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Abstract

The addition of carbohydrate to drinks designed to have a role in rehydrating the body is commonplace. The gastric emptying and fluid
uptake characteristics following repeated ingestion of drinks with high and low glucose concentrations were examined in eight subjects
(three male and five female). Following a 13 h fluid restriction period, the subjects ingested a volume of test solution amounting to 3% of
the initial body mass over a period of 60 min. Test drinks were 2 and 10 % glucose—electrolyte solutions with osmolalities of 189 (sp 3) and
654 (sp 3) mOsm/kg, respectively. The initial bolus of each test solution contained 10 g of “H,O. Blood samples were collected throughout
drinking and for 60 min afterwards. Gastric volumes were determined via gastric aspiration at 15 min intervals for 120 min. No difference
between trials in total stomach volume was observed until 30 min after the ingestion of the first bolus of test drink, but blood *H concen-
tration was increased during both trials 10 min after ingestion of the first bolus. Blood *H concentration was greater at this time point during
the 2% glucose trial than during the 10% glucose trial and remained higher for the duration of the trial with the exception of one time
point. Urine volume at the end of the trial was greater in the 2% glucose trial than in the 10 % glucose trial. It is concluded that the reduced
overall rate of fluid uptake following ingestion of the 10% glucose solution was due largely to a relatively slow rate of gastric emptying.
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Despite the high water content of the human body, it is
necessary to maintain water levels within a relatively narrow
range in order to avoid the adverse health consequences
that are associated with both hyperhydration and hypohydra-
tion”. Significant reductions in body water content occurring
as a result of disease or from excessive sweating during exer-
cise should be replaced promptly and effectively. While it is
accepted that full replacement of water losses requires inges-
tion of a volume greater than that lost along with replacement
of any Na losses””, the maintenance of fluid balance is
affected by the composition of an ingested solution. Current
advice is similar for rehydration following water losses that
result from disease®* and exercise®™. This includes ingestion
of hypotonic glucose—Na solutions, as the addition of small
quantities of carbohydrate and Na assists in the rapid assimila-
tion of ingested water into the extracellular fluid.

Shafiee et al.‘® have reported that reducing the overall rate
of fluid absorption by reducing the rate at which water was
ingested was beneficial in terms of maintaining fluid balance
due to the avoidance of a large reduction in the plasma Na
concentration, which would lead to a diuresis. In addition,
a recent study has shown that restoration of water balance

following moderate levels of dehydration induced by exercise
in the heat was achieved more effectively by the ingestion of a
hypertonic 10% glucose—electrolyte solution than by the
ingestion of the same volume of a hypotonic 2% glucose—
electrolyte solution and an electrolyte-only solution'”. The
greater efficacy of the hypertonic 10% glucose—electrolyte
solution was attributed to the avoidance of large reductions
in serum osmolality and increases in plasma volume that
resulted from the rapid absorption of the other drinks: these
changes would cause suppression of circulating vasopressin
concentrations and lead to diuresis. Another recent study by

1.® has demonstrated that the addition of carbo-

Osterberg et a
hydrate to a rehydration solution resulted in an enhanced
retention of fluid over a 4h recovery period when compared
with a placebo. Although fluid retention was not different
between 3, 6 or 12% carbohydrate solutions, ingestion of
the 12% carbohydrate solution resulted in greater fluid reten-
tion than a placebo—electrolyte solution. It should be noted
that the participants in this study ingested a volume of fluid
equivalent to 100% body mass lost during exercise over a
60 min period.

*Corresponding author: Dr S. M. Shirreffs, fax +44 1509 226301, email s.shirreffs@lboro.ac.uk
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Fluid uptake is dependent on the combined rates of gastric
emptying and intestinal absorption. Reducing the rate at
which fluid is emptied from the stomach and/or reducing
the rate at which water is absorbed in the intestine will there-
fore reduce the overall rate of fluid uptake.

The rate of gastric emptying of liquids is affected by a
number of factors. Of these, the volume of fluid in the
stomach seems to be of most importance™. The composition,
and more specifically, the energy content of an ingested
solution also seems to be of importance. Vist & Maughan"'®
observed that increasing the energy density of a solution by
the addition of varying amounts of carbohydrate resulted in
a reduction in the rate of gastric emptying. A subsequent
study by the same authors"" showed that the gastric empty-
ing rate was reduced at high solution osmolalities when
energy density remained constant.

