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SUMMARY

Baylisascaris procyonis, the raccoon roundworm, infects a wide
range of vertebrate animals, including humans, in which it causes
a particularly severe type of larva migrans. It is an important cause
of severe neurologic disease (neural larva migrans [NLM]) but
also causes ocular disease (OLM; diffuse unilateral subacute neu-
roretinitis [DUSN]), visceral larva migrans (VLM), and covert/
asymptomatic infections. B. procyonis is common and widespread
in raccoons, and there is increasing recognition of human disease,
making a clinical consideration of baylisascariasis important. This
review provides an update for this disease, especially its clinical
relevance and diagnosis, and summarizes the clinical cases of hu-
man NLM and VLM known to date. Most diagnosed patients have
been young children less than 2 years of age, although the number
of older patients diagnosed in recent years has been increasing.
The recent development of recombinant antigen-based serodiag-
nostic assays has aided greatly in the early diagnosis of this infec-
tion. Patients recovering with fewer severe sequelae have been
reported in recent years, reinforcing the current recommendation
that early treatment with albendazole and corticosteroids should
be initiated at the earliest suspicion of baylisascariasis. Consider-
ing the seriousness of this zoonotic infection, greater public and
medical awareness is critical for the prevention and early treat-
ment of human cases.

INTRODUCTION

Baylisascariasis is a zoonotic infection caused by larvae of the
raccoon roundworm, Baylisascaris procyonis (1, 2, 3). This
parasite has gained increasing attention as an important cause of
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larva migrans disease in humans and animals, with a steady in-
crease in recognized human cases (4-8). The severity of reported
human infections, and the importance of B. procyonis as a patho-
gen of wildlife and domestic-animal species (1, 9), makes the study
of baylisascariasis a priority for public health, veterinary, and
wildlife management officials.

A wide range of vertebrate orders have been reported to host B.
procyonis in the larval stage, and it is currently considered to be a
significant cause of neural larva migrans (NLM) and ocular larva
migrans (OLM) in animals and humans (1, 2, 6-9). The most
important etiologic agents of visceral larva migrans (VLM) and
OLM in humans are the Toxocara species, especially T. canis (10,
11). However, the involvement of other ascarid worms was hy-
pothesized first by Beaver (12) and later by Anderson et al. in the
first report of a probable case of human neurologic baylisascariasis
(13). One key difference is that toxocariasis usually does not man-
ifest as overtly severe central nervous system (CNS) disease (10),
although there is mounting evidence that CNS Toxocara infection
may result in various neuropsychiatric and neurodegenerative
disorders in humans; see the excellent review by Fan et al. (11).
Several of these clinical problems have also been seen in cases of
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CNS baylisascariasis, and the entire area of progression to neuro-
degeneration subsequent to brain injury from these parasites de-
mands greater attention, especially considering their ubiquity
near humans (2, 6,9, 11).

In recent years, data regarding the epidemiology, transmission,
pathogenesis, diagnosis, and treatment of baylisascariasis have
been rapidly accumulating. Here, we provide an update on the
most relevant aspects of this disease and provide an overview and
summary of the human neurologic and visceral infections in the
United States and Canada that have been recorded since 1975.

BIOLOGY, LIFE CYCLE

B. procyonis is a large, tan-colored roundworm with small cervical
alae. Adult females are 20 to 22 cm long, and males are 9 to 11 cm
long and have distinct pericloacal roughened areas. Ellipsoidal
eggs produced by the females measure 63 to 88 wm by 50 to 70
pm. The eggs are thick shelled and golden brown and have a
distinct surface morphology, i.e., a finely granular protein coat (1)
(see image gallery at www.cdc.gov/dpdx/baylisascariasis/gallery
.html). Baylisascaris is one of several genera (e.g., Ascaris, Paras-
caris, Toxascaris, Toxocara) that belong to the family Ascarididae,
order Ascaridida, phylum Nematoda. There are several Baylisas-
caris species of potential importance to human and animal health
as causes of clinical larva migrans, but the most prevalent and
pathogenic is B. procyonis, which primarily infects raccoons (1).
However, Baylisascaris species infecting skunks, badgers, and
other animals are also potential causes of larva migrans in humans
and animals (1, 14).

