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bility of the Normal Human Small Intestine to Absorb Fructose:
valuation by Breath Testing
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ackground & Aims: Fructose consumption is increas-
ng, and its malabsorption causes common gastrointestinal
ymptoms. Because its absorption capacity is poorly under-
tood, there is no standard method of assessing fructose
bsorption. We performed a dose-response study of fruc-
ose absorption in healthy subjects to develop a breath test
o distinguish normal from abnormal fructose absorption
apacity. Methods: In a double-blind study, 20 healthy
ubjects received 10% solutions of 15, 25, and 50 g of fruc-
ose and 33% solution of 50-g fructose on 4 separate days at
eekly intervals. Breath samples were assessed for hydro-
en (H2) and methane (CH4) during a period of 5 hours,
nd symptoms were recorded. Results: No subject tested
ositive with 15 g. Two (10%) tested positive with 25 g
ructose but were asymptomatic. Sixteen (80%) tested pos-
tive with 50 g (10% solution), and 11 (55%) had symptoms.
reath H2 was elevated in 13 (65%), CH4 in 1 (5%), and both

n 2 (10%). Twelve (60%) tested positive with 50 g (33%
olution), and 9 (45%) experienced symptoms. The area
nder the curve for H2 and CH4 was higher (P < .01) with
0 g compared with lower doses. There were no gender
ifferences. Conclusions: Healthy subjects have the ca-
acity to absorb up to 25 g fructose, whereas many exhibit
alabsorption and intolerance with 50 g fructose. Hence,
e recommend 25 g as the dose for testing subjects with

uspected fructose malabsorption. Breath samples mea-
ured for H2 and CH4 concentration at 30-minute intervals
nd for 3 hours will detect most subjects with fructose
alabsorption.

uring the last decade, sucrose consumption has increased
by at least 25 lb/y.1 The source of sweetener has also

hanged from cane sugar (as sucrose, a disaccharide of glucose
nd fructose) to corn sweetener (primarily equal molar quanti-
ies of the monosaccharides sucrose and fructose). Thus the
verage consumption of fructose as a monosaccharide has in-
reased dramatically.

Fructose is a 6-carbon sugar that occurs naturally in fruits
uch as apples, peaches, and prunes, and honey contains as

uch as 35 g/100 g edible portion.2 It is also produced enzy-
atically from corn as high fructose corn syrup, and this form

f fructose is commonly used in many food sweeteners, soft
rinks, diabetic and diet foods.1,3 Dietary fructose might be

ngested as a monosaccharide (eg, high fructose corn syrup) or
s a disaccharide (sucrose, eg, table sugar). Sucrose is split by
ucrase to produce equal amounts of glucose and fructose and

n this form is usually completely absorbed.
Fructose is mostly absorbed in the small intestine through
lucose transporter–5 transporter-mediated facilitative diffu-
ion. This is an energy-independent process, and consequently
ts absorptive capacity is carrier limited.4 Glucose promotes
ntestinal fructose absorption by solvent drag and passive dif-
usion.2,5 However, excessive dietary intake of fructose as a

onosaccharide can easily overwhelm the absorptive capacity
f the small intestine, leading to incomplete absorption of
ructose (fructose malabsorption). The unabsorbed fructose can
erve as an osmotic load and is thereby rapidly propelled into
he colon, where its contact with anaerobic flora causes fermen-
ation and production of gas, bloating, and diarrhea6 (dietary
ructose intolerance).

Breath hydrogen (H2) tests have been advocated for the
ssessment of dietary fructose malabsorption.5,7,8 In a previous
tudy of patients with unexplained gastrointestinal symptoms,
34 of 183 (73%) patients had a positive fructose breath test,

ndicating fructose malabsorption. We found that 39% of pa-
ients exhibited fructose malabsorption when tested with a dose
f 25 g and 66% with a dose of 50 g of fructose at 10%
oncentration,6 suggesting that fructose malabsorption might
e dose-related and confirming previous observations.5,7,8 Fur-
hermore, a higher concentration of fructose was associated
ith a higher incidence of malabsorption.8 Hence, not only the
ose but also the concentration of fructose might affect its
bsorption. In addition, 101 of 134 (75%) of patients with a
ositive breath test result had their predominant symptom(s)
eproduced during the breath test, suggesting dietary fructose
ntolerance.6