Intestinal absorption of water is a passive process governed
by osmotic gradients. Consequently, the osmolality of an
ingested solution is an important factor in determining the
rate and direction of water movement within the intestine. Shi
et al."® demonstrated that perfusion of a hypotonic carbo-
hydrate solution resulted in greater net water absorption than
perfusion of a hypertonic carbohydrate solution. Leiper &
Maughan™® reported that perfusion of a hypertonic solution
resulted in net secretion of water and electrolytes into the
lumen, whereas perfusion of an isotonic glucose—electrolyte
solution promoted water and electrolyte uptake. A recent
study™ has shown that ingestion of a 10% glucose solution
with an osmolality of 565 (s 5) mOsm/kg resulted in an acute
reduction in plasma volume, most likely due to the net secretion
of water from the extracellular fluid into the intestinal lumen.

The current advice on ingesting hypotonic carbohydrate—
electrolyte solutions during rehydration is based on obser-
vations that such solutions are emptied rapidly from the
stomach into the intestine®'” and are rapidly absorbed in
the intestine due to their low osmolality**'*. In addition,
the rate of water uptake in the intestine is enhanced in the
presence of carbohydrate and Na due to the active co-trans-

% These factors lead to a

(12,14)

port from the intestinal lumen
rapid increase in plasma volume . However, the rapid
appearance of ingested water in the circulation can lead to
an increased urine output due to acute reductions in circulat-
ing fluid retention hormone concentration'®'”, which would
be considered undesirable for the maintenance of fluid bal-

ance. It seems reasonable to suggest that reducing the overall

Table 1. Composition of test drinks used*
(Mean values and standard deviations)

rate of fluid uptake by reducing the rate of gastric emptying
and/or reducing the rate of intestinal absorption may be bene-
ficial in preventing a prompt diuresis and thus maintaining a
fluid balance for a prolonged period of time. However, it is
currently unclear whether reducing the rate of gastric empty-
ing or reducing the rate of intestinal absorption is the more
important factor in this process.

The aim of the present study was to evaluate fluid absorp-
tion characteristics of a hypotonic 2% glucose—electrolyte
and hypertonic 10% glucose—electrolyte solution following
repeated fluid ingestion.

Methods

A total of three male and five female subjects (mean age 26 (sD
6) years, height 170 (sp 10) cm, body mass 66 (sp 9 kg) vol-
unteered to take part in the present investigation. The present
study was conducted according to the guidelines laid down in
the Declaration of Helsinki, and all procedures involving
human subjects were approved by the Loughborough Uni-
versity Ethics Advisory Committee (reference no. R06/P96).
Written informed consent was obtained from all subjects.
The subjects were familiarised with the study protocol
before beginning the experimental trials. The subjects orally
inserted a 14 g gastric tube before the stomach was emptied
and washed with distilled water. A recovery test was per-
formed, which involved the instillation of 100ml of distilled
water before the stomach contents were mixed by removing
and immediately aspirating between 30 and 50ml of the
stomach contents at least ten times. The stomach contents
were subsequently removed. The gastric tube was considered
to be appropriately positioned at the base of the stomach, if
80-110ml were removed. Finally, the subjects drank 500ml
of water to ensure that they were able to drink with the gastric
tube in position. Since one subject was unable to drink with
the tube in position, the test solutions were instilled via the
gastric tube for this subject during the experimental trials.
Each subject participated in two experimental trials that
involved ingestion of a solution with a different carbohydrate
content and osmolality. Solutions contained glucose, at final
concentrations of 2 and 10 %, Na and flavouring; the measured
osmolalities were 189 (sp 3) and 654 (s 3) mOsm/kg, respect-
ively. The composition of each solution is outlined in Table 1.
The trials were separated by a period of at least 7d and began
at the same time of day. The subjects followed similar physical

Osmolality of
initial bolus Osmolality Na™ concen- K* concen- CI™ concen-
(mOsm/kg)t (mOsm/kg)t tration (mmol/l) tration (mmol/l) tration (mmol/l)
Mean SD Mean SD Mean SD Mean SD Mean SD
2% Glucose 153 2 189 3 32 1 0-6 0-1 27 1
10 % Glucose 613 7 654 3 31 1 0-6 0-1 26 1

* Drinks contained distilled water, glucose, lemon flavouring and 25 mm NaCl.

t ‘Osmolality of the initial bolus’ refers to the osmolality of the first bolus’ of the test solution containing 10 g 2H,0.
1 ‘Osmolality refers to the osmolality of the subsequent aliquots of test solution that contained no 2H,0.
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activity and nutritional intake patterns in the 24 h before the
start of each trial. They were instructed to ingest 500 ml of
water approximately 1h before the start of the fluid restriction
period during each trial in an effort to maintain an adequate
and consistent state of euhydration.

