






















CONGENITAL SUCRASE-ISOMALTASE DEFICIENCY 7 

Incidence 

Congenital sucrase-isomaltase deficiency (CSID) 
is considered a rare autosomal recessively inherited 
disease, but it is likely that the prevalence has been 
underestimated (Table 4). Given the wide pheno­
typic variation and the probability that a variety of 
genetic mutations cause CSID of varying severity, 
it is likely that numerous patients suffering from 
chronic diarrhea remain undiagnosed. Previous 
studies have attempted to ascertain the number of 
heterozygote carriers in the general population 
based on measurements of sucrase enzyme activity 
in small-intestinal biopsy specimens. Heterozy­
gotes are defined as those with a level of sucrase 
activity below the lower limit for the normal popu­
lation, with ratios of sucrase:lactase activity of 
< 0.9 and with normal small-bowel morphology. Us­
ing these criteria, Peterson and Herber estimated 
the incidence of heterozygotes to be 8.9% of the 
general population in the United States (52). Welsh 
et al. found a much lower incidence of - 2% het­
erozygotes in the Caucasian population (one in 2500 
homozygotes according to the Hardy-Weinberg 
equation) and no case that satisfied these criteria 
among 53 African Americans tested (53). In Den­
mark, only one case of CSID was uncovered in over 
2000 patients biopsied because of abdominal pain 
and diarrhea (54). The incidence appears to be 
much higher in Greenland, Alaskan, and Canadian 
Eskimos (54-56). In Greenlanders with diarrhea, 
the incidence of sucrose malabsorption is 10.5% 
(47). In the general population of Greenland, - 5% 
of those tested showed very low sucrase activity in 
small-bowel biopsies, and 12.5% had activity below 
the lower limit of the control population (2). 

Numerous cases have been described of CSID 
among siblings and parents. Kerry and Townley bi­
opsied parents of four children with CSID and 
found most of them to have sucrase activities below 
the lowest values in a control group. Seven of the 
eight parents had a sucrase:lactase ratio below 0.8 
(57). From these data, it seems reasonable to as-

TABLE 4. Prevalence of CSID in various populations 

Group 

Greenland Eskimos 
Native Alaskans 
Canadian native peoples 
Danes 
North Americans 

Data compiled from references (2), (52-57). 

Percentage 

2- 10% 
3.0% 

3.6--7.1% 
< 0.1 % 
.;;0.2% 

sume that CSID is transmitted via autosomal reces­
sive inheritance. 

The previous data on heterozygotes suggests that 
CSID may be more prevalent than previously be­
lieved. A small number of patients with intermittent 
or persistent diarrhea have been diagnosed in adult 
life (2,58). Because they have no family history and 
no history of growth failure or malabsorption, these 
patients have been assumed to suffer from irritable 
bowel syndrome. 

Pathogenesis 

Malabsorption of dietary disaccharides and 
starch in the proximal small intestine gives rise to 
an osmotic load that stimulates peristalsis in the 
ileum and colon. In response to the osmotic pres­
sure difference between blood and lumen, water 
flows into the permeable jejunum and sodium 
moves into the lumen down its concentration gra­
dient. The end-result is a large volume of intralumi­
nal isotonic fluid with a normal sodium concentra­
tion held within the lumen because of the osmotic 
pressure generated by the malabsorbed carbohy­
drate solute. When the capacity of colonic bacteria 
to ferment malabsorbed carbohydrate and the abil­
ity of the colonocyte to absorb f1uid and the result­
ing short-chain fatty acids is overwhelmed, diarrhea 
ensues. 

Unabsorbed carbohydrates present in the distal 
small intestine have effects on distant gastrointesti­
nal functions and the absorption of other nutrients 
as well (59). They inhibit gastric emptying and ac­
celerate small-intestinal transit because of a de­
crease in water and sodium absorption. Accelerated 
duodenal and small-bowel transit may also contrib­
ute to the malabsorption of starch, fat, or even 
monosaccharides. Malabsorption of oligo- and 
monosaccharides may lead to disruption of the nor­
mal postprandial surge of hormones such as insulin, 
C-peptide, and gastric inhibitory peptide (60). 

CSID is not invariably associated with severe di­
arrhea. Whether sugar or starch malabsorption pro­
duces symptoms depends not only on the residual 
enzyme activity, but also on additional factors such 
as the quantity of ingested carbohydrate, the rate of 
gastric emptying, the effect on small-bowel transit, 
the metabolic activity of colonic bacteria, and the 
absorptive capacity of the colon. For many of these 
parameters, the infant is at a disadvantage com­
pared to the adult; this undoubtedly contributes to 
the increased severity of symptoms seen in many 
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infants with CSID. In infants, the length of the small 
intestine is shorter and the reserve capacity of the 
colon to absorb excess luminal fluid is reduced 
compared to ad ults. Some infants may be consum­
ing a high-carbohydrate diet in the form of juices, 
baby food fruits and vegetables, and cereals. In 
young infants with carbohydrate malabsorption , 
small-intestinal and colonic transit is likely to be 
more rapid, allowing less time for alternative paths 
of carbohydrate digestion , including the salvage of 
malabsorbed carbohydrate by colonic bacterial fer­
mentation. 

Compensatory mechanisms for starch digestion 
limit the diarrheagenic effects of starch malabsorp­
tion in patients with CSID. Isomaltase activity is 
often low but not necessarily absent in these pa­
tients . Most starch consumed by young patients has 
a low content of a-1-6 glucosyl bonds , and the re­
sidual isomaltase may be sufficient to hydrolyze 
these linkages . Glucoamylase activity is normal or 
increased and is still sufficient to ensure the ade­
quate digestion of the a-l :4 bonds of amylopectin. 
In addition, the capacity of colonic bacteria to fer­
ment starch is usually well developed in infants by 
6 months of age (61 ,62). 

Clinical Presentation 

The clinical presentation of CSID is variable; in 
part, it depends on the introduction of sucrose into 
the diet. Breast-fed babies or infants consuming lac­
tose-containing formulas will not manifest symp­
toms until they ingest juices, solid food s, or medi­
cations sweetened by sucrose . Baby cereals usually 
cause less severe symptoms because of the com­
pensatory mechanisms for starch digestion. 

Table 5 summarizes the presenting symptoms in 
23 patients with CSID. There is an even sex distri­
bution but an overwhelming predilection for Cauca­
sians to be affected, with only one Hispanic patient 

TABLE 5. Presenting symptoms in 23 patients 
with CSID 

Symptoms 

Chronic diarrhea a nd 
failure to thrive 

Chronic diarrhea with 
normal growth 

Irritable bowel 
syndrome , abdominal pain 

Frequency 

7/23 

9/23 

7/23 
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Mean age 
at diagnosis 

(yr) 

2.0 ± 1.1 

5.6 ± 3.5 

15.4 ± 7.3 

and no African Americans diagnosed. In only two 
instances is there a family history , with two affected 
sisters and a father and son among the group stud­
ied. Chronic watery diarrhea and failure to thrive 
are common findings in infants and toddlers (63). 
Other nonspecific findings in this age group include 
abdominal distention , gassiness, colic, irritability , 
excoriated buttocks, diaper rash, and (at times) 
vomiting. Half the patients were diagnosed after the 
age of 5 years with long histories of chronic diarrhea 
and abdominal pain. 

A minority of severely affected patients require 
hospitalization for diarrhea and dehydration, mal­
nutrition, muscle wasting, and weakness (64). Of­
ten, the correct diagnosis is delayed while other 
causes of severe chronic diarrhea are entertained 
(65) . These infants may be presumed to have cow's 
milk or soy protein allergy and often are subject to 
multiple formula changes. An improvement in 
symptoms while ingesting a casein-hydrolysate for­
mula may be interpreted as support for this mis­
taken diagnosis when in truth it reflects the switch 
in carbohydrate to glucose polymers, which are 
more dependent on glucoamylase activity for in­
traluminal digestion. Other diagnoses often consid­
ered are cystic fibrosis, celiac disease, severe viral 
gastroenteritis, or other causes of intractable diar­
rhea. Support for these possibilities may come from 
the mild steatorrhea documented in some patients 
(2). This finding is thought to be due to rapid intes­
tinal transit or chronic malnutrition with partial vil­
lus atrophy. Transient hypoglycemia, acidosis, de­
hydration , and lethargy may lead to consideration 
of inborn errors of metabolism. 

