomised order. On each study day, the subject attended the
laboratory at 09.00 h after a 12 h fast. On arrival, a silicone rubber
manometric assembly (diameter 4 mm) was inserted into the
stomach via an anaesthetised nostril. The assembly included an
infusion channel with a port located ~10 cm distal to the pylorus;
two other channels, positioned in the antrum and duodenum,
respectively, were perfused with normal saline (Heddle et al.
1988). The tip of the tube was allowed to pass into the duodenum

by peristalsis, which took between 20 and 120 min. A saline-filled,
reference electrode (20 gauge intravenous cannula) was inserted
subcutaneously into the subject’s forearm to enable measurement
of the antroduodenal transmucosal potential difference (TMPD)
in order to position the catheter accurately across the pylorus.
This technique has been used previously (Heddle et al. 1988). An
intravenous cannula was positioned in the right antecubital vein
for blood sampling, and an automated blood pressure cuff
(Dinamap, Johnson & Johnson, Tampa, FL, USA) was placed on the
opposite arm. The subject was then allowed to rest comfortably
in the recumbent position. At time = 0 min, an intraduodenal
infusion of either 25 % glucose (Baxter Health Care, Old
Toongabbie, NSW, Australia) or a mixture of 4.9 % saline and
25 % glucose in a ratio of 2:1 (i.e. equiosmotic), was infused at a
rate of 3 ml min_1 for 60 min resulting in an energy delivery of
3 kcal min_1 and 1 kcal min_1, respectively. Following the glucose
infusions, 0.9 % saline was infused intraduodenally for a further
60 min (t = 120 min). Blood pressure was recorded at regular
intervals throughout the study. Cardiovascular autonomic
function (Ewing & Clarke, 1982; Piha, 1991) was evaluated on one
of the study days, about 60 min after the manometric assembly
had been removed. 

Measurements
Blood pressure and heart rate. Blood pressure (systolic, diastolic,
mean arterial) and heart rate were measured immediately before
commencement of the intraduodenal infusion and then at 3 min
intervals for the duration of the study (120 min).

Blood glucose and plasma insulin. Venous blood samples (5 ml)
were obtained immediately before commencement of the intra-
duodenal infusion and then at 15, 30, 45, 60, 75, 90, 105 and 120 min.
Blood glucose concentrations were determined immediately using a
portable blood glucose meter (Medisense Companion 2, Medisense
Inc., Waltham, MA, USA). The accuracy of these measurements
has been confirmed previously using the standardised hexokinase
technique (Horowitz et al. 1996). Plasma was stored at _70 °C for
analysis of insulin using a commercially available kit (Abbott
Laboratories, Japan; intra-assay coefficients of variation were 4 %
at 8.3 µU ml_1, 2.9 % at 40.4 µU ml_1 and 2.5 % at 121.7 µU ml_1)
(Horowitz et al. 1996). Plasma insulin concentrations were
measured on the samples collected at baseline, 15, 30, 45 and
60 min.

Cardiovascular autonomic nerve function
Autonomic nerve function was evaluated using standardised
cardiovascular reflex tests (Ewing & Clarke, 1982); parasympathetic
function was evaluated by the variation (R-R interval) of the
heart rate during deep breathing and the response to standing
(‘30:15’ ratio). Sympathetic function was assessed by the systolic
blood pressure response to standing. Each of the test results
was scored, according to age-adjusted criteria, as 0 = normal,
1 = borderline and 2 = abnormal for a total maximum score of six.
A score ≥ 3 was considered to indicate autonomic dysfunction
(Ewing & Clarke, 1982; Horowitz et al. 1987).

