S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



ELSEVIER

Seminars in

PEDIATRIC
INFECTIOUS
DISEASES

Acute, Infectious Diarrhea Among Children in

Developing Countries

Laura Jean Podewils, MS, PhD,* Eric D. Mintz, MD, MPH,' James P. Nataro, MD, PhD,*

and Umesh D. Parashar, MD, MPH*

Diarrheal diseases are among the leading causes of death
among children in developing countries and claimed an
estimated 1.4 to 2.5 million lives in the year 2000.1* In
industrialized countries, although deaths from diarrhea are
uncommon occurrences, this disease remains an important
cause of morbidity and incurs substantial health care costs.
In addition to its direct health burden, consequences of diar-
rhea include malnutrition,® diminished growth,” and im-
paired cognitive development.® In recent years, advances in
diagnostics have led to the identification of new causative
agents and have improved our understanding of the etiologic
role of previously recognized pathogens. Guidelines for the
management of diarrhea have been refined, and new strate-
gies for prevention and control have been identified. In this
article, we review the current knowledge of the epidemio-
logic features, causative agents, pathogenic mechanisms,
clinical manifestations, management, and strategies for the
prevention and control of acute, infectious diarrhea in young
children.

Definitions

On the basis of clinical and epidemiologic parameters, epi-
sodes of diarrhea are classified into three categories: acute
diarrhea, dysentery, and persistent diarrhea. Acute diarrhea is
defined as the presence of three or more loose, watery stools
within a 24-hour period.® Dysentery, often termed bloody
diarrhea, indicates the presence of visible blood and mucous
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in diarrheal stools. Episodes of diarrhea lasting more than 14
days are referred to as persistent diarrhea.

Trends in Disease Burden

In developing countries, deaths caused by diarrhea have de-
clined in incidence consistently during the past 3 decades
(Table 1),1-%10-17 from an estimated 5 million deaths in
197610 to approximately 1.4 to 2.5 million deaths in the year
2000.1* This decline in mortality rate has been attributed to
several factors, such as widespread distribution and use of
oral rehydrating solutions (ORS),8 improved rates of breast-
feeding, improved nutrition, better sanitation and hygiene,
and increased coverage of measles immunization.!® Although
ascertaining the individual impact of these factors is difficult,
the striking inverse association between coverage rates of
ORS and rates of mortality from diarrhea in various countries
provides a strong argument for the significant contribution of
this intervention (Fig 1).192% Although the rate of mortality
from diarrhea has declined substantially, morbidity from di-
arrhea has remained relatively constant during the past two
decades, with each child under 5 years of age experiencing an
average of three episodes (range: 2.8 to 6.3) annually.?
Whereas most interventions against diarrheal diseases, such
as breastfeeding and improved sanitation, would be expected
to affect mortality and morbidity simultaneously, increased
use of ORS and improvements in nutritional status are likely
to have a greater impact on rates of mortality from diarrhea
and may explain the relative lack of decline in the incidence
of diarrhea. Both the incidence and risk of mortality from
diarrheal diseases are greatest among children younger than
1 year of age, and thereafter rates decline incrementally.*

Causative Agents

Diarrhea is caused by a mélange of bacterial, viral, and para-
sitic pathogens. In Europe, North America, and other indus-
trialized countries, the vast majority of episodes of diarrhea
are caused by viral pathogens that exhibit distinct winter
seasonality.?!">> In developing countries with poor hygiene
and sanitation, enteric bacteria and parasites are more prev-
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Tahle 1 Estimates of Mortality from Diarrheal Diseases Among Children of Developing Countries

Year of Year of Deaths per Year
Source Estimate Publication (Millions)

Rohde'® 1976 1984 5
Snyder and Merson'! 1982 1982 4.6
Institute of Medicine'? 1986 1986 35
Martines and Phillips!3 1990 1990 3.2
Bern et al.'* 1992 1992 33
World Development Report's 1993 1993 25
Murray and Lopez'® 1997 1997 2.4-29
Kosek et al.* 2000 2003 2.1-4.7
Parashar et al.? 2000 2003 1.7-3.0
World Health Organization'? 2001 2002 1.4
World Health Report!” 2002 2003 1.6

alent, and these agents typically peak during the summer
months.?>? Evidence suggests that as rates of diarrheal mor-
tality have declined in developing countries, viral agents have
assumed an increasingly important etiologic role. For exam-
ple, an assessment of deaths from diarrhea in Mexican chil-
dren showed that in the 1980s death rates peaked during the
summer months when bacterial agents were more preva-
lent.>® However, as mortality rates declined during the
1990s, the peak in mortality rates shifted toward the winter
months, when enteric viruses, particularly rotavirus, were
more prevalent.

Differences in the epidemiologic patterns of bacterial and
viral agents of diarrhea provide clues to their modes of trans-
mission and have implications for prevention of disease. Be-
cause bacterial pathogens are more prevalent in developing
countries, fecal—oral spread, often facilitated by conditions of
poor hygiene and sanitation, is thought to be the most im-
portant mode of transmission. Viral pathogens also are trans-
mitted by this route. However, the fact that certain agents,
such as rotavirus, infect nearly all children in both develop-
ing and industrialized countries by the time they reach the
age of 3 years suggests that transmission may occur through
other mechanisms such as fomites and respiratory secre-

tions.’! It also implies that as rates of diarrheal mortality
decline and viral agents become more prominent, traditional
measures used to improve hygiene and sanitation may not
reduce the incidence of disease significantly. Strategies such
as vaccines to prevent these illnesses are likely to be more
effective. In the next section, we discuss briefly the epidemi-
ologic features of the most common bacterial, viral, and par-
asitic causes of diarrhea in children in developing countries.