A delay in the diagnosis may also be related to 
empiric institution of a low-sucrose diet by the par­
ents . Some children attain relatively normal growth 
and manifest chronic symptoms of intermittent di­
arrhea, bloating, and abdominal cramps (Table 5). 
As toddlers, they may be considered to have 
chronic, nonspecific diarrhea of childhood (66) and 
are often not diagnosed until the age of 5 years. In 
older children, symptoms of crampy abdominal 
pain, gas, and intermittent diarrhea suggest irritable 
bowel syndrome. Institution of a diet for these con­
ditions including the avoidance of fruit juices, soft 
drinks, and fructose- and sorbitol-containing bever­
ages and fruits may actually ameliorate symptoms 
by simultaneously reducing the sucrose load in the 
diet. 

In some societies, dietary habits may mask symp­
toms. Up until recently, Greenland Eskimos con-
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Clinical Aspects and Treatment of
Congenital Sucrase-

Isomaltase Deficiency

William R. Treem

C ongenital sucrase-isomaltase deficiency (CSID) was first
described by Weijers and colleagues in 1960 and has sub-

sequently been defined as an inherited deficiency in the ability to

hydrolyze sucrose, maltose, short 1–4 linked glucose oligomers,
branched (1–6 linked) a-limit dextrins, and starch (1). Exposure to
these nutrients provokes osmotic diarrhea with pain, bloating, and
abdominal distention; rapid small bowel transit and malabsorption
of other nutrients; excessive bacterial fermentation of malabsorbed
carbohydrate with colonic gas production and acidification of the
stools; and at times, chronic malnutrition and failure to thrive (2).
After the sucrase-isomaltase (SI) gene was identified on chromo-
some 3 (3q25–26) and was cloned in 1992 by Chantret and
colleagues, more than 25 mutations in the gene responsible for
the synthesis of SI have been discovered (3–6). These mutations
result in a variety of defects in the folding of the synthesized
propeptide chain; the initial high mannose and then complex
glycosylation; the sequential export from the endoplasmic reticu-
lum to the Golgi apparatus, and eventually to the apical membrane;
the anchoring of the N-terminal aspect of the isomaltase subunit in
the enterocyte microvillus membrane; and the normal architecture
of the sucrase and isomaltase catalytic sites, which are independent
of each other and can be affected separately, leading to isolated
deficiencies (5,6). The intracellular phenotypic heterogeneity is
reflected in a range of enzymatic capability ranging from comple-
tely absent sucrase activity to low but present residual activity and
from completely absent isomaltase activity to normal activity.
Because SI is responsible for approximately 60% to 80% of the
maltase activity in the brush border of the enterocyte, maltase
activity is also significantly reduced in almost all cases.

In addition to the degree of enzyme deficiency, the appear-
ance of overt clinical manifestations of CSID is partially determined
by the amount of sugar and starch being consumed. Approximately
60% of the total calories consumed in the average diet in the United
States originate from carbohydrates, with 30% of carbohydrate
calories deriving from sucrose (7). The typical adult consumes
about 150 lb of sugar per year and 65 lb of sucrose. The influence of
the dietary consumption of sucrose is best illustrated by the natural
history of CSID in Greenland, where approximately 5% to 10% of
Greenland Eskimos are affected (8). Before the introduction of a
Western diet in the middle part of the last century provoked by the
settlement of Greenland by northern Europeans from Denmark and
other European countries, CSID was unknown among the indigenous
population, who consumed a fish-and-marine mammal–based diet,
relatively high in fat and protein and low in carbohydrates and
sucrose. A marked increase in diarrhea and other gastrointestinal
symptoms in the indigenous population led to studies in the 1970s that
delineated the prevalence of CSID. The early introduction of sucrose
and starch in the form of baby juices, baby food fruits and certain
vegetables, and sucrose- and maltodextrin-containing infant formulas
also plays a role in the timing of clinical manifestations of CSID.

Other hormonal and dietary factors and micronutrients also
influence small intestinal sucrase activity. Unlike lactase activity

From the Established Products Division, Johnson and Johnson Pharma-
ceutical Research and Development, Titusville, New Jersey.

Address correspondence and reprint requests to Dr William R. Treem,
Clinical Leader, Established Products Division, Johnson and Johnson
Pharmaceutical Research and Development, 1125 Trenton-Harbourton
Rd, Titusville, NJ 08560 (e-mail: wtreem@its.jnj.com).

W.R.T. received support from the Food and Drug Administration via an
Orphan Drug Grant (FD-R-00854-01) for studies referred to in refer-
ences 40 and 41, and from Quality of Life Medical Inc for studies
summarized in reference 20. He is a paid consultant for Quality of Life
Medical Inc.

The author reports no conflicts of interest.
Copyright # 2012 by European Society for Pediatric Gastroenterology,

Hepatology, and Nutrition and North American Society for Pediatric
Gastroenterology, Hepatology, and Nutrition

DOI: 10.1097/01.mpg.0000421401.57633.90

JPGN � Volume 55, Supplement 2, November 2012 8th Starch Digestion Consortium Workshop

www.jpgn.org S7

mailto:chumpita@bcm.edu
http://dx.doi.org/10.1097/01.mpg.0000421409.65257.fc


that is unresponsive to lactose consumption, sucrase activity is
inducible by a high-sucrose, high-carbohydrate diet and reduced by
a high-protein, low-carbohydrate diet (9). Both thyroxine and
corticosteroids induce the expression of SI on the brush border
of the enterocyte (10). In animal models, dietary-induced iron
deficiency results in decreased small-bowel disaccharidase activity,
with lactase affected more than SI (11). This appears to be the result
of decreased gene expression caused by overexpression of PDX-1, a
repressor of the lactase and sucrase promoter regions. PDX-1
overexpression can be reversed with restoration of a normal
iron-containing diet and replenishment of iron stores. Naturally
occurring phytochemicals in the diet (eg, cinnamon extract, onions,
garlic, certain spices, mushrooms, chamomile tea) can act as
inhibitors of amylase and intestinal a-glucosidases, thus influen-
cing luminal sucrase activity (12). In patients with CSID and
mutations allowing some residual SI activity, these hormonal
and dietary factors may influence the onset and severity of symp-
toms.

PREVALENCE OF CSID
The actual prevalence of CSID is still a matter of debate.

Substantial progress in cloning disease-causing mutations has
opened the possibility of conducting large-scale population-based
screening. In a recent study by Scott and colleagues, all 48 exons of
the 100-kb SI gene on chromosome 3 were sequenced in 31 biopsy-
proven patients with CSID and 55 different mutations were ident-
ified, with at least 1 of the 4 most common mutations found on
32 (59%) of the affected alleles (4). If one assumes the Hardy-
Weinberg equilibrium for mutations in the population, then there is
an 83% probability that an individual with severe clinical mani-
festations of CSID will have at least 1 of these 4 mutations. The
results of this study raise the possibility in the near future of a
genetic screening test both for population prevalence studies and to
aid in the diagnosis of new cases. With the availability of DNA
harvesting from buccal mucosa, the feasibility of genetic testing in
young infants and children increases substantially. Studies are in
progress to determine whether genetic testing also can be done on
intestinal epithelial biopsy specimens opening the possibility of
simultaneously determining disaccharidase levels and genetic
mutations for CSID.

Clinical studies of relatively homogenous selected popu-
lations have yielded high rates of CSID, ranging from 5% to
10% in Greenland Eskimos, 3% to 7% in Canadian native peoples,
and about 3% in Alaskans of native ancestry (13,14); however,
estimates of the prevalence of CSID in other North American and
European populations generally range from 1 in 500 to 1 in 2000
among non-Hispanic whites, with a lower prevalence in African
Americans and whites of Hispanic descent. These studies evolved
from older studies of intestinal disaccharidase levels in adult
patients undergoing endoscopy for gastrointestinal symptoms
(15,16). The estimates have shown low levels of sucrase activity
>1 standard deviation (SD) below the mean in mucosal biopsy
specimens from 2% to 9% of patients, even in the absence of overt
mucosal injury. If one assumes that some of these patients represent
heterozygotes for CSID, then the prevalence quoted above seems
plausible; however, the diagnosis of CSID is rarely made even in
infants and young children, suggesting the possibility that the
phenotype of CSID may be much broader and more variable than
previously thought and that a large proportion of affected adult and
pediatric patients are not being tested and diagnosed.

