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Oral fluid therapy: some concepts on 
osmolality, electrolytes and energy 
R. W. Phillips 

In veterinary medicine, a principal requirement for fluid therapy is in the 
treatment of neonatal diarrhoeal diseases. Restoration and maintenance of 
fluid and electrolyte balance, as well as energy support, are necessary con
siderations. Effective fluid replacement therapy for diarrhoeic neonates 
should fulfil several basic needs. First, the dehydration must be reversed and 
adequate fluid input provided to compensate for normal body water turnover 
plus increased fecal losses. From the standpoint of the animal's requirement, 
the best therapeutic approach would be a continuous fluid input at a rate 
equal to body losses, a condition best provided by continuous intravenous 
administration24 , 58. This is not a practical approach under many conditions. 
In some situations subcutaneous fluid administration can also be effective 
in providing a sustained fluid input, as subcutaneous fluids are slowly 
absorbed over a period of several hours6. 

Currently, the major emphasis on fluid and electrolyte therapy for diar
rhoeic calves is focused on the use of oral fluids. A principle basis for this 
approach is the outstanding success of oral glucose electrolyte therapies for 
the treatment of Vibrio cholera diarrhoea in humans. Associated with this 
beneficial effect is the recognition that the mechanism by which Escherichia 
coli enterotoxin induces diarrhoea is analogous to the mechanisms of V. 
cholera as well as other enterotoxigenic bacteria. Increased secretory activity 
is responsible for the diarrhoea, yet absorption may continue and even be 
increased3, 8, 33, 57. However, the general assumption, that during diarrhoea 
absorption is normal or increased as is seen with many bacterial diarrhoeas 18 , 

may be fallacious when considering the spectrum of diarrhoeal aetiologies. 
There is also speculation regarding the role of motility in diarrhoea47 • Both 
increased motility, as with parasympathetic stimulation or flaccid paralysis, 
creating an open tube, can conceivably cause more rapid transit and diar
rhoea. Malabsorption of sugars and lipids are well recognized in diarrhoeal 
diseases43 • It could be anticipated that viral diseases which cause significant 
changes in both individual epithelial cells and in villus morphology7,33,45,46,59 
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would be associated with inhibited absorptive capacity. Most evidence 
supports the thesis that decreased absorption is the basis for viral 
diarrhoeas 1 , 7, 26, 31. 

The use of oral antibiotics has been linked to malabsorption syndromes 
(diarrhoea) in domestic and laboratory animals, and in man. Several of these 
antibiotics are commonly used in veterinary medicine as prophylaxis or 
therapy of neonatal diarrhoeas. For example, oral chloramphenicol in calves 
can cause a malabsorptive diarrhoea with villus atrophy and epithelial cell 
dysfunction39,42. When malabsorption causes the diarrhoea, particularly if 
glucose absorption is limited31 , then oral therapies will be ineffective, and 
may actually exacerbate the diarrhoea by providing an increased supply of 
energy-rich substrate for bacteria, particularly in the large intestine. A 
secondary consequence of bacterial fermentation is the creation of excessive 
osmolality in the lower bowel. A number of the antibiotic-induced mal
absorption syndromes in humans are associated with colonic overgrowth of 
Clostridium difficile and other Gram-positive enterotoxigenic organisms2o. 

DIARRHOEAL LOSSES AND IMBALANCES 

Therapy composition should be based on several factors, a major one being 
the extent of fluid and electrolyte loss. It can be considered that, regardless 
of the route of administration, diarrhoeic animals that require fluid, electro
lyte and energy support will have the same requirements. As animals become 
diarrhoeic they also become dehydrated. It is not uncommon to find that neo
natal calves have lost 6-12070 of their body fluids. Therefore, therapeutic 
provision of large quantities of water is necessary. Water losses are not evenly 
distributed through body water pools3s. The greatest loss is from the extra
cellular fluid (ECF) and blood volume is most severely depleted28, 36, 38. 
Blood volume may be decreased as much as 50% causing peripheral vaso
constriction and hypovolaemic shock. The rest of the ECF is also decreased 
but not to the same extent38 . Only small changes are seen in the intracellular 
water pool, and it may in fact be increased in volume38 , presumably due to 
decreased cellular metabolism and cellular swellingSs . The ionic composition 
of oral fluid replacement therapy should, therefore, be designed to approxi
mate the composition of the ECF3s. This approach is necessary so that 
crystalloids will remain after energy substrates are utilized, otherwise there 
will not be sufficient water retention. 

