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Studies of Osmotic Diarrhea Induced in Normal Subjects
by Ingestion of Polyethylene Glycol and Lactulose
Heinz F. Hammer, Carol A. Santa Ana, Lawrence R. Schiller, and John S. Fordtran
Department of Internal Medicine, Baylor University Medical Center, Dallas, Texas 75246

Abstract

The purpose of these studies was to gain insight into the patho-
physiology of pure osmotic diarrhea and the osmotic diarrhea
caused by carbohydrate malabsorption. Diarrhea was induced
in normal volunteers by ingestion of polyethylene glycol
(PEG), which is nonabsorbable, not metabolized by colonic
bacteria, and carries no electrical charge. In PEG-induced di-
arrhea, (a) stool weight was directly correlated with the total
mass of PEG ingested; (b) PEGcontributed 40-60% of the
osmolality of the fecal fluid, the remainder being contributed
by other solutes either of dietary, endogenous, or bacterial
origin; and (c) fecal sodium, potassium, and chloride were
avidly conserved by the intestine, in spite of stool water losses
exceeding 1,200 g/d. Diarrhea was also induced in normal
subjects by ingestion of lactulose, a disaccharide that is not
absorbed by the small intestine but is metabolized by colonic
bacteria. In lactulose-induced diarrhea, (a) a maximum of

- 80 g/d of lactulose was metabolized by colonic bacteria to
noncarbohydrate moieties such as organic acids; (b) the or-
ganic acids were partially absorbed in the colon; (c) unabsorbed
organic acids obligated the accumulation of inorganic cations
(Na > Ca > K > Mg) in the diarrheal fluid; (d) diarrhea
associated with low doses of lactulose was mainly due to unab-
sorbed organic acids and associated cations, whereas with
larger doses of lactulose unmetabolized carbohydrates also
played a major role; and (e) the net effect of bacterial metabo-
lism of lactulose and partial absorption of organic acids on
stool water output was dose dependent. With low or moderate
doses of lactulose, stool water losses were reduced by as much
as 600 g/d (compared with equimolar osmotic loads of PEG);
with large doses, the increment in osmotically active solutes
within the lumen exceeded the increment of the ingested os-
motic load, and the severity of diarrhea was augmented.

Introduction

Osmotic diarrhea is commonly encountered in clinical prac-
tice. Someexamples include purposely induced diarrhea with
sorbitol to treat hyperkalemia (1), lactulose therapy for hepatic
encephalopathy (2), carbohydrate malabsorption due to var-
ious intestinal disorders, ingestion of poorly absorbed carbo-
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hydrates occurring naturally in food (3, 4) or that are added as
sugar substitutes to food (5-7), and gastrointestinal lavage to
cleanse the intestine before diagnostic procedures (8). In spite
of the frequency and importance of osmotic diarrhea, its
pathophysiology has not been carefully studied.

There were two major purposes of our present research.
The first was to measure the effect of increasing loads of an
osmotic agent on stool water, stool electrolyte composition,
and stool concentration of the osmotic agent. Polyethylene
glycol 3350 (PEG)' was the osmotic solute for these studies
because its absorption is negligible (9), it is not digested by
human or bacterial enzymes, and it carries no electrical charge
that can influence the movement of other charged solutes.
Results with PEGcan therefore be used to characterize pure
osmotic diarrhea.

The second major purpose was to see to what extent me-
tabolism of the osmotic agent by colonic bacteria would influ-
ence stool water and stool electrolyte composition in diarrhea
caused by carbohydrate malabsorption. Previous work by
others has indicated that such metabolism would mitigate the
severity of diarrhea (10, I 1); however, the degree of stool water
reduction and possible effects on stool electrolyte losses have
not been quantitated. Lactulose was selected as the osmotic
agent for this experiment because it is a disaccharide that is not
absorbed by the small intestine (12) but is readily metabolized
by colonic bacteria (13); by comparing results in lactulose and
PEG-induced diarrhea the effects of metabolism of carbohy-
drates by bacteria could be assessed.

Methods

Experimental diarrhea. Normal men, most of them seminary students,
ranging in ages from 21 to 32 yr, volunteered for these experiments.
These studies were approved by the Institutional Review Board for
HumanProtection of Baylor University Medical Center.