Bacterial Agents

Children in developing countries are exposed to a wide range
of bacterial enteric pathogens at a very early age and suffer
numerous episodes of diarrheal illness as a result. The pre-
dominant bacterial pathogens vary with the age of the child
and also in time, showing both seasonal and secular trends, as
well as geographical variation. The experience of any individ-
ual child is unique, but the diarrheagenic Escherichia coli,
Shigella spp., Campylobacter spp., Vibrio spp., and Salmonella
are among the more commonly recognized bacterial causes of
diarrhea among young children. In a published summary of
73 studies of children who sought care for diarrhea in 33
countries, rotavirus was the enteropathogen most frequently
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Figure 1 Temporal relationship between diarrheal mortality and oral rehydration therapy (ORT) use, worldwide 1980
t0 2000. The point estimates represented for mortality are an average of published estimates for the corresponding time
period (Table 1). Percent use of oral rehydration solutions represented by estimates provided by UNICEF for 1986,
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identified, with a median of 20 percent.3? However, bacterial
pathogens predominated overall, with enterotoxigenic E. coli
(median 11%), Campylobacter (median 7%), and Shigella or-
ganisms (median 5%) being the agents most commonly iden-
tified. Other less frequently identified but clinically impor-
tant bacterial pathogens include Vibrio spp. (including Vibrio
cholerae O1, the cause of cholera) and other diarrheagenic E.
coli (including the enterohemorraghic E. coli, such as E. coli
0157:H7). Worth noting is that certain enteric pathogens
cause mild or asymptomatic infections and that the duration
of asymptomatic carriage, particularly in young children,
may be prolonged. Therefore, the identification of a patho-
genic bacteria, virus, or parasite in a stool specimen from a
child with diarrhea does not indicate in all cases that it is the
cause of illness. Nonetheless, these studies give us some un-
derstanding of the variety and relative importance of the
many different enteric pathogens that afflict countless chil-
dren born and reared in environmental conditions unbefit-
ting the 21st century.

Diarrheagenic E. coli

E. coli is the predominant facultative anaerobe of human co-
lonic flora and colonizes the infant gastrointestinal tract
within hours of birth.3* Although most E. coli strains are
harmless or even beneficial to their human hosts, several
highly adapted clones are capable of causing diarrheal dis-
ease. Five classes of diarrheagenic E. coli have been defined by
the presence of specific virulent characteristics: enterotoxi-
genic E. coli (ETEC), enteropathogenic E. coli (EPEC), entero-
invasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC),
and enteroaggregative E. coli (EAggEC).>* All five classes of
diarrheagenic E. coli cause disease in children in the develop-
ing world, but EHEC, including E. coli O157:H7, are the
agents of diarrheal disease more commonly identified in de-
veloped countries. Only specialized diagnostic tests can dis-
tinguish the diarrheagenic E. coli from normal flora present in
human stools; thus, they are largely underrecognized outside
special studies.

ETEC strains are a frequent cause of acute secretory diar-
rhea among children in developing countries and also are a
major cause of traveler’s diarrhea. EPEC strains cause acute
secretory diarrhea, predominantly in children 2 years of age
and younger and especially in those who are 6 months or
younger. EPEC strains are associated with chronic diarrhea in
children but rarely cause disease in adults. EIEC strains cause
bloody mucoid diarrhea and share many biochemical and
pathogenic properties with Shigella organisms. Watery diar-
rthea also is seen, and fever is a common finding. EHEC
strains also cause bloody diarrhea, and severe hemorrhagic
colitis and the hemolytic uremic syndrome are seen in as
many as 6 to 8 percent of infections. EHEC infections are
more common occurrences in developed countries, although
a large outbreak has been described in Swaziland.?> In the
United States and in other countries, cattle are the predomi-
nant reservoir for EHEC. EAggEC are being recognized in-
creasingly as important diarrheal pathogens, although the
mechanism by which they act remains poorly understood.
They are associated with watery diarrhea in young children

and have been reported as a cause of persistent diarrhea in
children and in adults with human immunodeficiency virus
(HIV).

Campylobacter

Campylobacter is one of the most frequently isolated bacteria
from the stools of infants and children in developing coun-
tries.?® It is associated with watery diarrhea and on occasion
dysentery, with peak isolation rates found in children 2 years
of age and younger. Guillain-Barré syndrome, an autoim-
mune disorder of the peripheral nervous system that can lead
to complete paralysis, is a rare complication of infection with
Campylobacter. Poultry is an important source of Campy-
lobacter infections in developed countries, and the presence
of an animal in the cooking area is a risk factor for acquiring
campylobacteriosis in developing countries.

Shigella species

Shigella is estimated to cause more than 160 million infec-
tions annually in developing countries, primarily in chil-
dren.’” Shigella infections are relatively more common find-
ings in toddlers and older children than in infants. The four
recognized subgroups of Shigella are Shigella sonnei, Shigella
flexneri, Shigella boydii and Shigella dysenteriae, and multiple
serotypes within each subgroup, except S. sonnei. S. sonnei is
the subgroup that causes the mildest illness and is seen most
commonly in developed countries. S. flexneri, which is more
likely to cause dysenteric symptoms and more persistent ill-
ness, is the most common subgroup in developing countries,
with S. sonnei being the next most common. The other two
subgroups comprise less than 5 percent of isolates in most
studies but are noteworthy for their association with more
severe disease. In particular, S. dysenteriae type 1 (Sdl),
which produces the same Shiga-toxin as does EHEC, has
caused devastating epidemics of bloody diarrhea, with re-
ported case-fatality rates approaching 10 percent in Asia,
Africa, and Central America.

Vibrio cholerae

Many species of Vibrio cause diarrhea in developing coun-
tries, but the causes of epidemic cholera, V. cholerae sero-
groups O1 and O139, are of special importance. No illness
produces depletion of volume as rapidly and as severely as
does cholera; in the absence of prompt and adequate rehy-
dration, hypovolemic shock and death can occur within 12 to
18 hours after onset of the first symptom.3® Stools are watery,
colorless, and flecked with mucus. Vomiting is a common
finding, but fever is a rare event. Life-threatening electrolyte
imbalances must be avoided by using appropriate solutions
for rehydration. Children with cholera are especially prone to
the development of hypoglycemia, which can lead to convul-
sions and death. Because of the potential for epidemic spread,
confirmed or suspected cases of cholera (including severe
dehydrating diarrheal illness in patients >5 years) should be
reported promptly to public health authorities.