Significant fecal losses of sodium, potassium, chloride and bicarbonate 
occur during diarrhoea27, 33, 34,49, so. Routine clinical assessment of electro
lyte status is dependent on measurement of plasma or serum ion concen
trations but these values are not necessarily indicative of fecal losses. Further, 
they may give false impressions of whole body electrolytes. This is particu
larly true for potassium which may be significantly increased in the blood, 
reaching cardiotoxic levelsI9,29,30,3S,41,S2, yet a whole body potassium 
deficit occurs during diarrhoea (Figure 11.1)19,28, S2. Potassium accumu
lation in extracellular fluids is a complex phenomenon associated with 
developing acidosis and cellular energy imbalances. Fecal bicarbonate loss, 
accumulation of lactic acid in the blood, and decreased renal function are all 
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Figure 11.1 Changes in extracellular fluid (EC) and intracellular fluid (lC) potassium pools 
as a result of diarrhoea. Both pools decrease in total potassium content but the EC change is 
masked by an increase in plasma potassium concentration. 
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Figure 11.2 (a) Maintenance energy required as a function of increasing body size from 15 to 
70 kg using metabolic body size (l40kcallkg·7S) and straight line method (50 kcal kg - 1 day- ') 
from ref. 27, 37. (b) Effectiveness of the straight line (50 kcal kg - 1 day - ') method of energy 
provision as a percentage of metabolic body size determination of energy requirements. In 
smaller animals (IS kg), only 70"10 of maintenance is provided. At approximately 60 kg, they 
are equivalent 

involved. Potassium-hydrogen ion shifts occur across cellular membranes 
and the decrease in intracellular potassium with a resultant increase in 
extracellular potassium cause myocardial and skeletal muscle dysfunc
tion 19,28,29, SS. There is a whole body potassium deficit, but an increase in 
potassium concentration in the vascular poo}l9, 28. Since the volume of the 
vascular pool is decreased due to extracellular dehydration, the total plasma 
potassium content as well as intracellular potassium content are often 
diminished (Figure 11.1). 

The metabolic rate of neonatal calves for maintenance, without growth or 
consideration of febrile-induced metabolic increases, may be calculated as a 
function of body weight (W). Using Kleiber's general formula for metabolic 
body size for maintenance, metabolic requirement may be calculated (Figure 
11.2 (a». Maintenance27 (kcal/day) equals 140xW/kg·7s . Data from 
Alexander et al. 2 indicate that the resting metabolic rate of growing calves 
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less than one .week of age is 2213 kcal/ day, while using the Kleiber formula 
(140 kcal/kg·7S) for these same calves it would be 2226 kcal/day. Both esti
mates are adjusted to a 40 kg calf. An alternative, simple,but less accurate, 
estimate of metabolic rate is also shown in Figure 11.2 based on a straight 
line derivation of 50 kcal/kg which is a reasonable approximation in the size 
range of neonatal calves37. Figure 11.2 (b) is a plot of the straight line method 
as a ratio with metabolic body size requirements. The straight line method 
underestimates in smaller animals. Both methods would underestimate 
actual metabolic rate or dietary energy requirements in rapidly growing or 
febrile calves. 

During diarrhoea many animals have a decrease in food intake, a 
decreased net absorptive function, and an increase in metabolism associated 
with fever. In neonates these are potentially more serious manifestations as 
they have relatively meagre energy reserves. Only about 1.8OJo of the body 
weight of neonatal calves is adipose tissue and a significant proportion of that 
is brown adipose tissue (BA T)2. BAT is helpful in maintaining normal body 
temperature in neonates but is not an effective source of free fatty acids 
(FF A) for general body metabolism. Neonatal calves do not have high levels 
of circulating FF A except in the peripartum period 14. Also, plasma FF A are 
not increased in diarrhoeic calves with hypo glycaemia due either to the low 
reserves or an inability to mobilize 15. 