While subjects continued to eat their normal diet, diarrhea was
induced by ingestion of a solution containing either 105 g/liter PEG
3350 or 50 or 70 g/liter lactulose. 48 mmol/liter NaCl, 5 mmol/liter
KCI, and 17 mmol/liter NaHCO3were added to ensure against the
development of electrolyte deficiency due to fecal losses. The osmolal-
ity of the PEG solution was 290 mosmol/kg, and of the lactulose
solutions 293 and 355 mosmol/kg, respectively. These osmolalities are
well within the range of osmolalities of beverages and fluids that people
consume normally (14). On four consecutive days the subjects drank
125-600 ml of one of the solutions with each of three meals and with a
bedtime snack. During the 4-d period of induced diarrhea, the number
of bowel movements/day and dietary intake were recorded on diary
sheets. Diary analysis indicated that daily food intake consisted of
104±6 g protein, 274±14 g carbohydrate, 4.5±0.4 g fiber, and 1±116 g
fat, for a total of 2,527±94 kcal/d. Subjects were weighed and serum
electrolytes, creatinine, and urea nitrogen were determined at the start
and end of the experiment; there were no significant changes.

1. Abbreviations used in this paper: PEG, polyethylene glycol.
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Stools were collected quantitatively using preweighed containers
during a control period and during ingestion of the osmotically active
solute. The stools were kept cooled in an ice chest; unlike a previous
study from our laboratory (15) no antibiotics or preservatives were
added to stool so as not to change electrolyte concentrations, osmolal-
ity, or pH. During the control period stools were returned to the labo-
ratory after completing a 72-h collection, whereas during ingestion of
the solute stools were returned after each of four 24-h periods. Since
fecal composition during the first day of solute ingestion might have
been influenced by residual colonic content before initiation of os-
motic diarrhea, only stools from the last 3 d of the experiment were
analyzed.

PEG3350 was obtained from J. T. Baker Chemical Co., (Phillips-
burg, NJ) and lactulose from Fluka Chemie AG(Buchs, Switzerland).

Analytical methods. Electrolyte concentrations, pH, fat, and PEG
were determined by methods previously described in our laboratory
(16-18). Osmolality was measured by vapor pressure osmometer. Am-
monium concentration was measured by the method of Chaney and
Marbach (19). Fecal dry weight was measured by freeze drying, and
percent water content was calculated as shown in Table I.

For determination of organic acid and carbohydrate concentration,
stool was ultracentrifuged at 35,000 rpm for 45 min. Water was added
to nonwatery stools before ultracentrifugation. Preliminary studies
showed that dilution of stool by adding water does not interfere with
carbohydrate or organic acid determination when the dilution factor is
considered. Supernatant was ultrafiltered using 0.45-,tm filters (Acro-
disc; Gelman Sciences, Inc., Ann Arbor, MI). The total concentration
of organic acids (acetic, propionic, butyric, and lactic) was determined
by a titration method (20). The validity of this assay was verified in our
laboratory. Recovery experiments were performed by adding various
amounts of sodium acetate (Mallinckrodt, Inc., St. Louis, MO) to
centrifuged stool samples. The recovery was 99%. The interassay coef-
ficient of variation was 1.4%.

Fecal carbohydrates were analyzed by a modification of a spectro-
photometric method (21). Carbohydrates, whether they are present as
monosaccharides, disaccharides, or oligosaccharides, react with
anthrone to produce a green-blue color. Preliminary studies in our
laboratory confirmed that there is a linear relationship between carbo-
hydrate concentration and absorbance at 625 nmover a range of 0- 10
mg/ 100 ml. Compared with glucose as 100%, the absorbance was 96%
for fructose, 81% for galactose, 80% for lactose, 80o for lactulose,
105% for maltose, 109% for sucrose, 125% for D-xylose, 0% for sorbi-
tol, and 0%for mannitol. There was no influence of PEG3350, acetate,

butyrate, propionate, or glycine on the absorbance at 625 nm. The
color of the anthrone solution with all carbohydrates tested was proven
to remain stable over a period of at least 60 min. Glucose standards (2
and 6 mg/100 ml) and a blank (water added to anthrone reagent) were
included in each set of determinations. To account for the absorbance
due to stool color a second blank, adding diluted supernatant to con-
centrated sulfuric acid (AR select; Mallinckrodt, Inc.), was included
when stool dilutions were 1:700 or less. The absorbance of this blank
was read against water at 625 nmand subtracted from the absorbance
of the stool-anthrone sample. Recovery experiments were performed
by adding various amounts of glucose to centrifuged stool samples with
known carbohydrate concentration. The recovery of glucose was
95±2% over a tested range of 300 mg/liter-167 g/liter. The interassay
coefficient of variation was 6%.