Salmonella

More than 2000 serotypes of Salmonella exist, all of which are
pathogenic for humans. Infants and the elderly appear to be
at greatest risk, but all age groups are susceptible to salmo-
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nellosis. Animals are the major reservoir for Salmonellae, and
different serotypes predominate among reptiles, fowl, and
mammals. The acute onset of nausea, vomiting, and diarrhea
that may be watery or, less frequently, dysenteric characterize
most cases of Salmonella gastroenteritis. Fever occurs in ap-
proximately 70 percent of affected children. Bacteremia oc-
curs in 1 to 5 percent of patients, most frequently in infants.
Enteric fever, which classically is associated with Salmonella
serotype Typhi (typhoid fever) or serotype Paratyphi A, B, or
C, also is seen rarely with non-Typhi serotypes. Typhoid
fever is identified most frequently among school-age children
but also presents in a milder form in children 2 years of age
and younger. In children, the disease not uncommonly pre-
sents with diarrhea, with or without blood, but it is charac-
terized by fever lasting 3 or more weeks. Complications of
typhoid fever include intestinal hemorrhage and perforation,
myocarditis, meningitis, pneumonia, and shock.?”

Viral Agents
Rotavirus
Rotavirus is the leading cause of severe, dehydrating gastro-
enteritis among children, accounting for one-third of all hos-
pitalizations for diarrhea and an estimated 500,000 deaths
worldwide each year.*® Nearly all children in both industri-
alized and developing countries are infected with rotavirus
by the time they are 3 to 5 years of age. Neonatal infections
are common occurrence but often are asymptomatic.?! The
incidence of clinical illness peaks in children between 4 and
23 months of age. Rotavirus is associated with gastroenteritis
of above-average severity. Thus, the proportion of episodes of
diarrhea attributable to rotavirus increases with increasing
severity of illness, from 6 to 8 percent of all diarrhea episodes
in the community to 15 to 20 percent of episodes requiring
outpatient therapy to 25 to 40 percent of episodes requiring
hospitalization. Children often are infected with rotavirus
multiple times, and each infection confers progressively
greater immunity.*! Therefore, severe disease occurs most
commonly in young children with first or second infections.
Rotaviruses are classified into different strains (G and P
types) on the basis of two outer capsid proteins.?! Theoreti-
cally, 80 different strains of rotavirus could result from vari-
ous combinations of the known 10 G and 8 P types of human
rotaviruses. However, four common strains of rotavirus
(P[8]IG1, P[8]G3, P[8]G4, and P[4]G2) are most prevalent
globally. Compared with their counterparts in industrialized
countries, children in developing countries experience their
first severe infection with rotavirus at a younger age, exhibit
year-round rather than seasonal disease, and are more likely
to be infected with unusual or multiple strains of rotavirus.*

Human Caliciviruses (HuCVs)

HuCVs are a group of nonenveloped, small, round viruses
that belong to two genera in the family Caliciviridae, the no-
roviruses and sapoviruses (previously called “Norwalk-like
viruses” and “Sapporo-like viruses,” respectively).” Infec-
tions with the prototype strain, Norwalk virus, were recog-
nized nearly two decades ago to be common occurrences in
children, but the etiologic role of HuCV could not be assessed

accurately because of the lack of simple and sensitive diag-
nostic assays. Cloning and sequencing of the genome of Nor-
walk and several other HuCvs have allowed for the develop-
ment of polymerase chain reaction-based assays for detection
of virus in stool and enzyme immunoassays for detection of
serologic responses.** These assays show that noroviruses are
the most common cause of outbreaks of gastroenteritis and
that they affect all age groups, whereas sapoviruses affect
primarily children.**6 The etiologic role of noroviruses in
moderate-to-severe childhood gastroenteritis in developing
countries is being studied, but preliminary data from indus-
trialized countries indicate that they may be the second most
common viral agent after rotavirus, accounting for 4 to 19
percent of episodes of severe gastroenteritis in young chil-
dren.??

Other Viral Agents

Enteric adenoviruses of serotypes 40 and 41 and astroviruses
are associated with approximately 2 to 12 percent of episodes
of gastroenteritis in young children.*’-* Several other enteric
viruses, including coronaviruses, toroviruses, and enterovi-
ruses, have been detected in children with diarrhea, but their
etiologic role is poorly defined.

Parasitic Agents

Bacterial and viral agents are responsible for the majority of
infectious diarrheal illnesses among children in developing
countries, with parasitic agents accounting for a relatively small
proportion of cases.® Giardia lamblia, Cryptosporidium parvum,
Entamoeba histolytica, and Cyclospora cayetanenesis are the para-
sites that most commonly cause acute diarrheal illness in chil-
dren. The prevalence of G. lamblia is low (approximately 2 to
5%) among children in developed countries but can be as high
as 20 to 30 percent in developing regions.?® Although often
asymptomatic, infection with Giardia organisms can lead to sig-
nificant anorexia and growth impairment in a small proportion
of cases. Infections with both Cryptosporidium and Cyclospora
organisms are common occurrences among children in devel-
oping countries, but they frequently are asymptomatic. For ex-
ample, a recent study from Peru showed that children younger
than 12 years of age had an average of 0.20 episodes of cyclos-
poriasis annually and 0.22 episodes of cryptosporidiosis annu-
ally but more than two-thirds of infections caused by both
agents were asymptomatic; the proportion of cases that resulted
in clinical illness declined with increasing age.* In the devel-
oped world, diarrheal infections of parasitic origin are uncom-
mon occurrences and usually restricted to persons who recently
traveled to regions where such pathogens are endemic. How-
ever, vigilant surveillance for waterborne diseases®®>! and the
advent of several recent outbreaks of cryptosporiodosis and cy-
closporiasis in the United States®?*>* and other developed re-
gions>>% brings attention to the increasing importance of para-
sites as human enteropathogens worldwide.

Pathogenic Mechanisms

The inoculum required to cause disease varies substantially
for different enteric pathogens. For some pathogens, such as
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Salmonella, approximately 10° to 10® organisms must be in-
gested to cause illness. On the other hand, for Shigella, Enta-
moeba, Giardia spp., and Norwalk virus, ingestion of as few as
10 to 100 organisms can cause illness. The expression of
certain blood group antigens in the host influences the sus-
ceptibility to infection by some organisms, such as V. cholerae
and noroviruses. Children with decreased gastric acidity,
which may result from chronic asymptomatic infection with
Helicobacter pylori or other causes, are at higher risk for the
development of infection with bacterial pathogens.