The subjects arrived at the laboratory in the evening and
provided a urine sample before nude body mass was measured
to the nearest 10g (Adam Equipment, Milton Keynes, UK).
A cheese and tomato pizza was provided and the subjects ate
ad libitum during the first experimental trial. The same
amount of pizza (430 (sp 178)g) was consumed during the
second experimental trial. During each trial, 201 (sp 2) ml of
water was provided. The subjects left the laboratory after
being instructed to refrain from eating or drinking anything
further until arrival at the laboratory the following morning.

The subjects returned to the laboratory 13 h after the initial
measurement of body mass. A urine sample was obtained
before the measurement of nude body mass. The subjects
inserted a gastric tube before the stomach was emptied,
washed and the recovery test was performed. The subjects
remained seated for a period of 15min during which time a
21 g cannula was inserted into a vein in the back of the hand.
The cannula remained in position for the duration of the trial
and was kept patent between sample collections by flushing
with heparinised isotonic saline. We collected two 7 ml blood
samples over a 5 min period. The stomach was emptied once
again during this time. Following the collection of the second
resting blood sample, the subject was given 1 minute to ingest
495 ml of the test solution. This initial bolus of the test solution
contained 10 g of *H,O and 50 mg/l phenol red. Further boli
of the test solution were provided 15, 30 and 45 min after the
initial bolus and were ingested over periods of 1, 5 and 5 min,
respectively. These boli contained no *H,O or phenol red.
Total drink volume amounted to 3% of initial body mass
during the first experimental trial. The subjects ingested 494
(sp 90), 496 (sD 94) and 496 (sp 90) ml during the 2nd, 3rd
and 4th boli, respectively. Blood samples (7 ml) were obtained
2,5,10, 15, 20, 30, 45, 60, 75, 90, 105 and 120 min after the inges-
tion of the first bolus of test solution. A urine sample was
obtained at the end of the trial after the stomach had been
emptied. The subjects remained seated in a comfortable
environment (24-5 = 1-4°C) for the duration of the trial. Subjects
were seated in an upright position in order to avoid the
previously reported postural differences in blood and
plasma volume™®'” and the hand was immersed in hot
water (>42°C) in an attempt to ensure arterialisation of the
collected blood samples.

Gastric volumes were measured at 15 min intervals through-
out the experimental protocol using a modified double
sampling technique of George®®” by Beckers et al®.
A sample of the initial bolus of the test solution was retained
for analysis. Following the ingestion of the initial bolus, the
stomach contents were mixed by removing and immediately
reinjecting between 30 and 50 ml of fluid ten times. A sample
of the stomach contents was retained. The residual volume
present in the stomach before ingestion of the initial bolus of
test solution was calculated from the change in dye concen-
tration between the phenol red concentration of the test drink

and the phenol red concentration of the stomach contents
immediately after drinking. At each sampling point, the stomach
contents were mixed as described previously, and a sample
retained before a small volume of a phenol red solution was
added to the stomach contents. The stomach contents were
then mixed again and a further sample was retained. From the
changes in phenol red concentrations, the total volume of
fluid and the volume of the test drink remaining in the stomach
can be calculated (Beckers et al.*"). The difference between
these two values corresponds to the volume of gastric secretions
produced in the test period. The concentration of phenol red
solution added to the stomach was increased throughout the
trial: 5ml of 0-5 g/l phenol red were added at time points 15,
30 and 45; 2-5ml of 2:0g/l phenol red were added at time
points 60 and 75; 5ml of 2:0g/l phenol red were added at
time points 90, 105 and 120.

Sample analysis

Blood samples were analysed for Hb concentration by the
cyanmethaemoglobin method, packed cell volume by micro-
centrifugation and glucose concentration by the glucose
oxidase peroxidase amino-antipyrine phenol (GOD-PAP)
method (Randox, Crumlin, UK). Hb and packed cell volume
values were used to estimate the percentage of changes in
blood, erythrocytes and plasma volumes as described by
Dill & Costill**.

Blood, gastric contents and drink *H concentration were
analysed by separating water from samples by vacuum
distillation before *H was measured using infrared spectro-
photometry as described previously by Lukaski & Johnson®®

An aliquot of whole blood was centrifuged at 1500 g for
15min at 4°C before the serum was removed and kept
for analysis of osmolality by freezing point depression
(Gonotec Osmomat 030 Cryoscopic Osmometer; Gonotec,
Berlin, Germany) and Na concentration by flame photometer
(Corning Clinical Flame Photometry 410C; Corning Limited,
Halstead, Essex, UK).

Gastric aspirate and drink samples were analysed for
phenol red concentration by spectrophotometry after dilution
(1:20) with NaOH-NaHCOj3 (200:500 mmol/]) buffer.