Calculation of the osmotic load ofPEG. Because the osmolality of
PEGin solution is not linear with respect to concentration, the osmo-
lality due to PEGin 24-h samples of PEG-induced diarrhea was calcu-
lated as the difference in osmolality before and after adding appro-
priate amounts of PEGto sodium chloride solutions whose concen-
trations were equal to the sum of the mean concentrations of fecal
cations and anions in PEG-induced diarrhea (22). The total osmotic
load of PEGin PEG-induced diarrhea was calculated by multiplying
the osmolality due to PEGby stool weight.

Results

Weight and water content of normal stools. Normal stool
weight in 72-h pooled stool collections in 13 male subjects was
146±12 g/d (95% confidence interval, 60-232 g/d). Water
content averaged 75±1% (95% confidence interval, 69-82%).
Mean stool frequency was 0.9±0.1 bowel movements/day
(95% confidence interval, 0.3-1.5). Stools were formed in all
but one subject, who had semiformed bowel movements (stool
weight in this subject was 235 g/d, water content was 81.2%,
stool frequency was 1.3 bowel movements/d). These stools
were not subjected to further analysis.

Diarrhea induced by PEG. As shown in Table I, stool
weight increased from 364 to 1,539 g/d when 53-252 g of PEG
was ingested per day. The average weight of individual bowel
movements was similar with the three lower PEGdoses, but
was significantly higher with the highest PEGdose as com-

Table I. Stool Weight, Water Content, Frequency, and Fecal Concentration of PEG, Organic Acids,
and Carbohydrates in 24-h Stool Collections (Mean±SEM)

PEG Lactulose

53 g/d 95 g/d 190 g/d 252 g/d 45 g/d 95 g/d 125 g/d
(n = 9) (n = 9) (n = 12) (n = 9) (n = 9) (n = 9) (n = 9)

Stool weight (g/d) 364±41 589±45 1,118±102 1,539±77 254±45 550±115 1,307±111
Stool frequency (times/d) 2±0.2 3±0.3 6±0.3 5±0.7 2±0.2 3±0.3 4±0.6
Average weight of individual bowel movement (g) 226±34 180±19 214±20 398±64* 149±23 175±31 321±36*
Percent water content 75±0.4 77±0.6 79±0.5 80±0.4 79±1 86±1 90±0.5
Stool water output (g/d) 272±31 451±33 881±58 1,233±64 202±38 483±105 1,184±106
PEG(g/liter) 130±3 158±7 165±2 163±3*
Organic acids (meq/liter) 81±7"1 60±8 53±8 31±3* 231±23 201±19 114±10t
Carbohydrate (g/liter) 0.8±0.21" 1.3±0.2 0.7±0.1 0.9±0.4§ 3.6±1.3 17±4 36±3*

n, Three consecutive 24-h samples from each of three or four subjects. Average weight of individual bowel movements was calculated by divid-

ing daily stool weight by stool frequency. Percent water content was calculated by following formula: ( origin naweigghry ght)
P values, unpaired ttest (252 g/d PEGvs. 53 g/d PEGor 125 g/d lactulose vs. 95 g/d lactulose): * P < 0.01; * P < 0.001. INotsignificant.
Ii n = 7.
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Table IL Electrolyte Concentrations in 24-h Stool Collections (Mean±SEM)

PEG Lactulose

53 g/d 95 g/d 190 g/d 252 g/d 95 g/d 125 g/d
(n = 9) (n = 9) (n = 12) (n = 9) (n = 7) (n = 9)

Osmolality (mosmol/kg) 357±5 362±10 348±5 346±8 383±20 385±26
Na (meq/liter) 10.0±1 9.9±2 13.2±3 19.9±2* 33±7 36±4"1
K (meq/liter) 16.8±2 14.5±1 9.6±1 8.6±1* 30±6 14±1t
Ca (meq/liter) 11.3±3 8.2±1 4.9±1 5.7±0.5"1 64±8 24±2*
Mg (meq/liter) 22.2±2 11.2±1 6.4±1 6.1±0.4* 15±3 6.8±1§
NH4 (meq/liter) 11.8±1 12.5±1 8.7±1 6.6±0.5t 4.8±2 3±1"
Cl (meq/liter) 2.4±1 8.4±1 7.2±1 6.2±0.5t 10.2±4 8.2±31
HCO3(meq/liter) 2.9±1 3.4±1 4.8±1 7.3±1.0t 3.7±1 1.6±0.3"
Phosphorus (mmol/liter) 3.0±1 4.9±1 4.5±1 1.3±0.2§ 5.1±1 3.5±11
pH 6.6±0.1 5.9±0.2 6.3±0.1 6.4±0.1" 4.5±0.1 4.3±0.1"