Enteric bacteria produce clinical disease by two primary
mechanisms: the production of toxins and invasion of the
enteric mucosa. A variety of toxins are produced by enteric
pathogens. Some agents, such as V. cholerae and ETEC, pro-
duce enterotoxins that cause diarrhea by activation of secre-
tory mechanisms in the intestinal mucosa. ETEC produces
both heat-stable (STa and STb) and heat-labile (LT I and LT
1) toxins; the heat-labile toxins of ETEC closely resemble
cholera toxin. Others, such as S. dysenteriae and Vibrio para-
hemolyticus, produce cytotoxins that lead to destruction of
the intestinal epithelium, resulting in inflammatory diarrhea.
Finally, some agents, such as Staphylococcus aureus and Bacil-
lus cereus, induce neurotoxins that induce diarrhea by acting
directly on the nervous system. Dysentery results from either
the production of cytotoxins or from direct invasion of the
intestinal mucosa by pathogens such as Shigella organisms
and EIEC. Some enteric pathogens, such as Salmonella Typhi
and Yersinia enterocolitica, can penetrate the intestinal mu-
cosa and disseminate through the regional lymphatics to en-
ter the bloodstream, resulting in systemic manifestations.

Enteric viruses cause diarrhea through multiple mecha-
nisms, including interfering with gastrointestinal motility or
destroying the intestinal epithelium and reducing brush bor-
der enzymes.”” The lack of these enzymes results in the fail-
ure to metabolize dietary carbohydrates and, consequently,
produces osmotic diarrhea. Studies in mice indicate that a
nonstructural protein of rotavirus, NSP4, acts as an entero-
toxin and causes secretory diarrhea by altering epithelial cell
function and permeability.”®>° In addition, rotavirus may
evoke fluid secretion through activation of the enteric ner-
vous system in the intestinal wall. Recent data indicate that
rotavirus antigen and RNA are present in serum of children
with acute rotavirus infection, suggesting that rotavirus pos-
sibly escapes the intestinal tract in children, resulting in an-
tigeniemia and possible viremia.®® Further investigations are
needed to establish the importance of these findings in un-
derstanding the pathogenesis of rotavirus and the relation
between extraintestinal spread and the severity of disease.

Clinical Manifestations

Acute diarrhea usually manifests as an increase in the fre-
quency or volume of stool. Fever is a common occurrence
and usually is associated with invasive pathogens. Bloody
stools are present in diarrhea caused by invasive pathogens
and those that release cytotoxins; the presence of bloody
stools in the absence of fecal leukocytes should raise the
consideration of EHEC infection. Most viral agents and bac-

teria that release enterotoxins usually do not cause bloody
diarrhea. Vomiting is observed more frequently in viral diar-
rhea and illness caused by ingestion of preformed bacterial
toxins (eg, S. aureus). Despite these clues, determining the
causative agent of diarrhea in an individual patient based on
clinical grounds alone usually is difficult.

Prognostic Factors

The synergistic relationship between malnutrition and diar-
rthea is well recognized. Approximately 10 percent of chil-
dren in developing countries are severely underweight, and 8
and 32 percent suffer from wasting and stunting, respective-
ly.!° Diarrhea has prolonged duration and is more severe in
children with macronutrient or micronutrient deficiencies,
and persistent diarrhea often results in malabsorption and
significant weight loss, further promoting this cycle. Chil-
dren with poor nutritional status, measured by anthropomet-
ric growth, also have an elevated risk for diarrheal death.5!
Zinc deficiency, in particular, suppresses immune system
function and is associated with an increased prevalence of
persistent diarrhea.®? Similarly, children with immunosup-
pression secondary to infection with HIV or other chronic
conditions may have an increased risk for the development of
clinical illness, prolonged resolution of symptoms, or fre-
quent recurrence of diarrheal episodes.®

Management

Effective prevention of mortality and management of mor-
bidity associated with diarrheal illnesses among children is
dependent on making a timely and accurate assessment of the
status of hydration, followed by promptly instituting appro-
priate treatment.

Assessment of the Patient

All children presenting with acute diarrhea should be evalu-
ated promptly for features of dehydration to ascertain infor-
mation about the severity of illness and the need for rapid
initiation of therapy. The current World Health Organization
(WHO) Integrated Management of Childhood Illness®*
guidelines for assessment of dehydration are presented in
Table 2. Additional practice guidelines for the treatment of
acute gastrointestinal illness in children also are available
(American Academy of Pediatrics).®> Because most diarrhea-
associated dehydration is isonatremic, measurement of se-
rum electrolytes usually is required in only those children
who have either moderate dehydration with atypical clinical
history or findings or in children with severe dehydration.
Features of hypernatremic dehydration, such as irritability
and doughy feel to the skin, should be sought specifically
because this condition requires specific rehydration meth-
ods. Stool cultures usually are indicated only in cases of dys-
entery or to determine the etiology of an outbreak or to mon-
itor antimicrobial resistance of bacterial pathogens.



160

L.J. Podewils et al.

Tahle 2 Guidelines for Assessment of Dehydration Status®*

Normal/No Some Dehydration Severe Dehydration
Indicator Dehydration (=2 of these signs) (=2 of these signs)
Sensorium Normal Restless or irritable Abnormally sleepy or lethargic
Sunken eyes”* No Yes
Drinking Normal Drinks eagerly Drinking poorly or not at all
Skin pincht Normal (immediate) Slowly (<2 seconds) Very Slowly (>2 seconds)

*Assessment of sunken eyes should be done both objectively and by asking the mother/ caregiver, as she is more familiar with the child.
tSkin should be pinched longitudinally (eg, thoracoinguinal direction) between the thumb and forefinger, held for 1 to 2 seconds, then released

by opening the finger and thumb.

Rehydration Therapy

Severe dehydration is a medical emergency, and intravenous
rehydration therapy should be instituted immediately. Lac-
tated ringer solution, normal saline, or a similar solution
should be administered at a rate of 30 mL/kg of body weight
until pulse, perfusion, and mental status return to normal; in
some instances, large doses may need to be administered
more rapidly, which might require using multiple intrave-
nous lines or, in a few cases, alternative routes of administra-
tion, such as intraosseous infusion. Electrolyte levels should
be assessed, although therapy can be begun safely in the
absence of these data. As soon as the child’s condition is
stable and the mental status is normal, therapy can be
changed to the oral route, as described below.