Urine and gastric samples were analysed for osmolality
using the method described earlier. Drink samples were ana-
lysed for potassium concentration by flame photometry, and
chloride concentration was analysed by coulometric titration
(J Chloride Meter, Jenway Limited, Dunmow, Essex, UK).

All analyses were performed in duplicate, with the excep-
tion of the packed cell volume measurements, which were
made in triplicate.

Statistical analysis

All datasets were found to be normally distributed using the
Kolmogorov—Smirnov test and are, therefore, presented as
means and standard deviations.

To evaluate the differences between trials, two-factor
repeated-measures ANOVA was used. To analyse changes
in one variable over time, one-way ANOVA followed by
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Dunnett’s pair-wise comparisons was used for parametric
post boc tests. t-Tests were used to locate differences between
trials. Level of significance was taken as P<<0-05, and this level
of significance applies unless otherwise stated.

Statistical analysis was performed using SPSS 16.0 (SPSS,
Inc., Chicago, IL, USA) for Windows.

Results

The subjects were adequately hydrated before the 13h fluid
restriction period as urine osmolality was 241 (sp 193) and
350 (sp 150) mOsm/kg on the 2 and 10 % glucose trials, respec-
tively. This was not different between trials (P=0-200).
The 13h overnight fluid restriction period induced a similar
(P=0-244) reduction in body mass on both trials amounting
to 0-6 (sp 0-3) kg.

No difference between trials in Hb concentration, packed
cell volume, blood glucose concentration, serum Na concen-
tration or serum osmolality was observed for either of the
pre-ingestion samples. No difference in Hb concentration,
packed cell volume, serum Na concentration or serum osmol-
ality was observed between the two pre-ingestion blood
samples on either trial. Blood glucose concentration of the
two pre-ingestion samples during the 2% glucose trial was
similar, but the glucose concentration of the second pre-inges-
tion blood sample (6:0 (sp 0-1) mmol/D on the 10% glucose
trial was slightly greater (P=0-018) than the first pre-ingestion
blood sample (5:8 (sp 0-2) mmol/1). The second pre-ingestion
blood sample was used as a baseline value as this was
collected immediately before drinking.

Gastric volumes

Residual gastric volume amounted to 28 (s 21) ml and was not
different between trials (P=0:723). The calculated total volume
of fluid in the stomach at the end of the trial was the same as the
volume of fluid manually emptied from the stomach at the end

Total stomach volume (ml)

of the trial (2%: P=0-098; 10 %: P=0-390). The total volume of
fluid in the stomach was greater during the 10% glucose trial
than on the 2% glucose trial from 30 min after ingestion of the
initial bolus of the test solution until the end of the experimental
protocol (Fig. 1). This pattern was the same for the volume of
test meal present in the stomach (Fig. 2) and for the ’H concen-
tration of the gastric aspirate. The total volume of gastric
secretions varied greatly between individuals but tended to be
greater on the 10% glucose trial (1395 (sp 685) ml) than on
the 2% glucose trial (744 (sp 350) ml; P=0-084).

The total amount of glucose delivered to the intestine was
greater during the 10% glucose trial than on the 2% glucose
trial (P<0-001) and amounted to 105 (sp 24) and 38 (sp 6) g,
respectively.

Blood ?H concentration

Blood “H concentration increased from baseline levels 10 min
after ingestion of the first bolus of test solution on both trials
and remained elevated for the duration of the protocol. Blood
*H concentration was significantly greater on the 2% glucose
trial than on the 10% glucose trial from 10 min after ingestion
of the initial bolus of test solution until the end of the
experimental protocol with the exception of 105min, when
a tendency (P=0-057) for blood ’H concentration to be
greater on the 2% glucose trial was observed (Fig. 3).

The maximum blood *H concentration (Cp.,) was greater
(P=0-005) and the time until Cy,x was achieved (T;,,,0) was
faster (P=0-011) during the 2% glucose trial than on the
10 % glucose trial. Consequently, the rate of blood *H accumu-
lation (slope) was greater (P=0-005) during the 2% glucose
trial than on the 10% glucose trial (Table 2).

Changes in blood, erythrocytes and plasma volume

Blood volume was greater during the 2% glucose trial than on
the 10 % glucose trial from 30 to 105 min after ingestion of the

o4 . . A
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Fig. 1. Total volume of fluid in stomach (ml) during the 2% (—J—) and 10 % (— A —) glucose trials. Values are means, with standard deviations represented by verti-
cal bars. *Mean values were significantly different on the 10 % glucose trial than on the 2 % glucose trial (P<0-05). Drinking periods started at 0, 15, 30 and 45 min.

ssaud Ans1anun abpruquie) Ag auljuo paystiand 6912001 LS LLZ000S/£L0L 0L/BIo 10p//:sd1ny


https://doi.org/10.1017/S0007114511002169

NS British Journal of Nutrition

1736 G. H. Evans et al.

u
Y
N
o
o

T

1000 ln_
800 | k
600 |

Test beverage volum

mo—"“%T
200}

0 i i i
0 15 30 45

! ! ! !