P values, unpaired t test, for the comparison of electrolyte concentrations after ingestion of 252 vs. 53 g/d PEGor 125 vs. 95 g/d lactulose: * P
< 0.001; * P <0.01; §P< 0.05. "I Not significant.

pared with the lowest PEGdose (P < 0.05). Although all of the
stools were watery, percent water content averaged 75-80%,
only slightly (but significantly, P < 0.01) higher than water
content in normal stools. This is due to the high fecal concen-
tration of PEG, a large molecule that makes a considerable
contribution to fecal dry weight (52% of fecal dry weight at the
lowest PEGdose and 85% of fecal dry weight at the highest
PEGdose). The stool water output increased from 272 to
1,233 g/d when 53-252 g/d of PEGwere ingested.

The concentration of PEGin stool rose only modestly as
the dose of PEGwas progressively increased, but there was an
excellent correlation between stool weight or water output and
fecal PEGoutput (r = 0.97 and 0.99, respectively). Average
values for organic acid concentration ranged from 31 to 81
meq/liter, and carbohydrate concentrations averaged -1 g/
liter.

Average values for electrolyte concentrations are shown in
Table II. Osmolality was 60-70 mosmol/kg higher than the

normal serum osmolality of 290 mosmol/kg. Sodium, chlo-
ride, and bicarbonate concentrations in stool were much lower
than their respective concentrations in serum, whereas potas-
sium, magnesium, calcium, and ammonium concentrations
were higher than their concentrations in serum. Phosphorus
concentrations were similar to that of serum. Average stool pH
was between 5.9 and 6.6.

Table III shows total daily losses of solutes, which were
calculated by multiplying supernate concentrations in 24-h
samples by stool weight. There were slight but significant in-
creases in fecal losses of ions (except magnesium), organic
acids, and fat as stool weight increased due to increased doses
of PEG.

Diarrhea induced by lactulose. Table I shows that mean
stool weight increased from 254 to 1307 g/d as lactulose dose
was increased from 45 to 125 g/d. The average weight of indi-
vidual bowel movements increased significantly as daily stool
weight increased (P < 0.001). The percent water content of the

Table III. Total Daily Fecal Output of Solutes Measured in 24-h Stool Collections

PEG Lactulose

53 g/d 95 g/d 190 g/d 252 g/d 45 g/d 95 g/d 125 g/d
(n= 7or9) (n = 9) (n = 12) (n = 9) (n = 9) (n = 7 or9) (n = 9)

Stool weight (g/d) 364±41 589±45 1,118±102 1,539±77 254±45 550±115 1,307±111
Na (meq/d) 4±1 6±1 14±2 31±4* 21±5 49±9*
K (meq/d) 6±1 9±1 11±1 13±1* 16±3 18±1"
Ca (meq/d) 4±1 5±1 5±1 9±1* 39±8 32±4"
Mg(meq/d) 8±1 7±1 8±1 10±1"1 9±2 9±2"
NH4 (meq/d) 4±2 7±1 10±1 10±1* 3±1 5±2"
Cl (meq/d) 1±0.4 5±0.3 8±1 10±1* 6±3 13±5"
HCO3(meq/d) 1±0.3 5±0.5 5±0.8 11±2* 2±0.7 2±0.4"
Phosphorus (mmol/d) 1±0.3 3±0.6 5±1 2±0.3t 4±0.6 5±2"1
Carbohydrate (gld) 0.3±0. 11 0.8±0.1 0.8±0.1 1.4±0.711 1.0±0.4 12±5** 45±4§
Organic acids (meqld) 33±5' 36±4 57±7 48±5t 61±13 98±14** 151±20*
Fat (g/d) 5.0±1 7.1±1 10.3±2 9.7±1* 5.1±1 8.1±2** 5.1±1"