For children with mild to moderate dehydration, oral re-
hydration therapy (ORT) should be initiated with ORS, ad-
ministered at a rate of 75 mL/kg of body weight per hour over
a period of 4 hours (Fig 2). ORS contains a mixture of
glucose, sodium, potassium, and chloride in a bicarbonate
base. The optimal osmolarity of ORS, determined by the
concentration of sodium and glucose, was re-evaluated re-
cently.®67 WHO and the United Nations Children’s Fund
(UNICEF) recently revised their guidelines to suggest use of
ORSs that are hyposmotic to solutions previously promoted
after several clinical trials documented clear advantages.6”-%8
Results of a meta-analysis concluded that children treated
with an ORS of lower osmolarity had measurable reductions
in stool output and vomiting and less need for intravenous
rehydration compared with children treated with the stan-
dard ORS.%67 The new WHO ORS contains 13.5 g/L glu-
cose, 75 mmol/L sodium, 20 mmol/L potassium, 65 mmol/L
chloride, and 30 mmol/L base bicarbonate solution, for a
total osmolarity of 245 mOsn/L.%8 In addition to WHO ORS,
several commercial solutions are available and appropriate
for rehydration after losses caused by diarrheal illness.®

For children who are unable to tolerate ORS through the
oral route, nasogastric (NG) feeding can be used to adminis-
ter ORS. NG feeding is particularly beneficial in patients who
have persistent vomiting with oral administration. After the
first 4 to 6 hours of rehydration therapy has been given, fluid
balance should be maintained through continuing adminis-
tration of ORS.

Dietary Therapy

Age-appropriate intake of nutrients, including breastfeeding
for infants and nutrient-dense solid food intake for children,

should be maintained.® Concerns about patients having lac-
tose intolerance immediately after having a diarrheal episode
appear to be largely unfounded,”® and special formulas or
dilutions generally are unnecessary.”! The importance of suf-
ficient caloric intake should be emphasized to offset weight
loss from illness and as a fundamental facilitator for proper
growth and development. Efforts should be made to educate
the mother or caregiver on early recognition of dehydration,
appropriate ORS and therapy, and energy intake. Exclusive
breastfeeding should be recommended for infants younger than
6 months old,>7 and identification of locally available foods
that will support nutrient and caloric needs of older children
may be useful.™

Pharmacologic Therapy

Antimicrobial agents usually are not recommended for the
routine treatment of acute diarrheal illness.” Most episodes
caused by bacteria and parasites are self-limiting and can be
managed effectively with ORS and adequate food intake, and
inappropriate use of antimicrobials can promote antimicro-
bial resistance. Treatment with antimicrobials is recom-
mended for Campylobacter infections in immunocompro-
mised persons and in those with extraintestinal infections.
Erythromycin and azithromycin dihydrate are the agents
most commonly used for treatment of Campylobacter infec-
tions, but increasing resistance to macrolides and fluoroquin-
olone agents has been noted in many countries.”® Antimicro-
bial treatment also decreases the duration of illness of
cholera, fluid requirements, and duration of excretion of V.
cholerae and may be used in severe cases as an adjunct to
rehydration therapy. Trimthoprim-sulfamethoxazole may be
used to treat younger children, whereas doxycycline or tet-
racycline are used more often for older children and adults.
Treatment with antimicrobial agents limits the duration and
severity of shigellosis and is recommended when the illness is
characterized by bloody stools or high fevers.”” However,
Shigella organisms rapidly acquire resistance to a variety of
antimicrobial agents and strains of Sd1 resistant to all com-
monly used antimicrobial agents, including fluoroquinolo-
nes, recently have been reported from Bangladesh and India,
raising the specter of potentially untreatable infections.” Ap-
propriate treatments for Shigella spp. include, but are not
limited to, nalidixic acid, ciprofloxacin, and pivmecillinam;
more extensive lists have been published elsewhere.” The
specific antimicrobial for empiric treatment should be based
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ACUTE PHASE - REHYDRATION

( Dehydration Status’ None Some Severe
Hydrating Solution ORS ORS Ringer’s Lactate
Initial Rate of Administration
4-6 4 <10 kg (~ age <1 yr) See 75 ml/kg/hr X 4 hrs. 30 ml/kg 1% hour,
hours maintenance  (total 200-600 ml) 70 mi/kg next 5 hours
>10 kg (~ages 2-4) See 75 mi’kg/hr X 4 hrs. 30 ml/kg 1% 30 min.,
maintenance  (total 600-900 ml) 70 ml/kg next 2.5 hours

Mode of Administration Oral

Oral Intravenous (V)

After fluid replacement

MAINTENANCE PHASE — REPLACEMENT OF LOSSES

Hydrating Solution

ORS

Rate of Administration

50-100 ml/loose stool---------------=mn-m--

100-200 ml/loose stool---------=-===-=-n=--

Until <2 years of age
diarrhea
stops < >2 years of age
Nutrition*
Infants
>6 months = e

Figure 2 Levels listed are minimums; if child desires additional ORS, give more. TSee Table 2 for assessment of
dehydration. #Breastmilk can be given to infants even during acute rehydration; otherwise, food should not be given
during the acute rehydration phase but should be initiated as soon as possible after fluid levels are restored. Children
who are still nursing but are 6 months or older should be given supplemental food in addition to breastmilk. Energy and
micronutrient-rich foods such as grains, meats, fruits, and vegetables are recommended. Children should try to eat
frequent, small meals throughout the day (~6 meals/day). Energy intake should continue to be increased as tolerated
following the diarrheal episode to allow for “catch-up growth” and continued development. Source: World Health
Organization. The treatment of diarrhoea. A manual for physicians and other senior health workers. Geneva: World

Health Organization; 1995. WHO/CDR/95.3.

on the regional endemicity, resistance patterns, and availabil-
ity of Shigella spp. Antimicrobial treatment of non-Typhi sal-
monellosis should be reserved for extraintestinal infections,
but specific antimicrobial therapy with ampicillin, chloram-
phenicol, or trimethoprim-sulfamethoxazole is indicated to
shorten the duration of symptoms and lower the risk of the
development of complications for children with illness
caused by S. typhi.”® Oral nitazoxanide is recommended for
the treatment of diarrheal illness associated with G. lamblia or
C. parvum, and trimethoprim-sulfamethoxazole is effective
for treating cyclosporiasis.”®

A few randomized trials have shown that probiotics such
as Lactobacillus GG, a native component of human intestinal
flora, hastens recovery from diarrheal episodes and reduces
the risk of having recurrent infection.®® These benefits gen-
erally are thought to be associated with the ability of probi-
otics to stimulate host humoral immune defenses, and ad-
junctive treatment with Lactobacillus casei GG enhances the
localized rotavirus-specific IgA response.®! However, ade-
quate data are not available to recommend the routine use of
probiotics for treatment of diarrhea in children.