There are two types of life cycles for B. procyonis, direct and
indirect, and they have complementary roles in maintaining the
parasite in nature (1). The direct (monoxenous) life cycle involves
only raccoons (Procyon lotor) as well-adapted definitive hosts, and
infection is achieved via the ingestion of embryonated eggs from
the environment. During the indirect (heteroxenous) life cycle,
infective eggs are ingested by paratenic hosts and the invading
larvae migrate to various organs. Raccoons then acquire the infec-
tion through predation of paratenic hosts (1).

In raccoons, adult worms live in the small intestine. When eggs
laid by the female worms are passed in feces and reach the ground,
under ideal conditions of humidity and temperature it takes a
minimum of about 2 weeks for the first-stage larvae (L1) to form
and develop into 300-pm-long infective third-stage larvae (L3) (2,
15). Upon ingestion by young raccoons, the latter invade the in-
testinal wall and develop there for several weeks, and then preadult
stage larvae return to the intestinal lumen to mature into male and
female worms, mate, and start oviposition 50 to 76 days after
infection (1, 16). Juvenile raccoons typically become infected via
the accidental ingestion of embryonated eggs that are present in
the environment (1, 16, 17).

When B. procyonis eggs are ingested by a paratenic host, such as
amouse or human, and the L3 larvae are released, the larvae pen-
etrate the intestinal wall and migrate through the bloodstream to
reach other organs and tissues, including the CNS and eyes (1, 18,
19). Two to 4 weeks after infection, the larvae grow in their third
stage of development to achieve lengths of 1,300 to 1,900 pm,
while actively migrating (20, 21, 22). They then settle and become
encapsulated in granulomas in various organs and tissues (1). Lar-
vae remain dormant in granulomas in paratenic hosts until inges-
tion by predatory raccoons, whereupon they molt and continue
their development in the intestinal lumen and mature into adult
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worms, reaching patency earlier (32 to 38 days) than in the direct
life cycle described above (1, 16, 17). In transmission studies,
100% of raccoons that ingested an infected rodent under experi-
mental conditions became infected (16, 23). Interestingly, wide-
spread larval migration to other tissues does not appear to occur in
raccoons (1).

Raccoons are well-adapted hosts for B. procyonis—they exhibit
a high susceptibility to infection, and they release a significant
number of eggs into the environment each day, typically at latrines
(communal areas of raccoon defecation) (1, 2, 9). Female worms
can produce between 115,000 and 179,000 eggs per day per worm;
therefore, infected raccoons can shed millions of eggs per day in
their feces (1, 2, 4-7). The distribution of eggs in raccoon feces has
been observed to be fairly homogeneous, with no differences
noted in the mean numbers of eggs present in anterior, central,
and posterior fecal sections (23). However, variations have been
observed in the number of eggs eliminated each day, and, occa-
sionally, an absence of eggs has been observed. Correspondingly, it
was reported that 27% and 66% of infected raccoons had negative
stool results (23, 24). The thick-walled eggs of B. procyonis may
remain viable in the environment for several years (25), even when
frozen at —15°C for 6 months. However, the eggs do not remain
viable when they are heated to 62°C or when they are desiccated
for 7 months (26). A seasonal peak in egg production has also been
observed in fall months (September to November), with an ap-
parent self-cure occurring in the winter and early spring in north-
ern temperate regions (1, 27).