P values for the comparison of solute output in diarrhea induced by ingestion of 252 vs. 53 g/d of PEGor 125 vs. 95 g/d of lactulose:
*P<0.001;*P<0.05;§P<0.005. "1Notsignificant. 'n = 7. **n = 9.
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stools rose progressively with increasing doses of lactulose,
reaching an average high of 90%. Stool water reached a maxi-
mumof 1,184 g/d. Organic acid concentrations decreased (r
--0.77, P < 0.001) and fecal carbohydrate concentrations
increased (r = 0.75, P < 0.001) as stool weight increased. Fecal
carbohydrate and organic acid concentrations were negatively
correlated (r = -0.83, P < 0.001). There was no correlation
between fecal organic acid concentration and the weight of
individual bowel movements.

A supernatant suitable for electrolyte analysis could not be
obtained from eight of nine 24-h stool collections when 45 g/d
of lactulose was ingested and from two of nine stool collections
when 95 g/d of lactulose was ingested (Table IV). 7 of these 10
samples were mushy and unformed; 3 were formed and of
normal consistency. Percent water content in some of the
formed samples was as high as in unformed samples; consis-
tency of feces therefore depended not only on water content
but presumably also on physical and chemical properties of
stool matrix (23). Organic acid concentration in unformed
samples obtained during ingestion of 45 g/d of lactulose was
significantly higher than in formed samples (267±21 meq/liter
in unformed samples, 158±6 meq/liter in formed samples, P
< 0.02). Fecal carbohydrate concentration was highly variable;
carbohydrate concentration in some of the unformed samples
was as high as 10 g/liter.

Results of electrolyte analysis on 24-h collections obtained
during ingestion of the two higher lactulose doses are shown in
Table II. Mean stool osmolality was - 90 mosmol/kg higher
than serum osmolality. Mean fecal pH was 4.4. Fecal con-
centration of sodium and inorganic anions did not change but
concentrations of potassium, calcium, and magnesium fell sig-
nificantly as the dose of lactulose and stool weight increased.
As shown in Table III, daily stool collections contained 1, 12,
and 45 g of carbohydrate when the subjects were ingesting 45,
95, and 125 g of lactulose/d. Total daily output of sodium and
organic acids also increased significantly with increasing doses
of lactulose.

To assess whether measured carbohydrate concentration
after 24 h was influenced by bacterial metabolism during the
daily cold storage period, we measured carbohydrate and or-

ganic acid concentrations in five samples of diarrhea (induced
by 125 g/d of lactulose) as soon as possible after defecation (it
took 30 min until supernatant was analyzed) and after 1,
24, and 72 h of storage in an ice chest. Carbohydrate concen-
tration remained constant at - 25 g/liter, whereas organic
acid concentration increased from 62 to 78.5 meq/liter (P
< 0.05, paired t test) during cold storage for 72 h. Osmolality
increased (from 306 to 346 mosmol/kg, P < 0.05), whereas pH
decreased (from 5.32 to 4.73, P< 0.05) during storage for 72 h.
The rise in osmolality could be due to the rising concentration
of organic acids, and to conversion of disaccharide (lactulose)
to monosaccharides without a change in total concentration of
carbohydrate. Both of these proposed mechanisms imply some
continued fermentation by fecal flora during storage in the ice
chest.

Comparison of PEG- and lactulose-induced diarrhea. The
PEGcontribution to the osmolality of fecal fluid in PEG-in-
duced diarrhea was 142, 197, 207, and 198 mosmol/kg with
53, 95, 190, and 252 g/d of PEG. The total PEGosmotic load
was 52, 116, 231, and 305 mosmol/d on the four PEGdose
regimens, respectively. A similar calculation is not possible
with fermentable solutes; however, the total osmotic load of
ingested lactulose, expressed in milliosmoles ingested/day, was
131, 278, and 365 mosmol/d, respectively, on the three lactu-
lose doses. Since lactulose is not absorbed in the small bowel
(12), these amounts of lactulose must have reached the cecum.

Fig. 1 shows that increasing osmotic loads of PEGcaused a
near linear increase in stool water output. Stool water output
caused by the two lower doses of lactulose was considerably
less than that caused by comparable amounts of PEG. Thus,
the dose-response curve (relating solute load and stool water)
with lactulose was shifted to the right by - 160 mosm/d. This
accounted for a maximal reduction in stool water output of
600 g/d in lactulose-induced diarrhea as compared with diar-
rhea induced by PEG. However, with the largest dose of lactu-
lose the increment in stool water output (increment above
water output with the medium dose) was even steeper than the
PEG-stool water regression line.