This hypothesis receives support from the analysis of
recently released whole exome sequence data (Exome Variant
Server, http://evs.gs.washington.edu/EVS). Belmont and colleagues
at the Children’s Nutrition Research Center at the Baylor College of

Medicine reviewed the SI gene sequence data in a population of
approximately 3500 North American white adults ascertained as
controls or with atherosclerosis and no known bias for gastroin-
testinal disease. These data showed 271 rare missense variants with
an aggregate allelic frequency of 0.03864. Based on this allele
frequency, and assuming that the alleles segregate independently,
Hardy-Weinberg proportions were used to estimate the frequency
of homozygotes and compound heterozygotes for rare alleles.
Although it is not known whether all of these variants result in
decreased enzyme activity, the large number of variants could be
consistent, with an estimated frequency of 1:670 affected patients
and 7% carriers in this population (personal communication,
Dr John Belmont, February 28, 2012; public data at the Exome
Variant Server).

There are several pieces of clinical evidence that support the
view that CSID is more prevalent than previously believed. Studies
of disaccharidase levels from intestinal biopsy specimens sent to
2 pediatric reference laboratories have shown surprisingly frequent
results for a pattern suggesting CSID. In 2 studies of almost 1000
biopsies each, sucrase deficiency was defined as >1 SD below the
mean activity level in 1 study and <10% of the mean in another
(17,18). As defined, sucrase deficiency was found in 11% and 13%
of biopsy specimens in the 2 studies. Included were specimens with
isolated sucrase or SI deficiency only (1.0% and 1.1%, respect-
ively), SI and maltase-glucoamylase (MGAM) deficiency only
(3.0% and 2.4%, respectively), and pandisaccharidase deficiency
(5.8% in both studies). Pandisaccharidase deficiency was more
likely accounted for by acquired diffuse intestinal villous injury.
Although correlation with histology was not provided, the surpris-
ingly high numbers of isolated SI and combined SI-MGAM
deficiencies without lactase deficiency suggest that specific geneti-
cally determined enzyme deficiencies may be playing a role.

Although small intestinal disaccharidases are most often
investigated in the clinical setting of diarrhea in infants and
young children, the role of disaccharidase deficiencies and specifi-
cally SI deficiency in other gastrointestinal syndromes also has been
entertained. Small series of patients with CSID have revealed a
subgroup of adolescents and even adults who present with dyspep-
sia, gas, and /or irritable bowel syndrome (IBS) rather than the
classic presentation of watery diarrhea, failure to thrive, diaper rash,
irritability, and acidic stools in infancy (2,19,20). Karnsakul and
colleagues studied 44 children and adolescents with dyspepsia, only
4 of whom had intermittent diarrhea (21). Patients underwent
endoscopy with small bowel biopsies and disaccharidases and
one-third had low sucrase activity (>1 SD from the mean), includ-
ing 4 of 44 with isolated low sucrase activity, and 11 of 44 with
sucrase and pandisaccharidase deficiency, but no significant villous
atrophy. In addition, in preliminary follow-up studies of families
with index cases of CSID uncovered in a child, parents with a long-
term diagnosis of IBS were subsequently identified as having CSID
(22).

After the sequencing of all of the exons of the CSID gene,
most patients with CSID studied by Scott and colleagues have been
found to be homozygous or compound heterozygotes for disease-
causing mutations (4). Kerry and Townley showed that the parents
of 4 children with CSID had intestinal sucrase activity below the
lower limits of normal and a sucrase:lactase ratio <0.8, both
consistent with the heterozygous state and supporting an autosomal
recessive pattern of inheritance (23); however, 3 patients in Scott
and colleagues’ study who presented with classical symptoms and
biopsy-proven absent sucrase activity with absent or low isomaltase
activity, and 2 others with milder decreases in both enzymes,
appeared to be heterozygote carriers with a mutation on 1 allele
and a wild-type gene on the other. These small studies lend credence
to the hypothesis that CSID is more prevalent than previously
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Congenital Sucrase-Isomaltase
Deficiency: Heterogeneity of

Inheritance, Trafficking, and Function
of an Intestinal Enzyme Complex

�Hassan Y. Naim, �Martin Heine, and yKlaus-Peter Zimmer

B rush border membranes are the largest exposed surfaces in
tissues. They constitute the interface between the ‘‘milieu

exterieur’’ and the ‘‘milieu interieur’’ of the body in a variety of
organs such as the gastrointestinal tract and bile canaliculi, where
hydrolytic, absorptive, and secretory processes take place. The
intestinal mucosa is the exclusive site for nutrient metabolism
and subsequent uptake of the generated products, such as mono-
saccharides and amino acids. The hydrolysis and absorption of
micronutrients are achieved by the concerted action of hydrolases
and transporters that are predominantly located in the brush border
membranes (BBMs) (1).

The hydrolases are divided into 2 major families, the pepti-
dases and the disaccharidases (2). The peptidases, such as amino-
peptidases N (CD13), A, and W, carboxypeptidases P and M,
dipeptidylpeptidase IV, or a-glutamyl transpeptidase, are expressed
in many tissues, including the intestine and the kidney (3,4). The
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Abstract
Congenital sucrase-isomaltase deficiency (CSID) is characterized by absence or deficiency of the
mucosal sucrase-isomaltase enzyme. Specific diagnosis requires upper gastrointestinal biopsy with
evidence of low to absent sucrase enzyme activity and normal histology. The hydrogen breath test
(BT) is useful but is not specific for confirmation of CSID. We investigated a more specific 13C-
sucrose labeled BT.

Objectives—were to determine if CSID can be detected with the 13C-sucrose BT without
duodenal biopsy sucrase assay and if the 13C-sucrose BT can document restoration of sucrose
digestion by CSID patients after oral supplementation with sacrosidase (Sucraid®).

Methods—Ten CSID patients were diagnosed by low biopsy sucrase activity. Ten controls were
children who underwent endoscopy and biopsy because of dyspepsia or chronic diarrhea with
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normal mucosal enzymes activity and histology. Uniformly-labeled 13C-glucose and 13C-sucrose
loads were orally administered. 13CO2 breath enrichments were assayed using an infrared
spectrophotometer. In CSID patients the 13C-sucrose load was repeated adding Sucraid®. Sucrose
digestion and oxidation were calculated as a mean % coefficient of glucose oxidation (% CGO)
averaged between 30 and 90 minutes.

Results—Classification of patients by 13C-sucrose BT % CGO agreed with biopsy sucrase
activity. The breath test also documented the return to normal of sucrose digestion and oxidation
after supplementation of CSID patients with Sucraid®.

Conclusion—13C-sucrose BT is an accurate and specific non-invasive confirmatory test for
CSID and for enzyme replacement management.

Keywords
13C-breath test; glucose oxidation; congenital sucrase-isomaltase deficiency; sucrose digestion;
sacrosidase supplementation

INTRODUCTION
Sucrose, also known as table sugar, is a disaccharide formed by glucose and fructose
monosaccharide units. Sucrose is present in the human diet in fruits and is added to many
prepared foods as refined beet or cane table sugar. Sucrase is the only brush border enzyme
that digests sucrose. The membrane bound complex sucrase-isomaltase (SI) hydrolyzes
disaccharide sucrose to free monosaccharides that are transported from the lumen by
SGLT-1, GLUT-2, and GLUT-5 (2). A percentage of the absorbed glucose and fructose is
quickly oxidized and exhaled as CO2 and the remainder is metabolized or stored. SI has two
maltase activities, which together with the two maltase activities of the maltase-
glucoamylase (MGAM) complex, digest starch to free glucose. These four activities are
better described as α-glucosidases. Approximately 60 to 80% of all mucosal α-glucosidase
activity is accounted for by SI and the remainder of activity is due to MGAM (1). SI also has
isomaltase and palatinase activities associated with the membrane bound isomaltase (I)
portion of the enzyme complex.