In severely diarrhoeic calves, hypo glycaemia and lactic acidosis are an 
almost constant finding11, 15,40,49. Hypoglycaemia and lactic acidosis are 
also pathognomic signs of endotoxaemia23 . Similar blood levels of glucose 
lactate and potassium are seen in diarrhoeic and in endotoxaemic 
calves 11 ,15,35,38,40,49,51. These similarities have led to the tenet that diar
rhoeal damage to the intestinal epithelial barrier allows both bacteria and 
endotoxin to enter the bloodstream in increased quantities and that endo
toxaemia is a common sequelae to diarrhoea. The hypoglycaemia, hyper
lactataemia and hyperkalaemia seen in diarrhoeic neonates may represent a 
combination of altered epithelial transport and developing endotoxic-septic 
shock. However, the relative role of each dysfunction is now known. 

During diarrhoea, dehydration occurs' with the greatest losses from the 
extracellular pool. Acidosis is seen due to bicarbonate loss and increased 
lactate levels, hypoglycaemia is common and major losses of Na, CI and K 
occur. Intracellular-extracellular potassium imbalance may become severe 
resulting in reduced resting membrane potential, altered cardiac and general 
muscular function3s . 

INTESTINAL FUNCTION 

Some current concepts of normal gastrointestinal function are a helpful 
prelude to developing a basis for oral therapy. The intestine is a major trans
port system in that absorption and secretion are continually occurring across 
the mucosal epithelial barrier. Enterocytes are formed in the crypts and move 
rapidly up the villi, particularly in young animals. In calves, the lifespan of 
an epithelial cell, from formation in the crypt to sloughing at the tip32, is 
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about 48 h. Intestinal epithelial cells have several functions. They serve as the 
barrier limiting entry of organisms and toxins and as the barrier preventing 
loss of body substance. In the small intestine this barrier is somewhat leaky, 
as water and some solutes can pass in a paracellular manner. The junctional 
complexes between epithelial cells are functionally important structures. 
They are similar to a fence, in that they serve as a barrier; to a gate, in that 
they allow certain substances to pass; and to a bridge in that adjacent cells 
may interact directly via gap junctions!7. Like any barrier, it is not absolute, 
and normally some bacteria and bacterial toxins enter the portal blood25 . 
During diarrhoea, significant changes in the integrity of the barrier permit 
the loss of fluids and body constituents, an increase in the gate function. 
Also, with barrier modification, it is ecfsier for intestinal micro-organisms 
and toxins to enter the body at an increased rate, a decreased fence function. 
This may lead to septicaemia and endotoxaemia with potentially lethal 
consequences. 

Most absorption occurs in the small intestine, and intestinal epithelial cells 
transport many nutrients. For this discussion, nutrients will include water, 
electrolytes and energy-yielding substrates such as carbohydrates, amino 
acids and lipids. Absorptive transport is primarily via the more mature cells 
near the villus tip which also have the greatest degree of contact with intes
tinal contents. 

The villus, with its vessels and surrounding absorptive epithelial cells, is 
the functional unit of the small intestine. The vessels are arranged so that a 
countercurrent flow pattern is established22. The central arteriole in each 
villus is like a fountain and sprays capillaries which descend toward the base 
of the villus adjacent to the epithelial cells (Figure 11.3)48. Absorbed nutri
ents enter descending capillaries causing an increase in osmolality. The 
diffusion pattern is such that water leaves the arterioles and enters capillaries 
and absorbed nutrients diffuse from capillaries to arterioles. Together these 
effects create an increasing concentration gradient in the ascending arteriole 
and increased osmolality at the villus tip22. During active absorption, this 
gradient may reach an osmolality of 600 mOsm or roughly twice body fluid 
osmolality. An additional osmotic gradient develops between epithelial cells 
when they are absorbing, which aids solute flux to the capillaries. These two 
osmolar gradients are believed to enhance nutrient absorption. 