Fig. 2 A shows that fecal cation concentrations (sum of
sodium, potassium, calcium, and magnesium concentrations)

Table IV. Results in Selected Individual 24-h Stool Collections

Stool weight Stool frequency Consistency Water content Organic acids Carbohydrate

g/d timesld % meq/liter g/liter

Lactulose (45 g/d) 158 2 Unformed 76.8 234.4 2.6
139 1 Unformed 78.4 228.6 1.8
368 2 Unformed 81.5 235.9 0.6
231 1 Unformed 75.8 346.3 10.2
369 2 Unformed 76.7 320.9 10.4
469* 2 Unformed 85.0 234.0 2.1
258 2 Formed 78.3 163.3 1.0
265 2 Formed 79.2 145.7 1.6

29 1 Formed 75.1 165.7 2.2

Lactulose (95 g/d) 199 3 Unformed 82.4 255.6 10.0
259 4 Unformed 81.3 243.2 3.4

All results from the 45-g lactulose study are presented; for the 95-g lactulose study, two collections from which a supernatant could not be ob-
tained are included. * Supemate was obtained and analyzed in this sample: osmolality 400 mosmol/kg, Na 58 meq/liter, K 53 meq/liter, Ca
42 meq/liter, Mg29 meq/liter, NH4 12 meq/liter, Cl 27 meq/liter, HCO30.4 meq/liter, phosphorus 7.0 meq/liter, pH 5.4.
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decreased significantly in PEG- (P < 0.01) and lactulose-in-
duced (P < 0.001) diarrhea as stool weight increased. At lower
stool weights cation concentration in lactulose-induced diar-
rhea was about three times higher than in PEG-induced diar-
rhea; at high stool weights cation concentrations in lactulose-
induced diarrhea were only slightly higher than in PEG-in-
duced diarrhea. As shown in Fig. 2 B, there was a very good
correlation between organic acid concentration and fecal cat-
ion concentration; organic acid concentration in lactulose-in-
duced diarrhea was significantly higher than in PEG-induced
diarrhea (P < 0.001). As already pointed out, Fig. 2 B shows
effects on the sum of all measured inorganic cations. To deter-
mine the relative magnitude of accumulation of the indi-
vidual cations, we calculated the correlation between organic
acid output and output of individual cations in PEG- and
lactulose-induced diarrhea. Accumulation of cations was in
following order: Na (slope of the regression line = 0.30, r
= 0.76, P < 0.001) > Ca (slope = 0.21, r = 0.69, P < 0.001)
> K (slope = 0.07, r = 0.71, P < 0.001) > Mg(slope = 0.02, r
= 0.29, P < 0.05).

Inorganic anion concentrations (sum of chloride, bicar-
bonate, and phosphorus) in lactulose- and PEG-induced diar-
rhea were not significantly different and they did not correlate
with organic acid concentration (data not shown).

Mean fecal pH and ammonium concentration in lactu-
lose-induced diarrhea were significantly lower (P < 0.001)
than in PEG-induced diarrhea.

Discussion

Increasing osmotic loads of PEGresulted in a near linear in-
crease in stool weight and stool water output. The concentra-
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Figure 2. A, Correlation between stool weight and the sum of fecal
concentrations of inorganic cations in lactulose- (open circles) and
PEG-induced (closed triangles) diarrhea. B, Correlation between
fecal organic acid (OA) concentration and the sum of fecal concen-
trations of inorganic cations in lactulose- (open circles) and PEG-in-
duced (closed triangles) diarrhea.

tion of PEGin diarrheal fluid was only modestly higher with
the largest dose of PEG than with the smallest dose. Stool
water output in osmotic diarrhea induced by PEGtherefore
did not correlate with fecal PEGconcentration in stool (which
at the three higher doses of PEGremained relatively constant
regardless of the severity of diarrhea), but was well correlated
with total fecal PEGoutput. The contribution of PEGto the
osmolality of fecal fluid was 142 mosmol/kg with the low dose
of PEGand between 197 and 207 mosmol/kg with the three
higher doses of PEG. Assuming that fecal osmolality at the
time of bowel movement is approximately the same as serum
osmolality (see final paragraph of Discussion), this means that
in osmotic diarrhea - 50-70% of fecal osmolality is made up
by the osmotic agent that causes the diarrhea, with the re-
maining 50-30% made up by other solutes, of eithef-dietary,
endogenous, or bacterial origin. Weanalyzed the fecal fluid for
electrolytes, ammonium, carbohydrate, and organic acid con-
centration, and when these solutes were considered, most or all
of the osmolality could be accounted for.