Congenital sucrase-isomaltase deficiency (CSID) is an autosomal recessive intestinal disease
caused by mutations of the SI gene (3–6). Duodenal mucosal histology is always normal.
CSID patients have different phenotypes of enzymatic activities associated to SI, ranging
from reductions of sucrase activity to total absence, as well as variable absence of isomaltase
activity (7–10). Low sucrase activity leads to malabsorption of sucrose, resulting in
dyspeptic-like symptoms such as diet-related chronic osmotic diarrhea and abdominal pain.
Only rarely does CSID lead to failure to thrive (12). The severity of symptoms is related to
the amount of sucrase activity and quantity of sucrose fed (11,12). A reduced maltase
activity is expected to occur in patients with CSID because both subunits in the SI complex
contribute to the total mucosal maltase activity (1). The low maltase activity can lead to
malabsorption of starch products which may contribute to symptoms of dyspepsia and
chronic abdominal pain (13). The prevalence of biopsy-assay proven CSID is 0.02% in
individuals of European descent but is reported as high as 10% in indigenous Greenlanders
(14). Frequency of heterozygous individuals carrying the CSID gene who have low but not
deficient sucrase activity and normal small intestinal histology is reported to be from 2 to
9% in European Americans (7, 12). We found a frequency of isolated sucrase deficiency of
1% in our recent study of unselected clinically indicated duodenal biopsy enzyme assays (1)

Specific diagnosis of CSID presently requires duodenal biopsies with low to absent sucrase
activity detected by enzyme assay and presence of normal histology to rule out secondary
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deficiency. (12, 13, 15). Multiple genotypes make it impossible to establish a single
molecular test suitable for the diagnosis of all CSID (7). The technique for diagnosis of SI
deficiency by intestinal biopsy and assay of mucosal hydrolysis of sucrose was first
described forty years ago by Charlotte M. Anderson et. al. (16). Presently the principles for
diagnosis of SI deficiencies remain the same but the development of less invasive and less
complex techniques is needed. The simplest treatment for CSID is dietary sucrose and
occasionally starch restriction. Enzyme supplementation with liquid yeast sacrosidase
(sucrase) enzyme derived from Saccharomyces cervisiae relieves clinical symptoms and
sucrose malabsorption in CSID patients. (17, 18, 19).

A hydrogen breath test (H2 BT) for detecting carbohydrate malabsorption was introduced in
the early 1970’s creating the first clinical application for assessment of lactose
malabsorption. The noninvasive nature of H2 BT makes it particularly useful for application
in pediatric clinical practice as an indirect test of carbohydrate malabsorption but it is not
specific for the diagnosis of CSID (20). False-negative results may be obtained because of
many factors affecting the H2 production. The test requires absence of small bowel bacterial
overgrowth and presence of colonic bacterial flora capable of fermenting proximally
malabsorbed carbohydrate. There is great variability of fermentation by the colonic flora and
no quantification of proximal carbohydrate malabsorption is possible. Failure to detect H2
occurs in 2 to 40% of subjects. (21) A clinical problem arising from the H2 BT is the large
load of sucrose given to the patient. In CSID patients this load often precipitates severe
symptoms of sucrose intolerance.

An evolution of the H2 BT introduced in the early 1970’s was the measurement of isotope-
labeled CO2 in breath using 13C or 14C (22). These tests depend on measurement of changes
in isotope labeled breath CO2 concentration; delta over baseline (ΔOB), detected by mass
spectrometry or nuclear magnetic resonance (NMR) (23, 24). Isotope ratio (13C/12C)
enrichment measured by mass spectrometry is the traditional method for BT and has high
accuracy for low levels of enrichment (0.001 to 0.01 percent) (25–27). Most recently
infrared mass-dispersion spectrophotometry has been introduced for breath 13C/12C isotope
measurements and is clinically useful due to its simplicity and short turnaround time (28–
30). Since the introduction of mass spectrometers for the detection of the stable isotope
of 13C in expired air the BT technique has been adapted for the study of malabsorption in
the pediatric population with collection systems that are well-tolerated by infants and
toddlers who can not actively cooperate (32, 33). The instruments required for measurement
of 13C-labeled CO2 (13CO2) are less expensive now and naturally enriched and purified
stable isotope labeled substrates are currently available (34, 35). The substrates most
commonly used for 13C/12C BT include 13C-labeled carbohydrates, starch, fatty acids, bile
acids, amino acids and urea. Clinical applications include evaluation of the mucosal
function, bacterial overgrowth, gastrointestinal motility, carbohydrate absorption, bile acid
absorption, lipid absorption and lipase pancreatic activity, hepatic function, and protein
absorption. (31). However the only test widely used in clinical practice is the 13C urea BT
for the diagnosis of Helicobacter pylori infection.

Since presently there are no practical and non-invasive methods for specific confirmation of
SI deficiency conditions, we developed and validated a sucrose breath test for screening and
confirmation of CSID using a novel non-invasive 13C-sucrose labeled substrate. Our
hypotheses were that primary sucrase deficiency can be confirmed using 13C-sucrose breath
test and that the effectiveness of sucrase replacement therapy can be evaluated by the same
non-invasive method. The objectives of our investigation were to determine whether CSID
can be detected with the 13C-sucrose BT without duodenal biopsy sucrase assay and whether
the 13C-sucrose BT can document restoration of sucrose digestion in CSID patients after
oral supplementation with yeast sucrase (Sucraid®).
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METHODS
Clinical

After obtaining Institutional Review Board (IRB) approved informed consents under
protocol H-10239, a total of 20 patients participated in this study. Ten CSID patients were
diagnosed by intestinal enzyme activity determinations (5F: 5M, ages 1–15y) (Table 1). The
CSID patients were recruited in three different ways: referral by Pediatric
Gastroenterologists, direct self-referral by CSID families who called our study coordinator
after reading an information letter about the study inserted in the Sucraid® package by QOL
Medical Company; and families referred through the CSID website www.csidinfo.com. A
control group of subjects was recruited from the Nutrition and Gastroenterology Service at
Texas Children’s Hospital (TCH). Ten controls (6F: 4M, ages 1–15 yrs) were patients who
underwent endoscopy and biopsy because symptoms of dyspepsia or chronic diarrhea but
with normal levels of mucosal enzymes measured according to the Dahlqvist method (36)
and normal histology. The control group patients were participants of the IRB approved
protocol H-1320 for recruiting children of both genders, 0–17 yrs with dyspepsia (ROME II
criteria) and chronic diarrhea, pain or discomfort centered in the upper abdomen (37).

All CSID patients were biopsied and diagnosed by their primary GI physician before coming
to the General Clinical Research Center (GCRC) at TCH for the BT study. In the control
group the endoscopy procedures were performed for clinical indications by Pediatric
Gastroenterologists at TCH. These biopsies were evaluated by the Pathology Department of
TCH. Exclusion criteria for all subjects included villous atrophy on routine histology, fever,
inability to cooperate with breath collections, failure to ingest the test 13C-solution, diabetes,
and chronic lung disease.

Biopsy enzyme assay and histology
The disaccharidase enzyme activity determinations for the control group and some of the
CSID patients were done at the GI lab of Buffalo Women and Children’s Hospital in N.Y
(1). The remainder of the CSID patient’s biopsies were assayed in other reference labs with
the histology interpreted locally.

Breath tests
The 13CO2 breath tests were done on 2 separate days for the control group and on 3 separate
days for the CSID group at the GCRC at the TCH under protocol G-695. After overnight
fasting, a 2.5 L reference breath sample was collected for comparison with the timed breath
samples. Then 20 mg uniformly-labeled 13C-glucose, (Isotec, Miamisberg, OH) was given
using 10 gm unlabeled maltodextrins as carrier dissolved in water to a total volume of 100ml
(Polycose ® from Ross Division of Abbot Laboratories). Starting 15 minutes after the 13C-
glucose load 0.25 L breath samples were collected every 15 minutes for 120 minutes. After
finishing the BT the subject was fed and released from the GCRC. The second day the
procedure was the same but 13C-sucrose was used. On the third day CSID patients had a
repeat 13C-sucrose load with addition of 22 drops of Sucraid® (8,500 IU of sacrosidase,
provided by QOL Medical, Mooresville, NC) to the load solution.