During absorption, nutrients cross the microvillus brush border, enter the 
cytoplasm and leave via the lateral cellular membrane. The mechanisms 
involved are similar for glucose, galactose, amino acids and short peptides, 
although peptides are hydrolysed in the epithelial cell. Glucose transport has 
been most extensively studied and will be used as an example3!. A microvillus 
membrane receptor binds both sodium and glucose. They enter the epithelial 
cell together based on the sodium diffusion potential. These cells, like others, 
have only a minimal intracellular Na + concentration, and a constant diffu
sion gradient exists for sodium to move from the intestine into the epithelial 
cell. Electrochemical neutrality is maintained by cotransport of a negative 
ion, generally CI- or HCOf. Sodium is then pumped by active transport 
into the lateral intercellular space below the junctional barrier. Again, the 
anion [ollows, maintaining electrochemical neutrality. Glucose is believed to 
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Figure 11.3 (a) The villus vascular network is such that a central arteriole ascends to the tip 
and branches into a 'spray' of capillaries which descend toward the base of the villus creating 
a countercurrent flow system x 350. (b) The villus countercurrent multiplier system is depicted. 
During absorption there is net water diffusion from the ascending arteriole to the descending 
capillary. Some solute diffuses in the opposite direction. The result is an increasing osmotic 
gradient at the villus tip (modified from ref. 22) 

diffuse out with minimal metabolism occurring during the absorptive pro
cess. Sodium, anion and glucose increase in concentration in the lateral inter
cellular space causing a concomitant increase in osmolality. Water diffusion 
follows both from the cell and also by paracellular movement across the leaky 
junctional complex directly from the intestine. Figure 11.4 represents resting 
imd absorbing intestinal epithelial cells in relation to both transepithelial and 
vascular fluxes21 , 22. Osmolality in the lateral intercellular space at the apex 
of the cell near the villus tip would normally achieve the highest intestinal 
osmolality. The continuing solute and solvent movement into the lateral 
space near the apex of the cell causes a flow from apex to base carrying the 
absorptive products l7 , 21. In the lamina propria at the base of the cell, absorp
tive products diffuse into the descending capillary network and help develop 
the villus countercurrent osmolar gradient system22 • As depicted in Figure 
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Figure 11.4 (a) In a resting intestinal epithelial cell, there is no net absorptive cellular flux. The 
lateral intercellular space is collapsed. Lymph flow is present due to capillary leakage. (b) In 
active intestinal epithelial cells, net absorption causes a solute and solvent flow from cell apex 
to base. There is net uptake by capillaries, and due to increased hydrostatic pressure, an increase 
in lymph formation (modified from ref. 21) 
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11.4 (b), absorption across the epithelial cells also increases tissue hydrostatic 
pressure and lymphatic flow. The input of absorbed lipid and chylomicrons 
(not shown) would additionally increase lymphatic flow. 

THE CALF 

In the normal calf, nutrient presentation to the intestine and subsequent 
absorption rate is controlled in large part by gastric emptying. Bell and 
Razig4, 5 have studied factors modifying abomasal emptying in calves. They 
found that highly hypertonic pure solutions of electrolytes or carbohydrates 
will delay emptying. Their data indicates that maximal gastric emptying of 
NaCI and NaHC03 solutions in calves occurs at an osmolality of 400-
600 mOsm/1 (Figure 11.5), well above body fluiq osmolality (290 mOsm/l), 
but similar to the villus vascular osmolality previously presented4, 5. In a 
study with young adult pigs it was found that duodenal osmolar equilibration 
of fluid diets ranging from 250 to 700mOsm/i was at 450-500mOsm/l 
with declining osmolality further down the intestine12 • 
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Figure 11.5 The effect of varying osmolality of NaCI or NaHC03 on rate of abomosal 
emptying (calculated from refs. 4, 5). 

Although gastric emptying may be slower with a hypertonic glucose
electrolyte solution, more total carbohydrate is provided to the small intes
tine over a longer period4 , 5. Rapid gastric emptying may not be of benefit; 
in fact, one is tempted to ask why it should be considered beneficial, if a 
sustained fluid input to the absorptive surface of the small intestine is a valid 
therapeutic goal. Delayed gastric emptying by feeding hypertonic solutions 
would also provide more total nutrients and energy, if tonicity is increased 
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Figure 11.6 (a) Intestinal osmolality of normal calves 6 h after a milk meal . (b) Intestinal 
osmolality of diarrhoeic calves 6 h after a milk meal (modified from ref. 56) 

by adding energy-yielding absorbable nutrients. In another study, the addi
tion of 80mOsm/l of NaCI to a 10070 glucose solution enhanced glucose 
absorptive rate in calves, yet increased osmolality from 555 to 715 mOsm/l13. 
Cow's milk is an isosmotic fluid when secreted. During digestion, the break
down of milk protein and lactose causes an increase in luminal osmolality. 
6 h following milk ingestion by normal or diarrhoeic calves, upper small 
intestine osmolality was greater than blood osmolality (Figure 11.6 (a), (b »56. 
Finally, it has been reported that increasing the dry matter content of calves' 
diets, which presumably increased gastrointestinal osmolality, resulted in a 
decreased incidence of diarrhoea44 • 