60 75 90 105 120

Time (min)

Fig. 2. Volume of test drink in stomach (ml) during the 2 % (-C-) and 10 % (— A —) glucose trials. Values are means, with standard deviations represented by verti-
cal bars. * Mean values were significantly different on the 10 % glucose trial than on the 2 % glucose trial (P<0-05). Drinking periods started at 0, 15, 30 and 45 min.

initial bolus of test solution. Plasma volume was greater during
the 2% glucose trial than on the 10 % glucose trial from 20 min
after ingestion of the initial bolus of test solution until the end
of the experimental protocol. No differences in blood volume
from baseline levels were observed on either trial, but plasma
volume was elevated from baseline levels 75 min after inges-
tion of the initial bolus of the test solution on the 2% glucose
trial and decreased from baseline levels 60 and 75 min after
ingestion of the initial bolus of the test solution on the 10%
glucose trial (Fig. 4). No differences between trials or over
time were observed in erythrocytes volume on either trial.

Serum measurements

Pre-ingestion serum osmolality was not different between
trials and amounted to 281 (sp 8) and 282 (sp 7) mOsm/kg on

450

400

300
250

200 |

Blood 2H concentration (ppm)

50

the 2 and 10% glucose trials, respectively. Serum osmolality
was greater during the 10 % glucose trial than on the 2 % glucose
trial from 15 min after ingestion of the initial bolus of the test
solution until the end of the experimental protocol. The average
serum osmolality from 15 min after ingestion until the end of the
trial was 274 (sp 7) and 283 (sp 6) mOsm/kg during the 2 and
10% glucose trials, respectively. No differences from baseline
levels were observed on either trial. Pre-ingestion serum Na
concentration was not different between trials and amounted
to 142 (sp 3) and 141 (sp 1) mmol/l on the 2 and 10% glucose
trials, respectively. Serum Na concentration was greater during
the 10% glucose trial than on the 2% glucose trial 75 and
90 min after ingestion of the initial bolus of the test solution.
Serum Na concentration was reduced from baseline levels
90 min after ingestion of the initial bolus of the test solution
during the 2% glucose trial.

0 15 30 45
t t t t

60 75 90 105 120

Time (min)

Fig. 3. Blood 2H concentration (parts-per-million, ppm) during the 2% (—-) and 10% (—A—) glucose trials. Values are means, with standard deviations
represented by vertical bars. *Mean values were significantly different on the 2% glucose trial than on the 10 % glucose trial (P<0-05). Drinking periods started

at 0, 15, 30 and 45 min.
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Table 2. Maximum blood 2H concentration (Crmax), time to Crax (Tmax)
and rate of blood 2H accumulation (slope) during 2 and 10% glucose
trials

(Mean values and standard deviations)

Slope
Cinax (PPM) Tmax (min) (ppm/min)
Mean ) Mean SD Mean SD
2% glucose 324 88 29 13 14 7
10 % glucose 212 37 74 33 4 3

ppm, parts-per-million.

Gastric aspirate osmolality

Gastric aspirate osmolality was greater during the 10% glucose
trial than on the 2% glucose trial for the whole experimental
protocol. During the 2% glucose trial, gastric aspirate osmolal-
ity increased relative to the osmolality of the initial bolus from
30 min after ingestion until the end of the trial. During the 10 %
glucose trial, gastric aspirate osmolality decreased relative to
the osmolality of the initial bolus immediately after drinking
until the end of the trial.

Blood glucose

Pre-ingestion blood glucose concentration was not different
between trials and amounted to 59 (sp 0-5) and 6:0 (sD
0-Dmmol/l on the 2 and 10% glucose trials, respectively.
Blood glucose concentration was elevated from baseline
levels 20, 30, 45, 60 and 75 min after ingesting the first bolus
during the 2% glucose trial and elevated from 15 min after
ingesting the first bolus during the 10% glucose trial until
the end of the trial. Blood glucose concentration was greater
during the 10% glucose trial than on the 2% glucose trial
15, 20, 30, 75, 90, 105 and 120 min after ingestion of the initial
bolus of the test solution.

Urine measurements and free water clearance

Urine volume and osmolality were similar between trials
before and after the 13h fluid restriction period. Following
the trials, urine volume was greater (2%, 741 (sp 221) ml;
10%, 413 (sp 293)ml; P=0-006) and urine osmolality was
lower (P=0:024) during the 2% glucose trial than on the
10% glucose trial.