Statistical analysis
Data were evaluated using repeated measures analysis of variance
(ANOVA) and are presented as means ± ... unless otherwise
stated. All parameters were analysed from 0–60 min, as the
maximum fall in blood pressure in response to a meal is usually
evident between 30 and 60 min postprandially (Jansen & Lipsitz,
1995) and the glucose infusion was stopped at 60 min. Contrasts
were used to examine point-by-point comparisons (changes in
blood pressure and heart rate from baseline at 3, 6, 9, 15, 30 and
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60 min). A P value < 0.05 was considered significant in all
analyses.

RESULTS
All of the studies were well tolerated. In all cases the three

tests of cardiovascular autonomic nerve function were

within the normal age-adjusted range (R-R variation in

response to deep breathing: 11.3 ± 2.7 breaths min_1,

‘30:15’ ratio: 1.12 ± 0.05, fall in systolic blood pressure in

response to standing: 5.5 ± 1.8). No subject had definite

evidence of autonomic neuropathy; the mean score for

autonomic dysfunction was 0.5 ± 0.2.

Blood pressure and heart rate
There were no significant differences in baseline blood

pressures between the two study days (P > 0.05). There

was a fall in systolic blood pressure between 0 and 60 min

during the 3 kcal min_1 glucose infusion (F(1,20) = 2.6,

P < 0.001), but not during the 1 kcal min_1 infusion

(F(1,20) = 0.7, P = 0.8) (Figs 1 and 2). The fall in systolic

blood pressure during the 3 kcal min_1 infusion was first

evident at 15 min (F(1,20) = 4.1, P = 0.04). Similarly, between

0 and 60 min, during the 3 kcal min_1 infusion, diastolic

blood pressure (F(1,20) = 3.1, P = 0.0001) and mean arterial

blood pressure (F(1,20) = 3.5, P = 0.0001) fell, but did not

change during the 1 kcal min_1 infusion (F(1,20) = 0.9,

P = 0.6, F(1,20) = 0.929, P = 0.55, respectively). Heart rate

increased between 0 and 60 min during both infusions

(F(1,20) = 5.992, P = 0.0001), first evident at 15 min

(F(1,20) = 8.3, P = 0.005), but the magnitude of the increase

was greater during the 3 kcal min_1 infusion compared

with the 1 kcal min_1 infusion (F(1,20) = 2.699, P = 0.0004)

(Fig. 1). Between 60 and 120 min (i.e. after cessation of the

glucose infusion), there was a trend towards an increase in

systolic blood pressure on the 3 kcal min_1 infusion day,

though this did not reach statistical significance

(F(1,20) = 1.4, P = 0.14).

Blood glucose and plasma insulin concentration
On both study days, the intraduodenal glucose infusion was

associated with increases in blood glucose (F(1,7) = 33.28,

P = 0.0001) and plasma insulin (F(1,4) = 11.636, P = 0.0001);

for both blood glucose (F(1,7) = 2.694, P = 0.014) and

plasma insulin (F(1,4) = 7.324, P = 0.0004), the magnitude

of the rise was greater with the 3 kcal min_1 infusion and

evident from 45 min for blood glucose (F(1,7) = 9.9,

P = 0.002) and at 30 min for plasma insulin (F(1,4) = 6.544,

P = 0.01) (Fig. 3). 

DISCUSSION
Our study establishes for the first time that the magnitude

of the fall in blood pressure and the rise in heart rate in

response to intraduodenal glucose infusion in healthy

older subjects is influenced by the rate of nutrient delivery.
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Figure 1. Effect of intraduodenal glucose infusion at a
rate of either 1 kcal min_1 (0) or 3 kcal min_1 (9) on
systolic blood pressure (top graph), diastolic blood
pressure (middle graph) and heart rate (bottom graph)
Data are presented as changes from baseline and are
means ± ... Significant differences: *change from baseline for
1 kcal min_1; **change from baseline for 3 kcal min_1 and
#3 kcal min_1 vs. 1 kcal min_1 over time.