Breath 13CO2 enrichment analysis
After 13C-labeled substrate loads were administered, breath collections and measurement
of 13CO2 enrichments were performed every 15 min × 9 using a 13CO2 infrared
spectrophotometer (POCone®, Otsuka Electronics, Tokyo, Japan). At each time point the
total CO2 concentration exceeded 2% in the breath sample and was thus in the 13CO2
analytical range of the instrument. The BT results were recorded as total breath CO2
concentration expressed as glucose-ΔOB 13CO2 or sucrose-ΔOB 13CO2.
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Calculations
Because of the age related variations of glucose oxidation to CO2 described below, glucose-
ΔOB13CO2 was used as denominator to overcome the effect of age on sucrose-
ΔOB13CO2. 13C-sucrose digestion and oxidation was expressed as a % coefficient of
glucose oxidation (% CGO) as calculated from ΔOB 13CO2 breath enrichments as follows:

% CGO = [sucrose-ΔOB 13CO2 /glucose-ΔOB 13CO2] × 100

Since % CGO values were found relatively constant in the period of 30 to 90 minutes after
the load these values were averaged for each individual. The individual subject mean %
COG values were used to identify the lower reference limit of 13C-sucrose BT for controls
and used to compare 13C-sucrose BT of CSID with duodenal sucrase activities (see below).

Statistical procedures
Agreement between duodenal sucrase activity and 13C-sucrose BT mean % CGO was tested
with receiver operation analysis (ROC) using the statistics software SPSS. Additional
subjects were recruited from the families of CSID patients for replicate 13C-glucose
and 13C-sucrose BT to evaluate the within subject variations (Table 2) and to test the effect
of age on glucose-ΔOB13CO2 (Figure 1). General linear modeling techniques were used to
assess possible effects of group age distribution differences on CGO% values and the ability
of the breath test to discriminate between normal and CSID subjects. Two tail t-tests were
used to compare groups; p values < 0.05 were interpreted as significant.

RESULTS
Clinical Description of CSID patients

Patients from the CSID group were referred by Pediatric Gastroenterologists. Their
duodenal biopsy enzyme assays are shown in Table 1. Clinical histories varied but all CSID
patients had duodenal biopsy sucrase activities below 6.5; all had maltase activities below
115; and 9 of 10 had palatinase activities below 5 U/g protein. None had villous atrophy.

Clinical Description of control subjects
Ten controls were children biopsed for clinical indications by the Pediatric Gastroenterology
service at TCH because of the complaint of dyspepsia. All controls had levels of duodenal
biopsy disaccharidase enzyme activities well above the reference levels (Table 1). None had
mucosal histologic abnormalities.

Glucose oxidation with age
% CGO was used to normalize the sucrose-ΔOB13CO2. The effect of age in months on
glucose-ΔOB 13CO2 is shown in Figure 1. This analysis included 44 subjects by additional
studies in CSID family members. 83% of the total variation of glucose-ΔOB 13CO2 was
accounted for by the subject’s age. (Figure 1, R2 83%).

Replicate 13C-glucose and 13C-sucrose BT
On replicate BT testing of the same subject, separated by 1–12 months, a mean %
coefficient of variation (% CV) of 14% for the 13C-glucose BT and 9% for 13C-sucrose BT
were observed (Table 2).

13C-sucrose oxidation in CSID and controls
In the control group an average of 146% ± 45.5 mean % CGO and for the CSID group an
average of 25 ± 21mean % CGO were observed (p<0.001)(Figure 2). The lowest mean %
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CGO obtained was 0.7% and the highest was 56.5% in the CSID patients (Table 1).
Analysis controlling for differences in group age distribution found no relationship between
% CGO and age or any effect of age on the above group averages. Therefore age did not
effect the assessment of the BT ability to discriminate.

Clinical utility of 13C-sucrose BT mean % CGO
ROC analysis of mucosal biopsy sucrase activity vs. 13C-sucrose mean % CGO established
a cut-off value for 13C-sucrose BT mean % CGO of 79% which yielded 100% sensitivity
and 100% specificity (95% confidence interval 74% to 100% for both) for detection of low
duodenal sucrase activity by 13C-sucrose BT mean % CGO (Figure 2 and Figure 3).

Response of CSID patient’s 13C-sucrose BT to Sucraid® supplement
All CSID patients showed correction of sucrase deficiency with oral Sucraid®
supplementation, responding to levels greater than their baseline 13C-sucrose BT mean %
CGO (p = 0.001) (Figure 3).

DISCUSSION
Duodenal Enzyme Activities

In this 13CO2 BT study we included 10 CSID patients with biopsy proven sucrase deficiency
and normal histology (Table 1). The 13CO2 BT 9–14% coefficient of variation (CV%) of
replicate BTs compares favorably with the 27 CV% of sucrase activity assayed reported in
replicate duodenal biopsies (1). All CSID duodenal sucrase enzyme levels fell below the
10th % reference value (27 U /gp) in a range from 0 to 6.5 U/gp, and palatinase (isomaltase)
levels were from 0 to 4.9 U/gp. Patient 7 had normal isomaltase activity (6.7 U/gp) (1). All
CSID patients had low maltase activities. Patient 1 and patient 8, the only two with
glucoamylase enzyme determinations, were below the10% reference value. For terminal
starch digestion mucosal enzymes in the brush border are armed with 4 complimentary
maltase activities, two from the SI complex and 2 from MGAM. SI accounts for 60–80% of
the assayed maltase hydrolytic activity and the remainder is due to MGAM (1). From this
we deduce that the CSID patients with mild reductions of maltase activities are retaining
some hydrolytic activity from MGAM. In patient 7, where isomaltase was conserved, this
also contributed to maintenance of maltase activity.

Glucose oxidation with age
Studies using combined gas chromatography-mass spectrometry (38) and neuroimaging
techniques-positron emission tomography (PET) (39) have shown that fasting child
endogenous glucose production and brain glucose oxidation are two-to-four fold greater than
in the adult. In our study we confirmed that glucose oxidation was two to four times higher
in children than adults (Figure 1). This may be due to the unique glucose needs for child
brain development as reflected by our 13C-glucose BT results in children. Central nervous
system glucose consumption represents 60–80% of daily hepatic glucose output in the child,
as it does in the adult (40), suggesting the importance of a good carbohydrate digestion and
absorption in early child neurodevelopment. Because of the age dependence of glucose
oxidation, % CGO is a necessary normalization for the digestion, absorption and oxidation
of sucrose in children.

Gastric emptying
Using the 13C-glucose BT we addressed the uniformity of liquid phase of gastric emptying
for our study. We used 10% maltodextrin (Polycose ®) instead of water because
maltodextrin made from corn is poorly isotopically enriched (0.2%) and provides a standard
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osmotic and energy matrix for the uniformly enriched 13C-labeled tracer substrate. The same
dose of maltodextrins was used for each loading test to increase the uniformity of gastric
emptying and the small amount of 13C in the maltodextrin was thus blanked out in % CGO.
The maltodextrin serves to standardize caloric load to mimic a meal and provide a trigger for
liquid gastric emptying (41)

Test of Hypothesis 1
One of our objectives was to compare the less invasive 13C-sucrose BT with duodenal
biopsy sucrase assays obtained by endoscopy. A very strong relationship was observed and
ROC analysis indicated that a reference value of 79 % mean % CGO discriminated between
CSID and control populations, as confirmed by duodenal sucrase activities, with 100%
sensitivity and 100% specificity (95% confidence interval 74% to 100% for both). This
supports our first hypothesis that CSID can be confirmed with the 13C-sucrose BT, however
secondary sucrase deficiency cannot be excluded without clinical evaluation and biopsy.

Test of Hypothesis 2
We tested the 13C-sucrose BT response to the enzyme supplement Sucraid® documenting a
rise in mean % CGO for each CSID patient after the supplement to levels not different from
controls (P = 0.293). The effectiveness of orally replacing sucrase was confirmed by
the 13C-sucrose BT. This response supports our second hypothesis that 13C-sucrose BT
quantitated the response of CSID patients to Sucraid® supplementation.

Non-invasive BT
One of the advantages of 13C-sucrose BT which we and parents observed was that many
CSID patients who had previous hydrogen BT experienced severe symptoms, passage of
watery stools, bloating abdomen, and cramps from the 2 g/Kg sucrose load. We did not
observe this symptomatic response in any CSID patient because the load of sucrose ingested
was only 0.02 g for the 13C-sucrose BT. As previously noted; the H2 BT is not specific for
sucrose malabsorption. With 13C-sucrose BT we demonstrated a sensitivity and specificity
of 100% (95% confidence interval 74% to 100% for both) in CSID patients and suggest that
this diagnostic tool can be used as a non-invasive method for the confirmation and
management of CSID.