A recent study of irritable bowel syndrome subjects with
ructose intolerance and a positive breath test result showed
hat dietary restriction of fructose improved symptoms.9 This
bservation was confirmed by 2 other recent studies.10,11 These
tudies suggest that the recognition of dietary fructose intoler-
nce might be clinically useful. However, the appropriate dos-
ge and concentration of fructose that should be used in clin-
cal practice to distinguish a normal from an abnormal capacity
o absorb dietary fructose are not clearly known.12

Here we tested the following hypotheses: (1) 15-g and 25-g
oses of fructose are more completely absorbed than a 50-g
ose of fructose, and (2) 10% fructose solution (lower osmolar-

ty) is more completely absorbed than a 33% fructose solution

Abbreviations used in this paper: CH4, methane; H2, hydrogen; ppm,
arts per million.

© 2007 by the AGA Institute
1542-3565/07/$32.00
doi:10.1016/j.cgh.2007.04.008
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higher osmolarity). To test these hypotheses, we performed a
andomized, double-blind, dose-response study of 3 different
oses and 2 different concentrations of fructose and assessed its
bsorption and tolerance in healthy subjects.

Methods
Healthy volunteers with no previous history of gastro-

ntestinal disorders or surgeries, antibiotic use (within 3
onths), and who were not taking any medications (except oral

ontraceptive pills or multivitamins) were recruited through a
ospital advertisement. They were asked to fill out a health
ymptom questionnaire and undergo a routine physical exam-
nation. Only subjects who were asymptomatic fulfilled the
forementioned inclusion criteria, and had a normal physical
xamination were eligible to participate.

Study Protocol
The study required 4 visits to the motility laboratory at

eekly intervals. Subjects were asked to complete a bowel symp-
om questionnaire in which they recorded their baseline symp-
oms. One day before each visit, subjects were asked to consume
lactose-free and fructose-restricted diet to avoid high baseline

alues of breath H2 or methane (CH4) from the presence of
nabsorbed carbohydrates. No food or drink was allowed for at

east 8 hours before the study. Subjects were asked to brush
heir teeth before the test and to refrain from smoking, drink-
ng, sleeping, or exercising during the study.

At each visit, a baseline breath sample was obtained. There-
fter, in a random order on 4 separate days, 1 of the following
solutions was administered to each subject: 15 g of fructose

issolved in 150 mL of water (10% solution), 25 g of fructose in
50 mL of water (10% solution), 50 g of fructose in 500 mL of
ater (10% solution), or 50 g of fructose in 125 mL of water

33% solution). The drink was served at room temperature
approximately 70°F) in a 600-mL opaque coffee mug to cam-
uflage the volume of each solution, and the subjects were
sked to drink each solution within 10 minutes. The subject,
he research assistant who administered the drink, and
he individual who collected and analyzed the breath samples
ere each blinded to the type of solution. Next, breath samples
ere collected at 30-minute intervals for 4 – 6 hours. End expi-

atory breath samples were collected in a modified (Haldane-
riestley) bag (QuinTron, Milwaukee, WI). A 20-mL sample of
ir was withdrawn from the bag and injected into a gas chro-
atography analyzer (QuinTorn Microlyzer Self Correcting
odel SC; QuinTron) for detection of H2 and CH4. Correction

actors were used to correct for CO2 and dead space by using
ndustry standards. If there was an increase in breath H2 or CH4,
amples were collected until the values returned to baseline or
hours had elapsed. During the study if the subject experienced

ny symptoms (abdominal pain, cramping, belching, bloating,
ullness, nausea, diarrhea, vomiting, and flatulence) after inges-
ion of fructose, its severity was documented on a visual ana-
ogue scale.

Measurements and Analysis
The breath samples were analyzed for H2 and CH4

oncentration. Fructose malabsorption was defined as a sus-

ained increase of �20 parts per million (ppm) of H2 or CH4 or (
oth over the baseline value or a successive incremental increase
f at least 5 ppm over the basal value that was sustained over 3
onsecutive breath samples. For example, if a basal breath test
ample showed a H2 concentration of 4 ppm and samples
btained at 2, 21⁄2, and 3 hours were 11, 16, and 22 ppm, then
he test was designated as an abnormal breath test. By plotting
he breath H2 or CH4 values over time, we assessed the profiles
or the area under the curve of breath H2 or CH4 for each
ubject and for each concentration of fructose. The area under
he curve was not used to define a positive test result but was
sed to provide a semiquantitative assessment of the overall
olume of gas produced and an index of fructose malabsorp-
ion. We modified our definition of a positive fructose breath
est result from previously published definitions6 to decrease
he false-positive rate. Repeated-measures analysis of variance
as used to compare the area under the curve data for each