A number of potential mechanisms may account for the

fall in blood pressure after a meal and in response to

intraduodenal glucose. It has been suggested that pooling

of blood in the splanchnic veins, leading to a reduction in

cardiac output, contributes to the development of post-

prandial hypotension (Mathias, 1991; Jansen & Lipsitz,

1995). Following a meal, splanchnic blood volume increases

by some 20 %, and the magnitude of this change is greatest

after high carbohydrate meals. Although the increase in

superior mesenteric arterial blood flow after a high

carbohydrate meal is comparable in young and elderly

patients (Lipsitz et al. 1993), there is evidence that the

sympathetic response to meal-induced vasodilatation is

impaired in the elderly and may be of aetiological

importance (Lipsitz et al. 1983, 1986).

The effects of food on blood pressure appear to relate

primarily to the glucose content; oral fructose, xylose,

protein and fat have relatively little, if any, effect (Mathias

et al. 1989b). Insulin has been implicated in the aetiology

of postprandial hypotension (Kearney et al. 1998), and in

our study, the rise in plasma insulin was predictably

greater in response to the 3 kcal min_1 infusion. However,

while insulin has vasodilatory properties, observations

that a fall in blood pressure in response to oral glucose

occurs in patients with type 1 diabetes who are, by

definition, insulin-dependent (Stevens et al. 1991) and

that intravenous glucose has little effect on blood pressure

in non-diabetics (Jansen & Hoefnagels, 1987), argue

against a major role. 

Differences in the cardiovascular responses to the two

intraduodenal glucose infusions were evident by 15 min,

and at this time the rises in blood glucose and plasma

insulin were relatively modest. These observations support

the concept that gut peptides other than insulin, or the

presence of glucose itself in the small intestine, may be

important in mediating these effects. Small intestinal
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Figure 2. Effect of
intraduodenal glucose
infusion at a rate of either
1 kcal min_1 (left) or
3 kcal min_1 (right) on
systolic blood pressure
Individual raw data are presented
at 0 and 60 min.

Figure 3. Effect of intraduodenal glucose infusion at a rate of either 1 kcal min_1 (0) or
3 kcal min_1 (9) on blood glucose (left) and plasma insulin (right) concentrations (absolute
values)
Data are means ± ... Significant differences: *change from baseline for 1 kcal min_1; ** change from
baseline for 3 kcal min_1 and #3 kcal min_1 vs. 1 kcal min_1 over time.



glucose stimulates the release of the ‘incretin’ hormones

glucagon-like peptide-1 (GLP-1) and gastric inhibitory

polypeptide (GIP) (Schirra et al. 1996), but neither appears

to have substantial cardiovascular effects. In contrast, there is

evidence from a cross-sectional study that calcitonin gene-

related peptide (CGRP) may play a role (Edwards et al.
1996). It should also be recognised that while plasma levels

of peptides with vasodilatory properties, including the

neurotransmitter vasoactive intestinal polypeptide (VIP),

do not change following ingestion of carbohydrate (Mathias

et al. 1989a), their potential role should not be discounted,

as in patients with autonomic failure the hypotensive

response to vasodepressor agents is known to be enhanced

(Mathias et al. 1977). Both the slowing of gastric emptying

and suppression of appetite by small intestinal glucose

infusion are related to the length of small intestine exposed

to glucose (Lin et al. 1989; Lavin & Read, 1995; Meyer et al.
1998). It would not be suprising if this also applied to the

cardiovascular effects of oral glucose. The mechanisms by

which the length of small intestine exposed to glucose

influences gastric emptying and satiety are poorly defined

(Lin et al. 1989; Meyer et al. 1998), but it is of interest that

neurones sensitive to glucose have been identified in the

enteric nervous system (Liu et al. 1999).

While an impaired sympathetic response may contribute

to the fall in blood pressure following oral or intra-

duodenal carbohydrate, measurement of plasma catechol-

amine levels, while of interest, may not accurately reflect

sympathetic nervous system activation at the level of the

vasculature (Kearney et al. 1998). A more appropriate

method of assessing this may be the measurement of muscle

nerve sympathetic activity (MSA) by microneurography

(Fagius & Berne, 1994). Measurement of the effect of

intraduodenal glucose infusion on splanchnic blood flow

would also be of interest.