Free water clearance at the end of the trials was calculated
using the equation

Free water clearance = V(1 — Uosm/Sosm)s

where V'is the urinary flow rate, U, is the urine osmolality
and Sqp, is serum osmolality. Free water clearance was greater
on the 2% glucose trial than on the 10% glucose trial
(P=0-01D).

Discussion

The present results suggest that the reduced rate of fluid
uptake observed following repeated ingestion of a 10%
glucose—electrolyte solution when compared with a 2%
glucose—electrolyte solution is due primarily to a reduction
in the gastric emptying rate rather than a reduction in the
rate of intestinal absorption. However, during the first 15 min
after ingestion, it would seem that the rate of intestinal
absorption was a limiting factor in fluid uptake following
ingestion of the 10 % glucose—electrolyte solution.

The present study included a period of 13 h of fluid restric-
tion before fluid ingestion in order to induce a moderate level
of hypohydration. This 13 h period of fluid restriction resulted
in a reduction in body mass of 0-60 (sp 0-30) kg, which is
equivalent to a reduction of 0-89 (sp 0:38)% of the initial
body mass. Urine osmolality following the 13 h fluid restriction
period was 887 (sp 98) mOsm/kg. These changes are consist-
ent with those reported by Shirreffs et al*¥ who observed
similar reductions in body mass and increases in urine

*
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Fig. 4. Percentage of change in plasma volume during 2% (—-) and 10 % (— A —) glucose trials. Values are means, with standard deviations represented by vertical
bars. *Mean values were significantly different on the 2 % glucose trial than on the 10 % glucose trial (P<0-05). Mean values were significantly different from baseline
levels 60 min after ingestion of initial bolus on the 10 % glucose trial () and at 75min on both trials (; P<0-05). Drinking periods started at 0, 15, 30 and 45 min.
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osmolality following a 13h period of fluid restriction. The
magnitude of change in body mass and measured urine
osmolality would suggest that the participants were moder-
ately dehydrated before drinking, and there is a stronger
rationale for investigating fluid replacement from a situation
of hypohydration rather than euhydration.

Vist & Maughan™" reported that a single 600 ml bolus of a
dilute (40 g/D glucose solution emptied from the stomach in
an exponential manner, while the same volume of a concen-
trated (188g/D) glucose solution emptied from the stomach
in a linear manner. In the present study, the gastric emptying
characteristics of the 10 % glucose—electrolyte solution during
the second hour followed a linear pattern, whereas the 2%
glucose—electrolyte solution followed an exponential trend
as expected. During the final 60 min of the present study, 45
(sp 10)% of the test drink was emptied from the stomach
every 15min on the 2% glucose trial, whereas 11 (SD 6)%
was emptied from the stomach on the 10% glucose trial.

During the first 60 min, the subjects ingested a total of 1968
(sp 274)ml. At the end of the second 60 min, the calculated
volume of test meal remaining in the stomach was 98
(sp 79 ml during the 2% glucose trial and 928 (sp 264) ml
during the 10% glucose trial. This equates to 4 (sp 4) and
46 (sp 10)% of the total volume of the test drinks during the
2 and 10% glucose trials remaining in the stomach at the
end of the experimental protocol with the rest having emptied
from the stomach into the intestine for absorption. As has
been observed by earlier authors™'?>
tend to be greater following ingestion of hypertonic solutions.

, gastric secretions

In the present study, gastric secretions were greater during the
10% glucose trial than during the 2% glucose trial, although
this was not deemed to be significant (P=0-084). An important
consideration is that, as the rate of gastric emptying was
slower during the 10% glucose trial, these secretions will mix
with the stomach contents, whereas during the 2% glucose
trial gastric secretions will be emptied into the intestine due
to the relatively fast rate of gastric emptying.

The concentration of “H in the blood following ingestion of
the test solutions containing the label showed an initial phase
of rapid accumulation followed by a plateau®®?”. This pat-
tern was observed in the present study during both trials.
Blood *H concentration increased from baseline levels
10 min after ingestion of the first bolus of the test solution,
indicating a significant rate of fluid absorption during both
trials. The rate of fluid absorption, as determined by the
time taken to reach maximum blood *H concentration, was
greater during the 2% glucose trial than on the 10% glucose
trial. The reduced rate of blood *H accumulation during the
10 % glucose trial is likely to be due to the reduced rate of gas-
tric emptying on this trial. However, it is interesting to observe
that blood *H concentration was greater during the 2% glu-
cose trial than on the 10% glucose trial 10 min after ingestion
of the initial bolus of the test solution, but the volume of fluid
and test drink in the stomach at 15 min was not different. This
would suggest that in the early stages of the present study,
fluid absorption was limited by the rate of intestinal absorp-
tion rather than the rate of gastric emptying. The present
results are in agreement with those of Murray et al.*® who

observed that, following ingestion of a single bolus of the
solution during exercise, plasma accumulation of *H,O was
significantly slower when a solution containing 20 % glucose
was ingested than when a 6% glucose solution or water was
ingested. This difference was attributed, in part, to a reduced
rate of gastric emptying.