A variety of nonspecific antidiarrhea agents (eg, kaolin),
antimotility agents (eg, loperamide), antisecretory agents (eg,
bismuth salicylate), and toxin adsorbents (eg, cholestyra-
mine) have been used for treatment of diarrhea in older chil-
dren and adults. The safety and efficacy of these agents have
not been established in children, and they currently are not
recommended for treatment.

Micronutrient Supplementation

Supplementation with zinc has been shown to be efficacious
as an adjunct therapy for acute and persistent diarrheal epi-
sodes in children in developing countries.®? Results of a re-
cent meta-analysis that reviewed seven trials for acute diar-
rhea concluded that treatment with zinc shortens the
duration and lessens the severity of illness.®? Administration
of zinc supplements to children suffering from persistent
diarrhea is recommended by the WHO,%* and randomized
trials have demonstrated its utility in reducing mortality rates
up to 75 percent (range: 19 to 63 percent) among children
with persistent diarrheal illness.8? More research is needed to
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determine the mechanism of action of zinc and to identify
methods for its optimal delivery. Research on vitamin A sup-
plementation is less consistent and generally does not sup-
port the use of vitamin A supplementation for reducing mor-
bidity associated with acute diarrhea.®?

Prevention
Water, Sanitation, and Hygiene

A recent estimate attributes 2.2 million deaths to diseases
related to water, sanitation, and hygiene, with infectious di-
arrhea being the primary cause. Moreover, 90 percent of the
disease burden occurs among children younger than 5 years
of age.8* This disease burden is almost entirely preventable
through measures that have been well understood and widely
implemented in industrialized countries for more than a cen-
tury, yet one-fifth of the world’s population lacks access to
potable water, and nearly one-half lacks access to adequate
sanitation.®> The Millenium Development Goals seek to re-
duce these proportions by 50 percent; however, earlier global
efforts, including the Water and Sanitation Decade (1981 to
1990), fell far short of achieving even this level of success.

Safe Water

Traditional approaches to the provision of safe drinking wa-
ter and disposal of infectious human waste rely on large in-
frastructure projects (eg, piped treatment systems) that are
costly, time-consuming, and labor-intensive to build and
maintain. While these remain an essential long-term objec-
tive, approaches based on a combination of “distributed”
technologies and behavior change communications, such as
point-of-use water treatment, offer an immediate means to
accelerate the health gains associated with improved wa-
ter.8687 One model for implementation is the Safe Water
System program promoted in more than a dozen countries by
the U.S. Centers for Disease Control and Prevention (CDC).%8

Sanitation

The median reduction in the incidence of diarrheal diseases
resulting from improvements in sanitation has been estimated to
be 22 percent and as high as 36 percent in selected studies that
met more rigorous scientific criteria.®° Convincing people to pay
for and regularly use improved sanitation facilities can be chal-
lenging, but some community-based and school-based ap-
proaches have achieved notable success, with impressive con-
current reductions in the evidence of diarrheal disease.®*!
Ecological sanitation, which relies on composting latrines or
dehydrating latrines with urine separation to enable the recov-
ery of nutrients in waste matter for agricultural use and the
minimization of water pollution, is being studied actively as a
more economic and environmentally friendly alternative to tra-
ditional latrines or sewerage.”?

Houseflies can transfer bacterial pathogens, such as Shigella
organisms, from the feces of an infected individual to the hands
or the food of a susceptible one, and they thereby serve as vec-
tors for transmission of diarrheal disease. Improvements in san-
itation will diminish the opportunity that flies have for contact

with human excreta, but this objective also can be attained by
diminishing the fly density through insecticide spraying or fly
traps. Three well-designed studies have demonstrated reduc-
tions in the incidence of diarrhea ranging from 23 to 42 percent
(and 85% for shigellosis) when interventions for the control of
flies were implemented.”>-9

Hygiene

Where sanitation is poor, the potential for proper hygiene to
prevent the transmission of diarrheal disease is high because
of abundant environmental contamination with human and
animal wastes. A recent meta-analysis of 17 studies con-
cluded that promotion of handwashing interventions re-
duced the risk of diarrhea by 47 percent and of severe intes-
tinal infections by 59 percent.”® Washing with soap enhances
the removal of pathogens from hands and may provide pleas-
ant sensory associations that lead to more frequent compli-
ance with handwashing recommendations.””*® Waterless
hand sanitizing gels, such as the alcohol-based hand sanitiz-
ers now widely used in hospitals, eventually may be useful in
developing countries where water is scarce, if they can be
made available at very low cost. Handwashing at critical
times—after defecating, after cleaning an infant or young
child who defecated, before preparing food, before eating,
and before feeding infants—is important for maximal reduc-
tions in diarrheal disease transmission risk. Handwashing by
key persons, including those who care for and prepare or
serve foods to infants, and those who prepare and serve food
as their vocation (eg, street vendors) should be targeted in
promotional campaigns.?

Safe Food

The increased incidence of diarrheal disease concurrent with
the introduction of weaning foods has been recognized for
some time, and the protective effects of exclusive breastfeed-
ing have been demonstrated repeatedly.3>1%° The addition of
water, infusions, and other types of milk or solid foods to an
infant’s diet and the cessation of breastfeeding each is associ-
ated independently with a greatly increased risk of develop-
ing diarrhea. Exclusive breastfeeding can and should be pro-
moted through existing primary healthcare services.!°!
Many lines of evidence suggest that weaning foods are
vehicles of enteric infection. Numerous studies have demon-
strated the presence of bacterial enteropathogens from wean-
ing foods in doses sufficient to cause illness. Moreover, be-
cause food reduces gastric acidity, it predisposes one to the
development of infection at even lower bacterial inocula than
those required through waterborne or “person-to-person”
transmission. Proper food preparation and handling are es-
sential for reducing diarrheal disease risks. Infectious human
or animal wastes and contaminated water should not be used
to fertilize or irrigate fruits and vegetables, especially those
grown close to the soil and eaten raw (eg, lettuce). Shellfish
should not be harvested from contaminated waters; seafood
and other products of animal origin never should be eaten
raw; and milk should be boiled or pasteurized. Thorough
cooking eliminates most pathogens from foods; however,
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poor hygiene and improper storage can lead to recontamina-
tion multiplication of bacteria. As a result, thoroughly reheat-
ing cooked foods before serving them is important.