SUMMARY
13C-sucrose BT was evaluated as a non-invasive method for the confirmation of CSID. The
results of sucrose digestion and oxidation were expressed as percentage of glucose oxidation
(% CGO) and averaged between 30 and 90 minutes after the 13C-substrate loads (mean %
CGO). In controls and patients 13C-sucrose BT mean % CGO agreed with duodenal sucrase
enzyme activity determinations with 100% sensitivity and 100% specificity (95%
confidence interval 74% to 100% for both). All CSID patients tested had 13C-sucrose BT
mean % CGO lower than 79%. Supplementation of CSID patients with sacrosidase enzyme
corrected 13C-sucrose BT mean % CGO to control levels.
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Figure 1. Effects of age on oral glucose breath test CO2 enrichment
Effects of age in months on individual mean breath 13CO2 ΔOB enrichments after a 20
mg 13C-glucose load to controls, CSID patients and their family members. Breath
enrichments of 13CO2 ΔOB = 1/(Age * 3.38×10−3 + 2.24×10−2); R2 = 0.83, n = 44.
Predicted mean 13CO2 ΔOB is shown as heavy black line ± 95% CI thin lines.
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Figure 2. Effects of CSID on oral sucrose breath test mean % CGO
Mean % CGO of individual subjects after a 20 mg 13C-sucrose BT load and group means of
all control and CSID subjects. The solid bar depicts the group average ± SD of controls.
Individual values are shown as filled circles. The open bar depicts the average ± SD of the
CSID patients. Individual values are shown as open circles. The dashed line is the 79 %
mean CGO reference value for discriminating between control and CSID subjects (see text).
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Figure 3. Effects of oral sacrosidase supplementation of CSID patients on sucrose breath test
mean % CGO
Mean % CGO of individual CSID patients untreated (Left) and treated (Right) with 22 drops
of oral sacrosidase supplement added to the sucrose load (p = 0.001, n = 9). The dashed line
is the 79 % mean CGO reference value for discriminating between normal and untreated
CSID subjects (see text).
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Table 2

Within individual 13C-glucose and 13C-sucrose BT mean 13CO2 ΔOB replicate variations (% CV) after 20

mg 13C-substrate oral loads.

13C-glucose BT % CV 13C-sucrose BT % CV

Average ± SD 13.5 ± 11.4 9.4 ± 7.1

Range 0–30 0–20

n 7 8
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Patients with irritable bowel syndrome (IBS) often associate their symptoms to certain 

foods. In congenital sucrase-isomaltase deficiency (CSID), recessive mutations in the SI 
gene (coding for the disaccharidase digesting sucrose and 60% of dietary starch)1 cause 

clinical features of IBS through colonic accumulation of undigested carbohydrates, 

triggering bowel symptoms.2 Hence, in a previous study,3 we hypothesized that CSID 

variants reducing SI enzymatic activity may contribute to development of IBS symptoms. 

We detected association with increased risk of IBS for 4 rare loss-of-function variants 

typically found in (homozygous) CSID patients, because carriers (heterozygous) of these 

rare variants were more common in patients than in controls.1,4 Through a 2-step 

computational and experimental strategy, the present study aimed to determine whether 

other (dys-)functional SI variants are associated with risk of IBS in addition to known CSID 

mutations. We first aimed to identify all SI rare pathogenic variants (SI-RPVs) on the basis 

of integrated Mendelian Clinically Applicable Pathogenicity (M-CAP) and Combined 

Annotation Dependent Depletion (CADD) predictive (clinically relevant) scores; next, we 

inspected genotype data currently available for 2207 IBS patients from a large ongoing 

project to compare SI-RPV case frequencies with ethnically matched population frequencies 

from the Exome Aggregation Consortium (ExAC).

Methods

Study Subjects

A total of 2207 IBS patients (598 IBS with constipation [IBS-C], 952 IBS with diarrhea 

[IBS-D], 503 IBS with alternating constipation and diarrhea, and 154 unsubtyped IBS 

according to Rome Criteria) of European ancestry were included on the basis of available 

genotype data from the bellygenes initiative study (www.bellygenes.org). On approval from 

local ethical committees, IBS patients were recruited at tertiary centers in Sweden, The 

Netherlands, Belgium, Italy, and United States as described in detail in previous 

publications, including former genetic studies of IBS.5–8 Ethnically matched (non-Finnish, 

European ancestry; N = 33,370) reference population frequency of relevant SI-RVPs were 

extracted from ExAC (http://exac.broadinstitute.org).
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Selection of Sucrase-isomaltase Rare Pathogenic Variants

An inventory of all SI rare variants (minor allele frequency <1%) was created by extracting 

single nucleotide polymorphism data from dbSNP (http://www.ncbi.nlm.nih.gov/snp/). 

Sequential data processing with M-CAP (http://bejerano.stanford.edu/MCAP) and CADD 

(http://cadd.gs.washington.edu/) was then performed to identify and select SI-RPVs. These 

computational resources were used because of their documented power to predict 

deleteriousness (pathogenicity) of DNA substitutions for clinical utility, assigning priority to 

M-CAP scores (pathogenicity cutoff >0.025, 5% misclassification rate) over CADD scores 

(pathogenicity cutoff >0.20, 26% misclassification rate).

Genotype Quality Control and Statistical Analysis

Before extraction of SI-RPV data, stringent quality control filters were applied to available 

IBS patients’ Illumina HumanCoreExome genotype data, including per-sample and per-

marker success rate, relatedness, and removal of population outliers based on principal 

component analysis. To avoid uncertainty, only observed (not imputed) SI-RPV genotypes 

were used, and allele calls were verified by visual inspection of individual cluster plots by 

using Evoker (www.sanger.ac.uk/science/tools/evoker). Population reference genotypes were 

only included for SI-RVPs with data available from >95% ExAC individuals. Association 

testing was performed by using one-tailed χ2 statistics on collapsed SI-RPV data, 

comparing carriers and non-carriers in IBS patients compared with controls from ExAC.

Results

M-CAP/CADD combined analysis of all SI rare variants (N = 2146) resulted in the 

identification of 880 SI-RPVs with high predictive power (5% error rate for most variants). 

High-quality genotypes from IBS patients were available for 46 SI-RPVs, and 17 of these 

with at least 1 IBS carrier and ExAC reference data suitable for comparison were included in 

downstream association analyses (Table 1). We identified 88 IBS carriers (all single SI-RPV 

carriers; 3.99% of the entire cohort), with slightly higher prevalence in IBS-D (4.20%) and 

IBS-C (4.51%) than in other subtypes (Table 1). Compared with the large ethnically 

matched reference population from ExAC, most SI-RPVs occurred at higher frequency in 

IBS patients, and cumulative χ2 tests (carriers of any SI-RPVs vs non-carriers) 

demonstrated significant associations and consistent effects on IBS risk (Table 1). In a 

simulation experiment, 1 million permutations of ExAC data resampled to match case 

sample size resulted >99% of the times in identical findings (SI-RPV carriers more common 

in IBS than in ExAC; P < .001).

Discussion

We provide further evidence linking rare functionally deleterious SI variations to IBS 

susceptibility. Although the large ExAC reference population (chosen to ensure genotype 

representation) does not include data on bowel symptoms, the observed association may 

represent an underestimation of the true genetic risk effects; the global prevalence of IBS is 

near 11%, and a significant proportion of ExAC individuals might thus be affected, with 

potential for inflating the background SI-RPV’s carrier frequency among “controls” 
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compared with an otherwise symptom-free reference group (type II error). The consistent 

observation of higher SI-RPV prevalence in IBS warrants further studies. This has the 

potential to identify groups among IBS patients for individualized management.
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Abstract

Objective

The SI gene encodes the sucrase-isomaltase enzyme, a disaccharidase expressed in the

intestinal brush border. Hypomorphic SI variants cause recessive congenital sucrase-iso-

maltase deficiency (CSID) and related gastrointestinal (GI) symptoms. Among children pre-

senting with chronic, idiopathic loose stools, we assessed the prevalence of CSID-

associated SI variants relative to the general population and the relative GI symptom burden

associated with SI genotype within the study population.

Methods

A prospective study conducted at 18 centers enrolled 308 non-Hispanic white children�18

years old who were experiencing chronic, idiopathic, loose stools at least once per week for

>4 weeks. Data on demographics, GI symptoms, and genotyping for 37 SI hypomorphic var-

iants were collected. Race/ethnicity-matched SI data from the Exome Aggregation Consor-

tium (ExAC) database was used as the general population reference.
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Results

Compared with the general population, the cumulative prevalence of hypomorphic SI vari-

ants was significantly higher in the study population (4.5% vs. 1.3%, P < .01; OR = 3.5 [95%

CI: 6.1, 2.0]). Within the study population, children with a hypomorphic SI variant had a

more severe GI symptom burden than those without, including: more frequent episodes of

loose stools (P < .01), higher overall stool frequency (P < .01), looser stool form (P = .01)

and increased flatulence (P = .02).