Previous investigations'® have shown that perfusion of the
intestine with a hypertonic solution results in a net secretion of
water and electrolytes into the intestinal lumen. Subsequent
investigations''* have suggested that ingestion of hypertonic
solutions results in a transient reduction in plasma volume,
which is likely due to the net secretion of water into the intes-
tine. In the present study, as the rate of gastric emptying
during the initial 15min of the protocol was similar during
both trials, the lower blood *H concentration during the
10% glucose trial than during the 2% glucose trial may be
ascribed to the low rate of intestinal absorption due to the
movement of water from the extracellular fluid into the intes-
tinal lumen.

The relatively slow rate of fluid uptake during the 10% glu-
cose trial compared with the 2% glucose trial resulted in a
lower volume of urine being excreted at the end of the trial.
Free water clearance provides an indication of circulating con-
centrations of arginine vasopressin. Calculation of free water
clearance in the present study suggests that the lower urine
output observed during the 10% glucose trial is likely due
to greater circulating concentrations of arginine vasopressin.
Further evidence for this can be found when looking at the
serum osmolality data presented. Plasma osmolality has a pro-
found influence on circulating arginine vasopressin concen-
2 and, therefore, the reabsorption of water in the
nephron. As serum osmolality was significantly lower on the
2% glucose trial than on the 10% glucose trial throughout
the experimental protocol, the lower urine output at the
end of the 10% glucose trial is likely due to higher circulating
concentrations of arginine vasopressin.

Previous investigations have shown that hypertonic glu-
cose—electrolyte solutions are effective in maintaining fluid
balance when a fixed volume of fluid is ingested following
exercise-induced dehydration”® and when ad libitum fluid
is consumed®®”. The present results suggest that the success
of these solutions in maintaining fluid balance is due to a
reduced overall rate of fluid uptake and, in particular, due
to a relatively slow rate of gastric emptying. However, it
should be noted that ingestion of hypertonic solutions does
lead to secretion of water into the intestinal lumen, which
may not be considered ideal in situations where rapid restor-

trations

ation of plasma volume is the main objective. This has poten-
tial implications for the addition of other substrates to the
rehydration solutions.

In conclusion, the present results suggest that repeated
ingestion of a 10% glucose—electrolyte solution with an
osmolality of 654 (sp 3) mOsm/kg resulted in a slower rate
of fluid uptake than ingestion of a 2% glucose—electrolyte
solution with an osmolality of 189 (sp 3) mOsm/kg. During
the early stages following drinking, this was largely due to a
slower rate of intestinal absorption, but the relatively
slow rate of gastric emptying following ingestion of the
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10% glucose solution is likely to be the main reason for the
reduced rate of fluid uptake over the duration of the exper-
imental period.

Acknowledgements

None of the authors has any conflict of interest to report. G. H.
E. was supported by a Loughborough University PhD student-
ship. There was no other funding for the present study. G. H.
E. and S. M. S. contributed to data collection. All authors
contributed to the study design, data interpretation and
manuscript writing.

References

1.

2.

10.

11.

12.

13.

Greenleaf JE (1992) Problem: thirst, drinking behaviour, and
involuntary dehydration. Med Sci Sports Exerc 24, 645—0656.
Shirreffs SM, Taylor AJ, Leiper JB, et al. (1996) Post-exercise
rehydration in man: effects of volume consumed and drink
sodium content. Med Sci Sports Exerc 28, 1260—1271.

Farthing MJG (2002) Oral rehydration: an evolving solution.

J Pediatr Gastroenterol Nutr 34, S64—S67.

Leiper JB (1998) Intestinal water absorption — implications
for the formulation of rehydration solutions. Int J Sport
Med 19, S129-S132.

Sawka MN, Burke LM, Eichner ER, et al. (2007) Exercise and
fluid replacement. Med Sci Sports Exerc 39, 377—390.
Shafiee MA, Charest AF, Cheema-Dhadli S, et al. (2005)
Defining conditions that lead to the retention of water: the
importance of the arterial sodium concentration. Kidney
Int 67, 613—-621.