Based on the absorption rates of glucose following either oral glucose or 
lactose administration and calculated rates of glucose transportS, 9, 54, the 
small intestine in the normal calf can absorb larger quantities of glucose and 
presumably amino acids than are presented by most oral therapies . Further, 
to achieve a necessary provision of energy substrates to the young calf, the 
most appropriate approach physiologically is to have a slow constant pro
vision of nutrients from the stomach. 

Two conclusions can be made: 

(I) During absorption, the environment of the upper small intestine, both 
contents and mucosa, is hyperosmotic compared to body fluids, and 
hyperosmolar gradients which develop during absorption are normal 
and beneficial to the absorptive process. 

(2) The rate of gastric emptying is in part controlled by gastric and intestinal 
osmolality, and increased osmolality of ingested fluid will provide a 
prolonged input to the intestines. 
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ORAL FLUID THERAPY 

The use of fluid therapy during diarrhoea represents a combination of 
replacement and maintenance. Replacement fulfils the need to reverse the 
dehydration and ion losses. The quantity administered is based on the 
estimated degree of dehydration. For instance, a 40 kg calf that was 10070 
dehydrated would require 41 of fluid. In addition, if diarrhoea is still present, 
daily net loss must be considered. It may range from negligible quantities to 
7.5070 of body weight/day, which can result in a 31 daily loss in a 40 kg calf. 
Fluid required for replacement plus maintenance for 3 sizes of calves with 
varying degrees of initial dehydration and a continuing loss of 50 mllkg daily 
is plotted in Figure 11.7. If dehydration is cured the required volume will be 
less on succeeding days. 
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Figure 11.7 Daily fluid requirements for a calf with moderate fluid loss 

Many of the oral therapies currently on the market in Europe and in the 
United States have been formulated on the hypothesis that it is desirable for 
such solutions to be reasonably isosmotic with regard to body fluids. The 
basis for this view is that hyperosmotic fluids will remove water from the 
body by increasing gastrointestinal secretory activity. In my opinion, this is 
Jallacious and has resulted in the preparation of a great many products that 
provide only minimal energy input (Figure 11.8). This figure presents the 
available energy nutrient source in a number of products currently being 
marketed in Britain, France and the United States. Table 11.1 lists the osmo
lality, volume and total energy provision of a number of oral therapies. With 
the exception of one product (Suradavo), mean osmolality was 348 mmol. 
The majority provide sufficient water to combat dehydration if used at the 
manufacture's maximum recommended level (Table ILl). The greatest 
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Figure 11.8 A summation of maximum energy yield by substrate from several commercial 
therapies currently marketed in Britain and the United States (a) and in France (b). Resorb is 
also marketed as Lectade and Biodiet. The minimal maintenance requirement of neonatal calves 
is listed at the top and the percentage of maintenance provided 
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Table 11.1 A comparison of osmolality, volume and energy content of some oral therapies 
available in Britain, France and the United States 

Osmolality 
Product Country (mOsm/l) 

Aminolac France 160 
Electex France 318 
Glycostress France 290 
Hydroral France 352 
Ionidiar France 482 
Oro hydra France 256 
Rehydrant 2412 France 305 
Suradavo France 2284 
Electroplus A USA 323 
Ionaid USA, Britain 515 
Lifeguard USA 490 
Resorbt USA 390 

"Maximum dosage per calf! day or per 40 kg calf! day 
t Also sold in Britain (Lectade) and France (Biodiet) 

Energy 
Volume" content 
(ml/day) (kcal/ day") 

8000 362 
6000 518 
3000 122 
4000 384 
6000 811 
4000 64 
800 78 

1500 780 
6000 387 
3784 536 
5676 984 
4000 382 

Osmolality and energy content have been calculated from label ingredients. Energy content is 
based on the manufacturer's maximum recommended dosing schedule 

deficit is in energy provision. Even using a conservative maintenance estimate 
for a 40 kg calf of 2000 kcal kg - 1 day - 1 vs. the calculated and measured 
values of over 2200 kcal kg - 1 day - 1, the highest energy provision (Life 
Guard) provides only 49070 of required energy (Figure 11.8). 