Micronutrient Supplementation

The limited data available suggest that rates of diarrheal ill-
ness among children in developing countries who receive
supplementation with zinc are 12 to 44 percent lower than
that in those who received no supplementation.?? A few ran-
domized trials have demonstrated that vitamin A supplemen-
tation reduces the incidence and duration of diarrheal illness-
es,'9 particularly among children with measles'®® or with
vitamin A deficiencies.!®* In contrast, other trials have failed
to identify any significant change in incidence of diarrheal
disease associated with vitamin A prophylaxis,!®>!% and
some findings suggest that vitamin A megadoses actually may
increase the risk of developing diarrheal illness, particularly
in younger children (<30 months).1% In addition, a recent
review of nine trials found no consistent evidence backing
the use of vitamin A supplementation for the primary pre-
vention of diarrhea.®®> However, a randomized trial con-
ducted among Bangladeshi children found the combined ef-
fect of zinc and vitamin A supplementation on diarrheal
incidence and prevalence to be superior to that associated
with either macronutrient alone.’®” Moreover, findings from
the literature highlight that the effectiveness of micronutrient
supplementation for reducing the incidence of diarrheal dis-
ease depends largely on the overall immunologic and nutri-
tional states of the child. Further research is needed to assess
the overall utility of supplementation with micronutrients,
identify groups that should be targeted for these interven-
tions, and determine optimal strategies for delivery.

Vaccines

S. typhi

Two typhoid vaccines currently are approved for clinical use.
The Vi capsular polysaccharide vaccine is approved for chil-
dren older than 2 years of age. A single parenteral dose pro-
vides a high level of protection'®®!% and may provide pro-
tection for as long as 10 years. The live attenuated vaccine,
Ty2la, is similarly efficacious for a period of at least 5
years.10!11The vaccine is administered in four total doses
given every other day. After 5 years, the complete series
should be repeated. Ty21a is approved only for children 6
years and older. Typhoid is a major problem among children
in developing countries. Unfortunately, no available vaccine
provides the convenience that is required for distribution to
children in the areas of greatest need.

Shigella organisms

Development of a vaccine for Shigella continues to be a high
public health priority because of its low infectious dose and
high incidence of postinfectious sequelae, which include
protein-losing enteropathy and malnutrition. Antibodies to
the Shigella O antigens are known to be protective, and Rob-
bins and coworkers''? have produced parenteral conjugate
vaccines consisting of purified Shigella lipopolysaccharide
(LPS) conjugated to a protein carrier. Despite the existence of

47 Shigella serotypes, certain types are represented dispro-
portionately. Three conjugate vaccine candidates that have
been evaluated in humans are S. dysenteriae 1 LPS conjugated
to tetanus toxoid, S. flexneri 2a LPS conjugated to recombi-
nant Pseudomonas exoprotein A, and S. sonnei LPS conjugated
to exoprotein A. All three vaccines proved immunogenic and
protective against shigellosis in field trials among Israeli sol-
diers.!13-115 Parenteral Shigella vaccines may be useful for
travelers and the military, but they are impractical for use in
developing countries.

A more promising vaccine formulation is a single-dose
live-attenuated Shigella vaccine that would induce a mild,
immunizing form of the disease. Such vaccines are under
development in several laboratories. Sansonetti and cowork-
ers!16 have constructed a series of Shigella vaccine candidates
with mutations in the icsA (virG) gene, which is involved in
spread of Shigella through the intestinal epithelium. They also
have constructed a S. flexneri 2a vaccine mutated at virG and
the iron-scavenging locus iuc. In clinical trials, ingestion of
106 or 10% CFU of this strain (SC602) caused symptoms of
mild shigellosis in most volunteers, whereas a dose of 10*
caused only mild symptoms in a few volunteers.'” In subse-
quent challenge studies, volunteers who ingested a single
dose of 10* CFU were protected against challenge with wild
type S. flexneri 2a. Noriega and coworkers (Kotloff K, per-
sonal communication 2004) have had similar success with a
S. flexneri 2a strain harboring mutations in the metabolic
locus guaBA and the putative enterotoxin loci set and sen.
This strain, designated CVD 1208, is well tolerated at doses
up to 10° CFU and provides strong serum and intestinal
antibody responses.

Whereas a virG mutation alone is not sufficiently attenu-
ating in S. flexneri, a virG mutant of S. sonnei, designated
WRSS1, is only mildly reactogenic. In Phase I clinical trials, a
single dose of 103, 10%, 10°, or 10° CFU caused low-grade
fever or mild diarrhea in 22 percent of recipients!'!® and pro-
vided strong serum and intestinal antibody responses

V. cholerae

Two oral cholera vaccines, one live-attenuated and one inac-
tivated, have been licensed in industrialized countries. CVD
103HgR (ctxA-, hly-, Classical Inaba strain 569B) was the first
recombinant live-attenuated cholera vaccine that proved to
be well-tolerated, immunogenic, and protective and is the
only such vaccine currently licensed for human use. CVD
103-HgR is derived from V. cholerae O1 Classical Inaba strain
569B, which shows a mild defect in its ability to colonize the
mouse and human intestine.''° In addition to deletions in the
catalytic A subunit of cholera toxin, CVD 103-HgR also har-
bors mutations in the putative virulence factor Hly (which is
not expressed by classical biotype strains).

CVD 103-HgR has been administered to more than 6000
individuals in a series of placebo-controlled Phase 1 and
Phase 2 trials.!1%120-127 T 3 randomized, double-blind, pla-
cebo-controlled multicenter trial, a single dose of this strain
conferred 91 percent protective efficacy against moderate or
severe diarrhea after challenge with toxigenic El Tor V. chol-
erae.'?® This vaccine has shown efficacy in field studies in
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developing countries and is likely to be beneficial for travel-
ers to endemic regions.