Evans GH, Shirreffs SM & Maughan RJ (2009) Post-exercise
rehydration in man: the effects of osmolality and carbo-
hydrate content of ingested drinks. Nutrition 25, 905-913.
Osterberg KL, Pallardy SE, Johnson RJ, et al. (2010) Carbo-
hydrate exerts a mild influence on fluid retention following
exercise-induced dehydration. J Appl Physiol 108, 245—250.
Noakes TD, Rehrer NJ & Maughan RJ (1991) The importance
of volume in regulating gastric emptying. Med Sci Sports
Exerc 23, 307-313.

Vist GE & Maughan RJ (1994) The effect of increasing glu-
cose concentration on the rate of gastric emptying in man.
Med Sci Sports Exerc 26, 1269—1273.

Vist GE & Maughan RJ (1995) The effect of osmolality and
carbohydrate content on the rate of gastric emptying of
liquids in man. J Physiol 486, 523—531.

Shi X, Summers RW, Schedl HP, et al. (1994) Effects of sol-
ution osmolality on absorption of select fluid replacement
solutions in human duodenojejunum. J Appl Physiol 77,
1178-1184.

Leiper JB & Maughan RJ (1986) Absorption of water and
electrolytes from hypotonic, isotonic and hypertonic sol-
utions. J Physiol 373, 90P.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

20.

27.

28.

29.

30.

Evans GH, Shirreffs SM & Maughan RJ (2009) Acute effects
of ingesting glucose solutions on blood and plasma
volume. Br J Nutr 101, 1503—1508.

Schedl HP, Maughan R] & Gisolfi CV (1994) Intestinal
absorption during rest and exercise: implications for formu-
lating oral rehydration beverages. Med Sci Sports Exerc 26,
267-280.

Nose H, Mack GW, Shi X, et al. (1988) Role of osmolality and
plasma volume during rehydration in humans. J Appl Physiol
65, 325-331.

Nose H, Mack GW, Shi X, et al. (1988) Involvement of
sodium retention hormones during rehydration in humans.
J Appl Physiol 65, 332-3306.

Hagan RD, Diaz FJ] & Horvath SM (1978) Plasma volume
changes with movement to supine and standing positions.
J Appl Physiol 45, 414—418.

Shirreffs SM & Maughan RJ (1994) The effect of posture
change on blood volume, serum potassium and whole
body electrical impedance. Eur J Appl Physiol 69, 461-463.
George JD (1968) New clinical method for measuring the
rate of gastric emptying: the double sampling technique.
Gut 9, 237-242.

Beckers EJ, Rehrer NJ, Brouns F, e al. (1988) Determination
of total gastric volume, gastric secretion and residual meal
using the double sampling technique of George. Gut 29,
1725-1729.

Dill DB & Costill DL (1974) Calculation of percentage
changes in volumes of blood, plasma, and red cells in dehy-
dration. J Appl Physiol 37, 247—248.

Lukaski HC & Johnson PE (1985) A simple, inexpensive
method of determining total body water using a tracer
dose of D,O and infrared absorption of biological fluids.
Am J Clin Nutr 41, 363—370.

Shirreffs SM, Merson SJ, Fraser SM, et al. (2004) The effects
of fluid restriction on hydration status and subjective feelings
in man. BrJ Nutr 91, 951-958.

Costill DL & Saltin B (1974) Factors limiting gastric emptying
during rest and exercise. J Appl Physiol 37, 679—0683.

Davis J, Burgess W, Slentz C, et al. (1990) Fluid availability
of sports drinks differing in carbohydrate type and concen-
tration. Am J Clin Nutr 51, 1054—1057.

Maughan RJ, Leiper JB & Vist GE (2004) Gastric emptying
and fluid availability after ingestion of glucose and soy pro-
tein hydrolysate solutions in man. Exp Physiol 89, 101-108.
Murray R, Bartoli WP, Eddy DE, et al. (1997) Gastric empty-
ing and plasma deuterium accumulation following ingestion
of water and two carbohydrate—electrolyte beverages. Int J
Sport Nutr 7, 144—153.

Baylis P (1987) Osmoregulation and control of vasopressin
secretion in healthy humans. Am J Physiol 253, R671-R678.
Evans GH, Shirreffs SM & Maughan RJ (2009) Postexercise
rehydration in man: the effects of carbohydrate content
and osmolality of drinks ingested ad libitum. Appl Physiol
Nutr Metab 34, 785—793.

ssaud Ans1anun abpruquie) Ag auljuo paystiand 6912001 LS LLZ000S/£L0L 0L/BIo 10p//:sd1ny


https://doi.org/10.1017/S0007114511002169