Conclusion

Non-Hispanic white children with chronic idiopathic loose stools have a higher prevalence of

CSID-associated hypomorphic SI variants than the general population. The GI symptom

burden was greater among the study subjects with a hypomorphic SI variant than those

without hypomorphic SI variants.

Introduction

A large number of children around the world experience chronic gastrointestinal (GI) symp-

toms diagnosed as functional (nonorganic) GI disorders [1]. Functional GI disorders may

have several contributing pathophysiologic factors, including carbohydrate malabsorption [2].

The sucrase-isomaltase enzyme, encoded by the SI gene, is a predominant member of the

disaccharidases responsible for the digestion of dietary carbohydrates in humans [3]. Hypo-

morphic SI gene variants reduce enzyme activity, resulting in congenital sucrase-isomaltase

deficiency (CSID) and characteristic GI symptoms. To date, 37 SI variants have been identified

in diagnosed CSID patients and found to be hypomorphic [4–12]. Patients with CSID experi-

ence sucrose malabsorption, leading to colonic osmosis and fermentation, and subsequent

osmotic diarrhea and excessive flatulence [4, 13]. Heterozygotes of hypomorphic SI variants

may also experience GI symptoms. Small case reports have associated hypomorphic SI hetero-

zygosity with decreased intestinal sucrase enzymatic activity and characteristic GI symptoms

[3, 12, 14]. In two recent studies, the prevalence of heterozygous carriers of hypomorphic SI
variants was small but significantly greater among adults diagnosed with irritable bowel syn-

drome (IBS) than in controls, suggestive of an increased IBS susceptibility [15, 16].

A subset of children with functional GI disorders has frequent diarrhea. Currently, the

potential contribution of hypomorphic SI variants in these children is unknown. Therefore,

we had two primary study objectives. The first study objective was to determine the relative

prevalence of hypomorphic SI variants among children with chronic, idiopathic, loose stools

versus the general population. The second study objective in children with chronic, idiopathic,

loose stools was to determine the potential impact of hypomorphic SI variants on symptom

burden.

Methods

Study design and subjects

A prospective, 18-center study conducted in the United States enrolled subjects�18 years old

who presented at a pediatric gastroenterology center with loose stools at least once per week

for a minimum of 4 weeks.

PLOS ONE Hypomorphic SI genetic variants are associated with childhood chronic loose stools

PLOS ONE | https://doi.org/10.1371/journal.pone.0231891 May 20, 2020 2 / 9

Funding: QOL Medical, LLC (https://www.qolmed.

com/), funded the entire study. The funders

participated in the study design, analyses, and

critical review of the manuscript but had no role in

data collection, decision to publish, or preparation

of the manuscript.

Competing interests: Co-authors DC and HS are

members of QOL Medical, LLC. QOL Medical LLC

markets the product sacrosidase oral solution. This

does not alter our adherence to PLOS ONE policies

on sharing data and materials.

https://doi.org/10.1371/journal.pone.0231891
https://www.qolmed.com/
https://www.qolmed.com/


The study objectives were i) to determine the prevalence of hypomorphic SI variants within

the study population versus a genetic database for the general population, and ii) to determine

the symptom burden among the study subjects with hypomorphic SI variants versus study

subjects without hypomorphic SI variants.

Exclusion criteria included: identification of any condition(s) or finding(s) that, in the

opinion of the investigator, suggested an organic etiology for the subject’s GI symptoms;

abdominal pain primarily related to constipation; suspected GI infectious disease or other

infectious diseases; known GI disease (eg, celiac disease); a history of antibiotic therapy or viral

gastroenteritis within the previous 2 weeks; known hepatitis B or C infection or chronic liver

disease; cancer or systemic infections; severe neurologic impairment (preventing reporting of

symptoms); planned or previous abdominal surgery (eg, bowel resection); severe, uncontrolled

systemic diseases; or current use of sacrosidase, an enzyme replacement therapy for CSID.

The pediatric gastroenterology centers in this study were comprised of private practices

and academic centers. Each investigator was asked to follow his or her standard clinical prac-

tice to ensure an organic etiology was not present. Evaluations took place during a clinic visit.

All participating centers received approval from their local institutional review boards (IRB).

The institutional review boards included: Baylor College of Medicine IRB, Children’s Hospital

Los Angeles Committee on Clinical Investigators, Nationwide Children’s Hospital IRB, Chil-

dren’s Mercy Hospital Pediatric IRB, Johns Hopkins IRB, The Children’s Hospital of Philadel-

phia Research Institute IRB, The Arnold Palmer Medical Center IRB, The Duke University

Health System IRB, Massachusetts General Hospital IRB, Children’s Hospital of Wisconsin

IRB, Colorado Multiple IRB, The Indiana University IRB, Children’s Healthcare of Atlanta

IRB, The University of Utah IRB, Children’s Hospital & Research Center Oakland IRB, Uni-

versity of Mississippi Medical Center IRB, Columbia University Medical Center IRB, and Sut-

ter Health IRB. All subjects provided assent with a legal guardian providing written informed

consent. The study was conducted from May 2013 to July 2015. All authors had access to the

study data and approved the final manuscript.

Genotyping

Four buccal swabs were obtained for DNA extraction; genotyping of the 37 known CSID-asso-

ciated variants (S1 Table) was completed by a validated capillary electrophoresis assay (SNaP-

shot; Laboratory Corporation of America, Research Triangle Park, NC). Intra-assay

reproducibility was assessed on 12-sample runs in 3 separate, replicate assays, with samples

representing the 37 known hypomorphic variants of the SI gene associated with CSID. The

reported prevalence of CSID-associated variants included subjects with simple heterozygous,

compound heterozygous, and homozygous SI variant genotypes. Subjects without hypo-

morphic SI variants did not have any of the 37 analyzed CSID-associated variants on either

allele.

The reference for the cumulative prevalence of hypomorphic SI variants in the general pop-

ulation was obtained from the Exome Aggregation Consortium (ExAC) database [15]. As the

ExAC database data has now been incorporated into the gnomAD project, the evaluated ExAC

data is currently available via a legacy link (https://console.cloud.google.com/storage/browser/

gnomad-public/legacy). For this study, SI sequencing data for 32,550 unrelated non-Hispanic

white individuals was retrieved from the ExAC database. The ExAC database provides publicly

available genetic data from thousands of unrelated individuals of various races/ethnicities,

from aggregated disease-specific and population genetic studies. The ExAC database has been

used as a control for genetic studies evaluating a wide range of GI disorders, including adult

IBS [15–18].
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Symptom assessment

Subjects were asked to complete a demographic and symptom questionnaire to capture gen-

der, age, race/ethnicity, and episodes of GI symptoms. All GI symptoms (abdominal pain, diar-

rhea, excessive flatus) were assessed using a study-specific questionnaire, including frequency,

duration, and severity of bowel complaints (S2 Table). The GI symptom burden of the ExAC

reference population is unknown.

Stool form was assessed using the modified Bristol Stool Form Scale (BSFS; categories 1–5)

for children, with higher scores corresponding to looser stools [19]. The symptom question-

naire was generally given to children aged>7 years, with a parent otherwise providing

answers.

Statistical analyses

Results are presented using descriptive statistics, including mean ± standard deviation for con-

tinuous data and prevalence and/or percentages for categorical data. The cumulative preva-

lence of hypomorphic SI variants in this study population was compared with a race/ethnicity-

matched ExAC prevalence using the Pearson’s chi-squared test. Reported P-values are one-

tailed, and P< .05 was considered statistically significant. Increased risk was estimated using

the odds ratio (OR) with a 95% confidence interval (CI).

Results

Population characteristics

Three hundred and eight non-Hispanic white children with chronic, idiopathic, loose stools

were enrolled and assessed. There was a slight predominance of boys (58%). Diarrhea, defined

as chronic loose stools, was identified as the primary GI symptom.

Prevalence of hypomorphic SI variants

Among the 308 subjects, 14 had at least 1 hypomorphic SI variant, for a prevalence of 4.5%.