Several nonmotile derivatives of V. cholerae have been eval-
uated as potential vaccines. The most promising of these
candidates is Peru-15, derived by deleting the cholera toxin
genetic element, introducing the gene encoding cholera toxin
B subunit into the recA locus, and screening for nonmotility
ina V. cholerae O1 El Tor Inaba strain.!?*13° Peru-15 showed
100 percent efficacy against homologous challenge in a co-
hort of adult volunteers.!?°

An oral cholera vaccine consisting of the nontoxic, highly
immunogenic cholera toxin B subunit protein in combina-
tion with heat- and formalin-killed V. cholerae O1 classical
and El Tor vibrios has been developed in Sweden. This B
subunit-whole cell (B-WC) vaccine has proved to be safe and
protective against cholera and, to a lesser extent, against di-
arrhea caused by ETEC, producing cholera toxin-like, heat-
labile enterotoxin.!3133 Phase 1 and phase 2 clinical studies
established that the B-WC vaccine does not cause any detect-
able side effects and that it stimulates a gut mucosal IgA
antitoxic and antibacterial immune response after multiple
doses.13213%135 The duration of protection for this vaccine,
however, is likely to be short-lived. In a large field trial,
efficacy was estimated to be approximately 60 to 70 percent
after 2 years.!36 Still higher (ca 70%) longer-term protective
efficacy was seen in those older than age 5 years when vacci-
nated. Killed vaccines offer some promise in developing
countries, particularly because they can be produced locally.

ETEC Vaccines
ETEC is an extremely common cause of infant diarrhea in the
developing world. A vaccine against this infection must be
safe and effective in young infants. Antibodies to the coloni-
zation factor antigens are thought to be protective against
ETEC infection, yet their tremendous antigenic diversity pre-
sents a daunting obstacle. The most advanced ETEC vaccine
candidate comprises a killed whole cell formulation plus re-
combinant cholera toxin B subunit. The vaccine contains five
strains of formalin-killed ETEC, which collectively express
the most prevalent fimbrial antigens: colonization factor an-
tigen/I and CS1 through CS6.137 This vaccine was safe and
immunogenic in adult volunteers as well as in children be-
tween 2 and 12 years of age.!®®1%0 Immune responses, as
measured by intestinal lavage and antibody-secreting cells,
were elicited against cholera toxin B subunit as well as each
fimbrial type.!3° In addition, this vaccine was immunogenic
when tested in endemic areas in adults and children in Ban-
gladesh and Egypt.!40-142

No vaccines currently are available for protection against
Shiga toxin-producing E. coli infection. Vaccine candidates un-
der development include Shiga toxoids,!**1** polysaccharide-
based vaccines,'* and live attenuated constructs.!*¢ Candidate
vaccines for livestock vaccination also are undergoing develop-
ment.'*

Rotavirus

Efforts to develop rotavirus vaccines were pursued when im-
provements in hygiene and sanitation did not appear to
reduce disease incidence because rates were similar in less

developed and industrialized countries. The initial develop-
ment of rotavirus vaccines was based on the Jennerian ap-
proach, which involved the use of a live-attenuated, antigeni-
cally related virus derived from a nonhuman host such as a
bovine or rhesus strain. Later, after observations in vaccine
challenge cross-protection studies in animals suggested that
serotype-specific immunity may be important in protection,
vaccines were developed by using a modified Jennerian ap-
proach, in which animal-human reassortants expressing VP7
proteins of different serotypes were used as the immunogens.
More recently, live-attenutated vaccines based on rotavirus
strains derived from young children and neonates have been
developed.

In 1998, a rotavirus vaccine was licensed in the United
States and was recommended for routine immunization of
infants. This vaccine, a tetravalent rhesus-human reassort-
ment rotavirus tetravalent vaccine (RRV-TV), was developed
to target the four most common G serotypes of rotavirus,
G1-G4. However, RRV-TV was withdrawn in 1999 when it
was linked causally with intussusception at an estimated rate
of 1 case per 11,000 vaccinated infants, and the manufacturer
stopped its production. Other rotavirus vaccines are being
developed. Two vaccine candidates, a pentavalent bovine
rotavirus-human rotavirus reassortant vaccine (Merck & Co.
Research Laboratories, West Point, PA) and a monovalent
human rotavirus vaccine (Glaxo SmithKline, Philadelphia,
PA), are currently in large-scale clinical efficacy trials. Prelim-
inary trial results have shown that these vaccines are effica-
cious, and evaluation of the safety of their use in children is
ongoing.1*® A key question that remains unanswered to date
is whether Merck’s multivalent rotavirus vaccine, which the-
oretically should provide better protection against multiple
rotavirus strains, offers significant clinical benefits compared
with Glaxo SmithKline’s monovalent vaccine. Trial data that
address this question are awaited keenly, as theoretically a
monovalent vaccine could be produced through a simpler
technology and at a lower price and, therefore, be less expen-
sive and more widely available for use in global immuniza-
tion programs.

Comment

During the past several decades, the rate of diarrheal mortal-
ity among children in developing countries has declined sig-
nificantly. However, the challenge of preventing the esti-
mated 1.4 to 2.5 million deaths caused by diarrhea annually
persists. Further reduction of the rate of mortality from diar-
rhea will require adoption of the best practice guidelines for
management of children with diarrhea and appropriate use of
prevention strategies. The efficacy of ORT in reducing severe
diarrhea has been established unequivocally, but global ORS
coverage rates remain less than 50 percent, and efforts must
be made to improve coverage.!® Although encouraging
progress has been made in reducing the rates of mortality
from diarrhea and the potential for future reductions clearly
is evident, efforts to protect children from acquiring diarrheal
diseases have been less successful. A wide range of preventive
measures related to environmental and host factors have
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been developed and are being refined and implemented, yet
significant impact on the global incidence of diarrheal dis-
eases has been elusive. This matter calls for those working in
the field, whether on development of vaccines, promotion of
micronutrient supplementation and breastfeeding, or novel
approaches to water, sanitation, and hygiene, to redouble
their efforts, and for the governments and financial interests
who support these endeavors to redouble their commitment.
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