B. procyonis is very nonspecific regarding its infection of
paratenic hosts, and there are more than 150 species of rodents,
lagomorphs, primates (including humans), carnivores, and birds
that have been affected with B. procyonis neural larva migrans (1,
2, 9; K. R. Kazacos, unpublished data). Susceptibility varies across
species lines, but most paratenic hosts are highly susceptible to B.
procyonis infection and suffer clinical effects of NLM (1). In a
survey in a fragmented agricultural landscape, Page et al. (28)
found alarge proportion (28%) of white-footed mice (Peromyscus
leucopus) to be infected with B. procyonis larvae, and this species
appears to represent a common and well-adapted paratenic host.
Experimentally, most P. leucopus mice became infected at a lower
level and had a longer average onset of CNS disease than labora-
tory mice (Mus musculus), but the majority still developed clinical
signs (19). Even though they were deemed less susceptible to in-
fection, the fact that a single larva in the brain of a small animal is
usually fatal (1, 29) indicates that they would still serve as impor-
tant paratenic hosts via predation and scavenging. The fact that
paratenic hosts develop CNS disease and have altered behavior
increases the risk of predation by raccoons and further increases
the risk of transmission near human dwellings when those rac-
coons shed eggs (1, 9, 25, 30).

B. procyonis is not a neurotropic nematode; only a low percent-
age of larvae (on the order of 5% to 7%) migrate into the CNS of
paratenic hosts (1, 18, 25). Migration of B. procyonis to brain and
eye tissues is considered to be accidental, a consequence of somatic
migration and dissemination (1, 25, 31). However, this is the most
important biological aspect of clinical infections in humans and
animals. It has long been known that the presence of larvae in the
CNS promotes various degrees of morbidity, thereby affecting the
behavior of paratenic hosts and increasing the chance for trans-
mission by predation (1, 18, 25). Unfortunately, the larvae behave
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FIG 1 Age distribution of 25 patients with baylisascariasis (from Table 1).

in humans much as they do in any other paratenic host, with the
potential impact of very serious CNS and eye disease.

EPIDEMIOLOGY

Human Infection

The prevalence of B. procyonis in humans is currently unknown.
Moreover, it is likely much higher than what is estimated from the
few reported symptomatic patients with neurological disease due
to the potential for a larger number of covert and asymptomatic
infections to exist undetected (2, 3, 7, 8). This hypothesis is sup-
ported by data from serology examinations performed on individ-
uals and in population-based studies (32, 33) (K. R. Kazacos, un-
published data; C. A. Hall, unpublished data) and by blood cell
counts of family members used to detect eosinophilia (13, 33).
To date, there have been 25 cases of human neural and visceral
larva migrans due to B. procyonis reported (Table 1) (5-8, 13,
33-52). Of the reported cases, pica and/or geophagia was de-
scribed or suspected in 16/25 cases (64%) (Table 1). In 10 cases
(40%), abnormal development and behaviors, including Down
syndrome, developmental delays or disabilities, mental retarda-
tion, and autism, were also noted (Table 1). In general, baylisas-
cariasis has been found to mostly affect young (<10-year-old)
male children (64%), with 75% of these patients aged <2 years
and 25% aged <1 year (average, 13.1 months); in addition, 3 cases
were seen in female children aged <2 years (Fig. 1). However,
several patients who have been diagnosed more recently have been
older, including two >50 years of age (Table 1). For adults, those
in occupations at higher risk of baylisascariasis include zoo and
wildlife workers (including scientific personnel and wildlife reha-
bilitators), animal damage control and remediation workers, ag-
ricultural workers, trappers, and hunters (33, 53, 54; C. A. Hall,
unpublished data). Furthermore, certain behavioral or mental
problems related to developmental delay, drug abuse, or dementia
are risk factors because they favor ingestion of contaminated ma-
terial from outdoor transmission sites (2, 7, 33, 41, 45, 51). Chil-
dren are particularly at risk for becoming infected with B. procyo-
nis due to their curiosity, their time playing outdoors, and their
habit of frequently putting their hands in their mouth (1, 4, 30,
55). All of these are common and expected behaviors for younger
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children, but they increase the risk of exposure to eggs via pica
and/or geophagia (2, 4, 7, 25, 55).