Study subjects had a statistically significantly higher prevalence of hypomorphic SI variants

than the race/ethnicity-matched general population (4.5% vs. 1.3%, P< .01; OR = 3.5; 95% CI:

6.1, 2.0) (Table 1).

Thirteen of the 14 subjects with an identified hypomorphic SI variant were simple heterozy-

gous genotypes (93%), and one subject had a compound heterozygous genotype. Five distinct

hypomorphic SI variants were identified among these 14 study subjects; 4 of these 5 distinct

hypomorphic SI variants are the most common SI variants found in patients diagnosed with

CSID (G1073D, V577G, R1124x and F1745C; Table 2) [12]. There were no statistically signifi-

cant differences between the prevalence of hypomorphic SI variants in male and female sub-

jects (4.5% and 4.7%, respectively).

Symptom burden associated with hypomorphic SI variants

Mean differences in the symptom burden of subjects with a hypomorphic SI variant versus

subjects without a hypomorphic SI variant are reported in Table 3. Compared with the 294

subjects without a hypomorphic SI variant, the 14 with a hypomorphic SI variant had signifi-

cantly more frequent GI symptoms, including: more frequent weekly episodes of loose stools

(P< .01), higher daily overall stool frequency (P< .01), looser stool form (P = .01) and

increased flatulence (P = .02). Subjects with a hypomorphic SI variant also were younger (P<
.01).
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Discussion

We found hypomorphic SI variants among a study population of non-Hispanic white children

with chronic, idiopathic, loose stools. The prevalence of these known hypomorphic SI variants

was significantly higher in this study population compared to a race/ethnicity-matched general

population. In addition, study subjects with a hypomorphic SI variant had a greater GI symp-

tom burden than study subjects without hypomorphic SI variants. These findings add to the

growing evidence suggesting heterozygous SI hypomorphic variants are associated with the

development of CSID-associated GI symptoms.

The most common hypomorphic SI variants in our study cohort were also the hypomorphic

SI variants most commonly identified in other genetic studies of individuals diagnosed with

CSID [12]. Although the biochemical and functional effects of several SI variants have been well

characterized and found to diminish sucrase and isomaltase function [4, 5, 8], the potential

effect of a heterozygous genotype of a hypomorphic SI variant is still being studied and remains

to be fully elucidated. Using either the duodenal disaccharidase enzyme assay or the 13C breath

test to determine the extent of sucrase enzyme activity, family members of patients with CSID

(with either presumed or well-documented heterozygosity for a hypomorphic SI variant) have

been found to have decreased sucrase enzyme activity [14, 20]. Further supporting the potential

pathobiological effect of heterozygous genotypes of hypomorphic SI variants are recent findings

by Henström et al and Garcia-Etxebarria et al, who reported that heterozygous SI gene variants

may be associated with an increased risk for diagnosis of adult IBS [15, 16]. Nevertheless, fur-

ther prospective clinical evaluations including identification of heterozygous hypomorphic SI
variants, functional measurements of sucrase-isomaltase (e.g., enzyme assays), controlled die-

tary exposures, and basic cellular and molecular based studies are needed to more clearly deter-

mine the role of hypomorphic SI heterozygous genotypes.

Table 1. Relative prevalence of hypomorphic SI variants.

Study Population ExAC Population 95% CI

Number Prevalence Number Prevalence P-Value OR Upper Lower

Wild-type SI 294 95.5% 32,116 98.7%

Hypomorphic SI varianta 14 4.5% 434 1.3%

Total 308 32,550 < .01 3.5 6.1 2.1

aIncludes one compound heterozygote in the study population.

https://doi.org/10.1371/journal.pone.0231891.t001

Table 2. Hypomorphic SI variants identified in the study population.

SI Variants Rs Grantham Scorea Subjects (N = 308)

G1073Db 121912616 94 7

V577Gb,c 121912615 109 5c

F1745Cb 79717168 205 1

R1124xb N/A N/A 1

I1378Sc 148831941 142 1c

Total Unique Subjects 14c

aGrantham score is a measure of evolutionary distance in amino acid substitutions, classified by increasing chemical dissimilarity. A higher score reflects a higher

likelihood that a substitution will be deleterious based on four general rankings: conservative (0–50), moderately conservative (51–100), moderately radical (101–150),

or radical (�151)
bOne of the four most common CSID variations
cOne participant was a compound heterozygote with both a V577G and an I1378S variant.

https://doi.org/10.1371/journal.pone.0231891.t002
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Identifying the underlying factors contributing to functional GI symptoms is important as

this knowledge may lead to more effective therapies. Children with CSID have been shown to

benefit from a sucrose-restricted diet and enzyme replacement therapy with sacrosidase taken

with meals [21–24]. Gastrointestinal symptoms related to diminished sucrase-isomaltase activ-

ity are primarily correlated with factors such as the extent of functional intestinal enzyme

activity present and the amount of sucrose and/or starch ingested [4, 13]. It should be noted

that in one study, a child with a heterozygous genotype of a hypomorphic SI variant, who was

a sibling of a CSID-diagnosed subject, was asymptomatic [10]. Future studies in this area may

consider assessing both enzyme activity and dietary intake relative to SI hypomorphic variants

and the associated GI symptom burden.

There are a few limitations to this study. One limitation is that the age-, gender-, and race/

ethnicity-matched control population was not actively recruited. However, even though the GI

symptoms associated with the database entries are unknown, the ExAC reference database of a

significantly large population allowed for a race/ethnicity-matched comparison. Second, the

entire SI gene was not sequenced in participants. This opens the possibility–however unlikely–

that some of the study subjects identified as lacking a hypomorphic SI variant had one or more

hypomorphic SI variants in an uninvestigated portion of the SI gene. In addition, some of the

study subjects identified as having a simple heterozygous genotype of a hypomorphic SI vari-

ant may also have a hypomorphic SI variant in an uninvestigated portion of the SI gene.

There are several strengths in the study. First, this multicenter effort was, to our knowledge,

the largest of its kind in children with functional GI symptoms. Second, SI genotyping focused

on 37 CSID-associated SI variants that have been well characterized biochemically as hypo-

morphic in prior studies. This leads to greater plausibility of the results. Third, the study was

conducted in various academic and private practice settings, which will lead to greater gener-

alizability of our findings.

Conclusion

In conclusion, we found CSID-associated hypomorphic SI variants in a study population of

non-Hispanic white children with chronic, idopathic, loose stools. These CSID-associated

hypomorphic SI variants were found to occur at a significantly higher prevalence than that

Table 3. Symptom burden of study subjects by SI genotype.

Total study population With Hypo-morphic SI Variant Without Hypo-morphic SI Variants Mean Difference P-value

Study subjects 308 14 294

Age (mean yr) 7.6 3.8 7.7 4.0 < .01

Symptom Burden (mean)

Symptom duration (mo) 8.8 8.6 8.9 0.3 NS

Diarrhea episode (d/wk) 5.1 6.6 5.0 1.6 < .01

Stools (#/d) 3.4 5.3 3.3 1.9 < .01

Pediatric BSFS, last diarrheal event 4.3 4.7 4.3 0.4 .01

2Abdominal pain (d/wk) 3.6 3.6 3.6 —— NS

Pain events (#/d) 1.4 1.4 1.4 —— NS

Pain severity (6-point VAS) 2.4 2.4 2.4 —— NS

Gas (d/wk) 4.9 6.3 4.9 1.4 .02

Gas events (#/d) 1.9 2.1 1.9 0.3 NS

BSFS, modified Bristol Stool Form Scale for children (categories 1–5, higher scores corresponding to looser stools); NS, not statistically significant; VAS, visual analog

scale, 0–5

https://doi.org/10.1371/journal.pone.0231891.t003
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reported in a race/ethnicity-matched reference population. Subjects with hypomorphic SI vari-

ants had more GI symptoms of frequent diarrhea and gas, a higher stool frequency, and looser

stools compared to those in the study population without hypomorphic SI variants.

Supporting information

S1 Table. Hypomorphic SI Variants Identified in children with chronic gastrointestinal symp-

toms. Ala, alanine; Arg, arginine; Asp, aspartate; Cys, cysteine; Gln, glutamine; Glu, glutamate;
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proline; S, sucrase; Ser, serine; Thr, threonine; Tyr, tyrosine; Trp, tryptophan; Val, valine.
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