oncentration. The onset time was defined as the interval be-
ween ingestion of fructose and the onset of a sustained in-
rease in breath H2 or CH4. The peak time was defined as the
ime interval between the ingestion of fructose and the occur-
ence of peak values of H2 or CH4. A dose-response curve was
lotted for each subject to assess their ability to absorb fructose.

Results
Twenty subjects (male/female, 10/10; mean age, 31

ears; range, 19 to 70 years) participated in the study.

Dose-Related Fructose Absorption
Fifteen-gram dose. All 20 subjects were able to ab-

orb 15 g of fructose without significant elevation of breath H2

r CH4 (Figure 1A). None of the subjects reported any
ymptoms.

Twenty-five–gram dose. Eighteen subjects were able
o absorb 25 g of fructose, whereas 2 subjects (10%) had a positive
reath test result (Table 1). The peak H2 concentration in these
subjects was 26 and 106 ppm, respectively. However, neither

ubject reported any symptoms. Thus, it appears that most
ubjects can absorb and tolerate this dose of fructose. The
verall area under the curve of breath H2 and CH4 profile was
ignificantly higher (P � .05) than that obtained with the 15-g
ose of fructose (Figure 2). A subanalysis after excluding the 2
ubjects with a positive test result showed that there was no
ignificant difference between the 2 groups (P � .05). None of
he subjects with a negative breath test result reported symp-
oms during the test.

Fifty-gram dose (10% w/v). Four subjects were able
o absorb 50 g of fructose, whereas 16 subjects (80%) exhibited
positive breath test result (Table 1). The mean area under the

urve of breath H2 and CH4 profile was significantly higher (P �
006) than that obtained with either the 15-g or 25-g dose of
ructose, but it was not different to that of the 33% fructose
olution (Figure 2). Also, 69% of subjects with a positive breath
est result reported symptoms during the test: gas (30%), belch-
ng (15%), abdominal pain (15%), diarrhea (15%), and bloating
10%). In addition, 25% of subjects with a negative breath test
esult also reported similar symptoms (Table 1).

Fifty-gram dose (33% w/v). Eight subjects (40%)
ere able to absorb 50 g of fructose at this higher concentra-

ion, whereas 12 subjects (60%) had a positive breath test result

Table 1). The mean area under the curve of breath H2 and CH4
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August 2007 FRUCTOSE ABSORPTION IN HEALTH 961
rofile was significantly higher (P � .05) when compared with
hat after ingestion of either 15 g or 25 g fructose. Seventy-five
ercent of subjects with a positive test result experienced symp-
oms during the test: gas (30%), bloating (15%), belching (15%),
bdominal pain (10%), headache (10%), and diarrhea (5%). Also,
5% of subjects with a negative breath test result reported
ymptoms.

Characteristics of Breath Hydrogen and
Methane Responses
Six subjects (30%) had methanogenic flora,13 of which 4

ubjects exhibited fructose malabsorption. After fructose mal-
bsorption, an increase in breath H2 or CH4 always occurred
ithin 3 hours. For a positive breath test result, the onset time

or an increase in breath H2 or CH4 ranged between 30 –54
inutes (Table 1). The time interval between the ingestion of

ructose and a peak H2 or CH4 concentration ranged between
4 –90 minutes (Table 1). Both the onset time and the time for
eaching peak concentration were not significantly (P � .05)
ifferent between the 4 doses, although there was a trend
oward a faster onset and a higher peak for the higher doses and
or the 33% concentration (Table 1). The mean baseline H2

igure 1. Individual profiles of H2 concentra-
ion (ppm) in expired air after ingestion of dif-
erent fructose loads. (A) 15 g fructose in 150

L water (10% solution); (B) 25 g fructose in
50 mL water (10% solution); (C) 50 g fructose

n 500 mL water (10% solution); (D) 50 g fruc-
ose in 150 mL water (33% solution).

able 1. Characteristics of the Breath H2 and CH4 Profiles an

Fructose

of subjects with a positive breath test result H2 only
CH4 only
Both

of subjects with symptoms during the test Positive test
Negative tes

nset time (min)a

eak time (min)a

/A, not applicable.