PEG-induced diarrhea was associated with very small en-
teric losses of sodium, potassium, and chloride. Even when
stool water output exceeded 1,200 g/d, the total daily fecal
excretion of these monovalent electrolytes was only a small
fraction of normal daily dietary intake. This is a tribute to the
efficiency with which the human intestine absorbs these ions,
in some cases against steep electrochemical gradients. Perhaps
most surprising is the small potassium loss during such severe
diarrhea. Because potassium movement in the human intes-
tine is mainly dependent on passive forces (24), we would have
expected the large intestinal flow rates created by osmotic diar-
rhea to have resulted in much larger potassium losses.

Increasingly severe PEG-induced diarrhea was associated
with a slight increase in fecal carbohydrate, fat, and organic
acid excretion in stool. Presumably this is because of shortened
transit time through the small bowel and colon and dilution,
causing a reduction in the absorption of fat and carbohydrate
in the small intestine and a reduction of organic acid absorp-
tion in the colon.

In lactulose-induced diarrhea, daily stool collections con-
tained an average of 1, 12, and 45 g of carbohydrate when the
subjects were ingesting 45, 95, and 125 g of lactulose/d. The
difference in these intake and output values must represent
bacterial metabolism, and this could have occurred both in
vivo in the colon and ex vivo during cold storage for 1 d before
the specimens were analyzed. However, in separate experi-
ments we showed that fecal carbohydrate concentration did
not change significantly during cold storage for up to 72 h; we
conclude that the difference between daily lactulose intake and
carbohydrate output is due to bacterial metabolism of lactu-
lose within the colonic lumen. Wecan therefore calculate that
44, 83, and 80 g of lactulose were metabolized in vivo by
colonic bacteria each day when our subjects ingested 45, 95,
and 125 g of lactulose/d. Under these conditions, the capacity
of colonic bacteria to metabolize lactulose to noncarbohydrate
moieties is - 80 g/d.

For every gram of carbohydrate metabolized by colonic
bacteria, 10.6 meqof organic acids are generated (25). Since 80
g of carbohydrate was metabolized when 125 g of lactulose was
ingested, - 848 meq of organic acids were presumably pro-
duced within the colonic lumen. Excess organic acid excretion
in feces (excretion during lactulose minus excretion during
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comparable PEG-induced diarrhea) was 103 meq/d with the
125 g lactulose load. Therefore, the colon must have absorbed

- 745 meq/d of the organic acids derived from lactulose; this
represents an absorption of 1192 kcal/d (25, 26). Similar
calculations reveal absorption of 113 and 21 1 kcal/d with the
45- and 95-g doses of lactulose.

Bacterial metabolism of unabsorbed lactulose theoretically
has three effects on stool weight by virtue of its influence on
colonic solute load. The first is an increase in solute load be-
cause 1 mol of disaccharide yields 3.7 mol of organic acids
(25). The second is an increase in solute load because the
ionized form of unabsorbed organic acids (- 30% are ionized
at pH 4.4) obligate retention of inorganic cations (Fig. 2 B);
these would contribute to the osmotic activity of colonic fluid.
The third effect is a decrease in solute load (10, 1 1) due to
absorption of organic acids by the colon (27). Weexamined
the net effect of these conflicting influences by comparing stool
water output after ingestion of lactulose and PEG. When45 g
of lactulose were ingested only 1 g of carbohydrate was ex-
creted in the stool, and stool water output rose modestly from
a control value of 1 10 to 202 g/d. By contrast, with a compara-
ble osmotic load of PEG, expected stool water output was

- 500 g/d. The diarrhea was thus markedly attenuated by
bacterial metabolism of lactulose and colonic absorption of
organic acids. The mild diarrhea that was observed after 45 g
lactulose was probably mainly due to unabsorbed organic
acids, since organic acid concentration and output were much
higher after 45 g lactulose than after the lowest dose of PEG;
unabsorbed carbohydrates may have also contributed to this
diarrhea, but probably not in a major way, since carbohydrate
concentration and output were only slightly higher than in
low-volume PEG-induced diarrhea (Tables I and III).