Pica is defined by the American Psychiatric Association as “a
persistent eating of nonnutritive substances that is inappropriate
to development level, [it] occurs outside culturally sanctioned
practice and, if observed during the course of another mental dis-
order, is sufficiently severe to warrant independent attention”
(56). Geophagia is more specific and involves the deliberate con-
sumption of earth, soil, or clay (57, 58), which, depending on the
level, in some cultures and age groups is considered normal (58).
Therefore, geophagia could be considered a category of pica, an
expected and universal behavior among very young children and
not necessarily a pathological behavior. There may be various ben-
efits of geophagy to young children (related to exposure to anti-
gens [Ag] and proper immune system development), but eating
the wrong soil can have dire consequences, as clearly exemplified
by cases of Baylisascaris infection (55, 58). Taking this into con-
sideration, the most important risk factors for B. procyonis infec-
tion are as follows: (i) children less than 2 years of age with
frequent mouth-soil contact, with more males involved than fe-
males; (ii) altered behavior and pica associated with mental dys-
function in any age group; (iii) either altered behavior or pica in
children in contact with potentially contaminated areas, especially
raccoon latrines. Of course, accidental infection may occur
through any number of normal activities if they involve such con-
tact and a failure to take adequate precautions (1, 4-8, 30).

Contact with contaminated sites may also result in a clustering
phenotype. For example, the brother and sister in the first proba-
ble case of baylisascariasis were asymptomatic and yet exhibited
high levels of blood eosinophilia (15% and 58%, respectively)
(13). In a more recent report, the parents of a B. procyonis-positive
child were also reported to have positive serology results (33). This
clustered distribution of infections may be explained by the fo-
cused nature of the usual transmission sources (raccoon latrines),
with shared or common exposure (1, 9, 59, 60).

Raccoons as Source of Infection

Raccoon latrines are the most important source of infection with
B. procyonis, and they are routinely visited by a variety of animals,
especially small rodents and birds which forage for seeds among
raccoon feces (59, 60, 61). Raccoons and other animals may also
share feeding areas, thereby providing additional opportunities
for transmission (62). Raccoons defecate at the base of trees, in the
raised crotches of trees, and on large logs, stumps, rocks, tree
limbs, and debris piles in the wild. However, raccoons also defe-
cate in garages and barn lofts and on woodpiles, decks, roofs, and
other peridomestic sites (1, 9, 62, 63). Typically, groups of rac-
coons (ranging from 2 to 7 raccoons) visit the same latrine sites,
and individual raccoons may visit as many as six sites within a
14-day period. Based on continued contamination, this pattern of
latrine visitation greatly increases the chances for B. procyonis
transmission, especially for paratenic hosts, including humans
(60, 61), since B. procyonis eggs accumulate in latrines and can
remain viable over an extended period of time (1, 17, 54, 61).
Because of all the seeds, berries, invertebrates, small plants, and
other objects present in raccoon latrines, young children are fas-
cinated by these areas, investigate and play in these sites, and
knowingly or unwittingly ingest material from raccoon latrines,
potentially ingesting large numbers of B. procyonis eggs that may
also be present (1, 4, 30, 55).
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The prevalence of B. procyonis in raccoon populations is gener-
ally quite high, especially in the northeastern, midwestern, and
West Coast regions of the United States, where it has usually var-
ied from 66% to over 90% in individual studies (1). Wise et al. (7)
and Shafir et al. (8) did a breakdown of prevalence data presented
elsewhere (1) and found that 58% of 3,967 raccoons examined in
the midwestern United States were infected, 64% of 476 in the
northeastern/mid-Atlantic region were infected, 4% of 1,868 in
the Southeast region were infected, and 49% in the West/South-
west were infected. Most studies have reported a higher prevalence
of the parasite in juvenile raccoons than in adult raccoons (1, 9,
64), although there are also reports where the ages (or genders) of
infected animals did not significantly differ (65, 66).