Mean � standard error of the mean.
alues were similar across study days: 3.4, 3.8, 4.5, and 4 ppm,
espectively, for the 15-g, 25-g, 50-g (10%), and 50-g (33%) doses.
he mean baseline CH4 values were also similar: 4.5, 3.9, 4.9,
nd 5.3 ppm, respectively.

There was no difference (P � .05) between male and female
ubjects in either the incidence of fructose malabsorption or the
revalence of symptoms during the test. For example, after a
0-g (10%) dose, 9 of 10 (90%) men and 7 of 10 (70%) women
ad a positive breath test result (P � .05), and 6 of 10 (60%)
en and 5 of 10 (50%) women reported symptoms during the

reath test.

Adverse Effects
Two subjects developed significant bloating, discom-

ort, and pain with a 50-g dose that subsided after a few hours.
everal others experienced transient symptoms as summarized
bove.

Discussion
The capacity of the human small intestine to absorb

ructose is unclear. Some studies have suggested that healthy

mptoms After Ingestion of Fructose

15 g 25 g 50 g (10%) 50 g (33%)

0 10 65 50
0 0 5 0
0 0 10 10
0 0 69 75
0 0 25 25

N/A 30 � 0 54 � 31 45 � 15
N/A 90 � 0 81 � 45 74 � 27
d Sy

t
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umans malabsorb fructose at doses as low as 5 g,5 although
thers have found malabsorption at doses of 37.5 g or higher.8

onsequently, the assessment of dietary fructose malabsorption
as remained problematic.2 Our objectives were to examine

ructose absorption in healthy subjects and to facilitate the
evelopment of a breath test that can be used in patients with
uspected dietary fructose malabsorption to distinguish a nor-

al from an abnormal capacity to absorb dietary fructose.
We found that our healthy subjects were able to completely

bsorb a 15-g dose of fructose. This finding differs from that of
umessen and Gudmand-Hoyer,14 who reported that 1 subject

10%) malabsorbed after ingestion of either 5 or 10 g of fruc-
ose, and 4 subjects (40%) malabsorbed after receiving a 20-g
ose. Unlike their study, we used strict criteria for selecting our
ealthy subjects and restricted their dietary intake of carbohy-
rate on the day before the study to prevent high basal values
f H2 or CH4 that could influence test interpretation. Second,
e performed a randomized, double-blind study at weekly in-

ervals in equal number of men and women and measured both
2 and CH4, whereas the previous study was single-blinded and
ot always randomized, the studies were repeated after 2 days,
nd there was male predominance. Third, the observation that
ealthy subjects malabsorb doses of fructose as low as 5–15 g
ost likely stems from repeated studies in a single subject who,

lthough healthy, might have unrecognized fructose malab-
orption.

After ingestion of 25 g fructose, 2 of our subjects exhibited
vidence for fructose malabsorption. In one subject there was a
ignificant increase in breath hydrogen with a peak H2 concen-
ration of 106 ppm. The second subject exhibited a modest
ncrease with a peak H2 concentration of 26 ppm. However,
oth subjects were asymptomatic. These findings are consistent
ith those of others who found either no malabsorption8 or
9% malabsorption with a 25-g dose.7 Also, similar to our study,
one of the subjects in these previous studies were symptom-
tic.

In contrast, when a 50-g dose of fructose was administered,
he majority of subjects exhibited malabsorption. In these sub-
ects there was significant elevation of breath H2 or CH4 con-
entration. Furthermore, approximately 50% of subjects re-
orted mild to moderate belching, bloating, or diarrhea. These
bservations emphasize that a 50-g dose is inappropriate and
nphysiologic for the evaluation of subjects with suspected

igure 2. H2 and CH4 concentration (area under the curve in mm3)
fter ingestion of different doses of fructose (mean � standard error of
he mean).
ructose malabsorption. p
Thus, although the absorption capacity is variable in healthy
ubjects, a dose of 25-g fructose might represent a critical
hreshold for bolus ingestion of this sugar, above which signif-
cant malabsorption can occur. This finding supports our hy-
othesis. Interestingly, about 31% of subjects who received the
0-g dose of fructose at a concentration of 33% and 25% of
ubjects who received the 10% concentration did not report any
ymptoms, despite the evidence for malabsorption. Thus, the
reath test appears to be quite sensitive for detecting fructose
alabsorption and by itself might overestimate the true prev-