As lactulose doses > 45 g/d were ingested, fecal carbohy-
drate excretion rose progressively, and thereby contributed
more and more to the osmotic driving force for diarrhea. The
increasing output of organic acids with increasing doses of
lactulose (Table III) indicates that organic acids (and their ac-
companying cations, as explained above) are also a major force
for osmotic diarrhea when carbohydrate malabsorption is se-
vere. Decreasing organic acid concentration (as stool weight
increased due to higher lactulose doses) reflects the presence of
osmotically active carbohydrates, which hold water in the co-
lonic lumen and thereby dilute organic acids. Since - 80 g of
lactulose was metabolized after both the 95- and 125-g lactu-
lose doses, one would expect approximately the same amount
of organic acid to be produced within the colonic lumen. The
fact that organic acid output in stool was higher after the 1 25-g
dose (Table III) suggests that organic acid absorption was re-
duced with the higher lactulose dose; possible explanations
include dilution of the organic acid concentration (for reasons
mentioned above) and reduced contact time between luminal
contents and colonic mucosa due to more severe diarrhea.

The net result of these various factors is revealed in Fig. 1,
where the osmotic l6ads of PEGand lactulose are plotted
against stool water output. The dose response curve for lactu-
lose is shifted to the right by 160 mosmol/d, and diarrhea is
markedly attenuated up to a lactulose intake of 278 mosmol/d
(95 g/d). Above that dose, the capacity of colonic flora to
metabolize lactulose is saturated; unabsorbed carbohydrate
retains water in the colonic lumen, and this dilutes organic
acids and thereby retards their absorption; the excess unab-

sorbed organic acids exert an osmotic force themselves, and
they further obligate cations that have additional osmotic ac-
tivity. Because of these multiple effects, the increment in os-
motically active solutes within the colon exceeds the incre-
ment in the osmotic load that was ingested (as lactulose dose
was increased from 95 to 125 g/d), and the slope of the regres-
sion line becomes steeper than with PEG-induced diarrhea. If
still larger doses of lactulose were ingested, it is possible that
stool water output would be higher after lactulose than after
comparable osmotic loads of PEG.

Several remaining points deserve mention. First, stool pH
in lactulose-induced diarrhea was significantly lower than in
PEG-induced diarrhea. In all likelihood this is due to the pro-
duction of organic acids by bacterial metabolism. The fall in
stool pH due to organic acid production was mitigated by
colonic absorption of organic acids and presumably also by
colonic secretion of bicarbonate. Second, ammonium was the
only cation that had a lower fecal concentration in lactulose-
than in PEG-induced diarrhea. Decreased bacterial produc-
tion or increased bacterial utilization of ammonium, which
have been suggested to be caused by lactulose ingestion (28),
therefore must be substantial to overcome the tendency for
cations to accumulate in lactulose-induced diarrhea. Third, we
found no correlation between organic acid concentration and
the weight of individual bowel movements. This argues against
the concept that organic acids may cause rapid colonic empty-
ing due to an effect on colonic motility (29, 30). Fourth, our
results show that carbohydrate malabsorption can be asso-
ciated with highly variable stools, i.e., formed, mushy, or liq-
uid stools with normal to very high stool weight. One major
determinant of stool consistency and weight is the amount of
carbohydrate that is malabsorbed, but the substantial variation
among individual subjects when a given amount of lactulose
was ingested indicates that other factors are also important.
Varying capacities of colonic flora to metabolize carbohy-
drates and varying colonic absorption rates for organic acids
are two likely determining influences. Fifth, although 45 g/d of
lactulose in four divided doses caused only a small increase in
average daily stool weight, one would expect that malabsorp-
tion of this amount of carbohydrate would be associated with a
marked increase in flatus production (31). Finally, although
the osmolality of stool samples stored for 24 h in an ice chest is
significantly higher than serum osmolality (see Results for
most likely explanations), the osmolality of fecal fluid at the
time of defecation is close to that of serum. This is consistent
with the accepted view that the intestinal mucosa has no signif-
icant capacity to concentrate the luminal contents by virtue of
ion or solute transport, and also suggests that solutes generated
within the colon by bacterial metabolism are osmotically
equilibrated with plasma by virtue of water and solute move-
ment across the colonic mucosa.
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