Pharmacological options for the treatment of postprandial

hypotension are limited. Frusemide therapy should be

withdrawn where appropriate (van Kraaij et al. 1999); the

somatostatin analogue octreotide has been shown to be

effective, but is both impractical and expensive (Jansen et
al. 1989); caffeine may be beneficial (Onrot et al. 1985).

Hence, there is considerable interest in potential non-

pharmacological approaches to treatment. It has recently

been demonstrated in patients with autonomic failure

(and also to a lesser degree in healthy older subjects) that

ingestion of water has a profound pressor effect (Jordan

et al. 2000). This is thought to result from increased

sympathetic activity (Scott et al. 2001) and impaired baro-

reflex buffering, triggered by gastric distention. Meal size is

known to influence the cardiovascular response to food

(Sidery et al. 1993), and moreover, a reduction in the

carbohydrate content and volume of meals is of benefit in

the treatment of postprandial hypotension (Jansen & Lipsitz,

1995). It has, however, been assumed that the effects of meal

size and carbohydrate content reflect more prolonged gastric

emptying as a result of increased meal volume, i.e. the

stomach initially contains more carbohydrate and empties

this into the small intestine over a longer period of

time. Our observations suggest an alternative, albeit

complementary, hypothesis that could account for these

observations, i.e. that the effects of increased meal size and

carbohydrate content reflect the rate of caloric delivery to

the small intestine, particularly initially. 

Gastric emptying of liquids is known to be influenced by

propulsive forces generated by intragastric volume and

gravity (Burn-Murdoch et al. 1980; Anvari et al. 1995) as

well as feedback from receptors in the small intestinal

lumen (Lin et al. 1989). Thus, increasing the volume of a

liquid meal is associated with more rapid gastric emptying

(Brener et al. 1983), even when the liquid contains nutrient

(Hunt et al. 1965). We have recently reported that the rate

of energy delivery to the small intestine is also greater with

increased size of a solid meal (Doran et al. 1998). Gastric

emptying is also influenced by posture, which may

potentially affect blood pressure (Hunt et al. 1965; Anvari

et al. 1995). A number of studies have evaluated gastric

emptying of glucose in healthy subjects (mainly using

scintigraphic or intubation techniques) and shown that

this approximates an overall linear pattern at a rate of

1–3 kcal min_1, after an initial emptying phase that may

be slightly faster, or slower, than the subsequent rate

(Horowitz et al. 1996), and hence, the rationale for the

rates of intraduodenal glucose infusion used in our study.

It should, however, be recognised that gastric emptying, is

predominately pulsatile rather than continuous, and that

there is substantial variation in the  characteristics (volume

and duration) of individual flow pulses (Malbert &

Mathis, 1994; Hausken et al. 1998). 

In conclusion, our study has shown that the rate of delivery

of glucose into the small intestine plays an important role

in postprandial fall of blood pressure and increase in heart

rate. Although this study relates to healthy older subjects,

the observations have potential relevance to the treatment

of postprandial hypotension in other groups. While it may

be appropriate to reduce the carbohydrate content of

individual meals and favour foods of low glycaemic index

over those with a high glycaemic index (MacDonald, 1999),

treatment strategies should perhaps also be specifically

directed at slowing the rate of delivery of carbohydrate to

the small intestine, e.g. by modifying the timing and order

of ingestion of solid and liquid components of a meal. This

is analogous to the observed slowing of alcohol absorption

when alcohol is consumed after a solid meal when

compared to the fasted state (Horowitz et al. 1989) and the

improvement in postprandial glycaemia when fat is added

to a carbohydrate meal (Cunningham & Read, 1989).
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