lence of dietary fructose intolerance. Hence, an assessment of
ymptoms both during and immediately after the test together
ith a positive breath test result provides the best evidence for
diagnosis of dietary fructose intolerance. Likewise, symptoms

lone after ingestion of fructose might not accurately predict
ructose malabsorption, because 10%–20% of healthy subjects
xperienced mild gastrointestinal symptoms without any evi-
ence for fructose malabsorption. Also, subjects who have a
ormal fructose breath with a 25-g dose might still have
ietary fructose intolerance if they ingest a higher amount
�25 g) of fructose in their diet. This limitation of the breath
est should be considered in the evaluation of these patients.

prospectively maintained food diary along with dietary
onsultation can be very useful in the clinical evaluation of
hese patients.

Approximately 30% of our study population had methano-
enic flora, and 4 subjects had elevated CH4 levels after inges-
ion of fructose. In 2 subjects (10%), there was an exclusive
ncrease of CH4 only, suggesting that any hydrogen produced
as shunted into the methanogenic pathway.13 Thus, when

ompared with another study,8 the higher yield of a positive
reath test in our study might in part be due to the assessment
f CH4 production. Consequently, an assessment of both will
acilitate a more accurate detection of fructose malabsorption
nd reduce the incidence of false-negative test results.

A previous study reported that fructose malabsorption in-
reased from 37.5% to 71.4% when the concentration of in-
ested fructose increased from 10% to 20%.8 However, at a
imilar dose (50 g) and at a higher concentration of fructose
33% solution), we were unable to identify a concentration-
ependent malabsorption of fructose, which negated our hy-
othesis. Thus, our study suggests that fructose malabsorption

s more likely to depend on the amount of fructose consumed
ather than the concentration of fructose. It is also possible that
he healthy upper gut is capable of handling the higher osmotic
oncentration, or that fructose absorption is independent of its
oncentration gradient in the lumen.15

We collected breath samples for a total duration of 5 hours.
eviewing the profiles for the area under the curve, it became
pparent that the increase in H2 or CH4 typically occurred
ithin 60 minutes, and the mean time for reaching a peak H2

r CH4 concentration was 77 minutes (range, 30 –180 minutes).
ence, an abnormal breath test result was usually apparent
ithin 180 minutes. Consequently, by analyzing breath samples

hat are obtained for a total duration of 3 hours and at 30-
inute intervals, it should be possible to detect most subjects
ith fructose malabsorption.

One other possibility for an abnormal fructose breath test
esult is small bowel bacterial overgrowth. This is unlikely
ecause we examined asymptomatic healthy individuals. Also, a

revious study showed that after ingestion of fructose along
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August 2007 FRUCTOSE ABSORPTION IN HEALTH 963
ith a radioisotope meal, both symptoms and an increase in
reath H2 always coincided with the arrival of isotope in the
ecum.16 Thus, in our study, a positive breath test result most
ikely resulted from fructose malabsorption.

Our study confirms previous observations that the incidence
f gastrointestinal symptoms after ingestion of fructose is quite
ariable in healthy subjects.5– 8 Thus, symptoms or a breath test
lone is unlikely to accurately detect dietary fructose malab-
orption. However, the genesis of symptoms and the threshold
or reporting symptoms might vary across individuals and can
epend on various factors including health status, patient ex-
ectation, genetic predisposition, environmental factors, indi-
idual variation in sensory thresholds, the rate of gas produc-
ion, the shunting of gas into alternate pathways, as well as its
bsorption, consumption, and transport.10,14,17–20

In summary, our study revealed that healthy subjects com-
letely absorbed a dose of 15 g fructose. About 10% of subjects
alabsorbed a dose of 25 g, but they were asymptomatic.
herefore, 25-g fructose can distinguish a normal from an
bnormal capacity to absorb fructose, and a positive breath test
esult with this dose suggests an abnormally low capacity to
bsorb dietary fructose. Thus, 25 g of fructose is the appropri-
te dose for testing subjects with suspected dietary fructose
alabsorption. Breath samples obtained at 30-minute intervals

nd for a duration of 3 hours and analyzed for both H2 and
H4 concentration will detect most individuals with dietary

ructose malabsorption.
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