A word of caution regarding oral therapy - the gastrointestinal tract may 
not be capable of absorbing when villus atrophy has occurred33 and the villus 
countercurrent flow system is destroyed, not when there are changes in 
epithelial cell transport function 1,42,43. The use of oral therapies during a 
malabsorptive diarrhoea may exacerbate the problem by providing an addi
tional growth media to intestinal microbes. However, the assumption that 
oral fluids are of benefit is sound, as general clinical results indicate that most 
diarrhoeic neonates can absorb significant quantities of nutrients from the 
gastrointestinal tract. The final question is what should be included in 
therapies? From a theoretical standpoint, several points may be considered. 

(1) Absorbability, 
(2) Fluid maintenance 
(3) Ion replacement 

(a) Na+, K+ 
(b) CI-, HCOf, 

(4) Acid-base correction HCOf or bicarbonate equivalent, such as 
acetate, citrate, or I-lactate, and 

(5) Energy maintenance with glucose, amino acids, lipids. 

On the basis of fecal losses and changes in the size of the ECF pool, the 
fluid should be essentially an ECF replacement, i.e. it should contain sodium 
at 120-140 mEq/l, chloride at 30-40 mEq less than sodium, and either 
bicarbonate or a bi'carbonate equivalent such as acetate, citrate or lactate. 
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Both acetate and citrate can be recommended as they can be more readily 
utilized than lactate which is an isomeric mixture, one half of which d-Iactate 
is poorly utilized. Further, the diarrhoeic calf is often suffering from 
hyperlactataemia with a decreased lactate utilization ratel!. Reports have 
been published of the beneficial effect of both acetate l6 and citrate9 , 10 on 
intestinal absorption rates in calves. Studies on optimal concentrations of 
either ion are not available. However, the rationale for their inclusion seems 
valid, if they are present in sufficient quantities. For instance, provision of 
4 g of Na acetate to a 40 kg calf would only yield an increase of 2-3 mEq of 
HC03- if every molecule of carbon was converted to HC03- • It is more likely 
that one half as much could be gained, i.e. one HCOf INa + . This quantity 
would not materially affect acid-base status and HCOf deficit. Similar 
calculations can be made for citrate or lactate but they contain even less 
sodium and are potentially less efficient sources of bicarbonate buffer on a 
gram basis. 

Potassium should be present to restore whole body potassium deficits as 
hyperkalaemia is corrected. An available energy supply in the form of 
glucose is an important component for several reasons. Diarrhoeic calves are 
hypoglycaemic, glucose is readily absorbed in most cases, and following 
absorption, glucose will facilitate movement of potassium into cells, correct
ing the hyperkalaemia. Other carbohydrate sources may be of less value. 
Neonatal calves do not have sucrase nor significant quantities of maltase in 
the brush border53 so that sucrose and maltose will not be digested and 
absorbed 13. Their inclusion is of negligible value. Lactose would seem to be 
a logical choice but lactase in the brush border is a particularly fragile enzyme 
and it tends to be severely diminished in activity in many diarrhoeal diseases. 
Therefore, glucose appears to be the carbohydrate of choice for inclusion in 
therapies. 

Glycine has also been shown to stimulate overall intestinal absorption of 
sodium and water, and in addition may provide a protein-sparing effect by 
increasing available amino nitrogen. Lipids could be considered of possible 
benefit due to their high energy content. However, lipids are less stable and 
little information seems available on their absorbability during diarrhoeal 
diseases. 

In conclusion, it is my thesis that (1) most available oral therapies for diar
rhoea are woefully inadequate in energy, (2) that undue attention has been 
given to providing isosmotic fluids, and (3) finally, based on these con
clusions, more effective oral therapies can be provided for diarrhoeic neo
nates, particularly calves. 
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