Land use, fragmentation of forest areas, and urbanization may
significantly affect the transmission of B. procyonis, especially in
paratenic hosts, including humans (9). For example, in a study of
a fragmented forest along a gradient of urbanization (in Chicago,
IL), the prevalence of B. procyonis in Peromyscus spp. was found to
increase as human population density increased (67). Even
though the opposite relationship was observed for raccoons, be-
cause of much higher densities of raccoons in urban environ-
ments, overall loads of infective B. procyonis eggs would still be
very high and present a danger of transmission (67). Raccoon
populations have increasingly been detected in densely populated
and urbanized areas, such as Brooklyn, NY (31, 68), Atlanta, GA,
Orange County, CA, Portland, OR, Chicago, IL, and Toronto,
Ontario, Canada (61, 69, 70, 71), showing the great adaptability of
this species. Despite raccoons having large populations in urban
settings, this has not necessarily correlated with higher preva-
lences of baylisascariasis in paratenic hosts. This is probably due to
modifications in the foraging behavior of raccoons that live in
areas with abundant human-associated food sources, resulting in
a reduced incidence of predation on small mammals (9, 72). De-
spite this, however, the widespread occurrence of raccoon latrines
in urban and suburban areas ensures that the risk of human infec-
tion from raccoons in these areas remains high (9, 73).

The natural movement of raccoon populations and their dy-
namic ability to adapt to human-altered landscapes has created
opportunities for human infections to occur far from the wild. B.
procyonis infections have been documented based on examina-
tions of raccoon feces or soil found in the immediate surroundings
of infected individuals, including their neighborhoods, backyards,
porches, rooftops, gardens, firewood piles, and childrens’ play ar-
eas and sandboxes (40, 41, 44, 49, 50, 63). The availability of pet
food and other food sources in proximity to human dwellings has
also favored the proximity of raccoons to humans and has encour-
aged the raccoons to establish latrines nearby. Further increasing
the risk for human infection is the keeping of raccoons as pets or
obtaining them for zoos or wildlife parks or for other reasons. This
has led to at least two cases of ocular larva migrans (74, 75) and the
introduction of B. procyonis into new areas, including Europe,
Japan, and, more recently, China (76, 77, 78). Dogs and exotic
carnivores (e.g., kinkajous [Potos flavus] and coatis [ Nasua spp.])
are also commonly kept as pets and represent additional hosts of
B. procyonis (dogs), B. potosis (kinkajous), or undetermined Bay-
lisascaris spp. (coatis) that are able to eliminate eggs in their feces,
potentially posing a risk of infection for humans (1, 79, 80, 81). In
contrast, B. procyonis is so extensively adapted to raccoons that
they will continue to have the central role in the transmission of
this parasite (1).
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As the range and prevalence of B. procyonis expand along with
its raccoon host, it may have far-reaching effects on other animal
species besides humans. Because of its pathogenicity as well as the
behavior of paratenic hosts, B. procyonis appears to have played an
important role in the decline of certain wildlife species. An impor-
tant example of this is the Allegheny woodrat (Neotoma magister),
an endangered species that is in serious decline or gone from sev-
eral areas of its former range (1, 9). It is now known that, in
addition to other factors, this species is being killed off by B. pro-
cyonis, due to its behavior of caching raccoon feces in its living area
as a source of seeds or other items (1, 9). Thus, wildlife manage-
ment, particularly in areas with endangered species, may require
additional vigilance in monitoring the presence of B. procyonis,
especially considering the increasing number of raccoons being
observed in many locales (9, 82). In addition, the levels of infec-
tion of and effects on local wildlife may be important indicators of
possible infection of humans in an area. For a complete and de-
tailed review of baylisascariasis as a problem for wildlife, see Ka-
zacos (1) and Page (9).

Geographic Occurrence

Sixty-eight percent of the reported B. procyonis-infected patients
(Table 1) come from regions broadly surrounding the Great
Lakes, including the midwestern region of the United States
(36%), the northeastern region of the United States (24%), and
Ontario Province, Canada (8%). The other 28% of B. procyonis
patients live in the Western regions of the United States and Can-
ada (British Columbia), with one patient living in the southeast-
ern region of the United States (Louisiana). Therefore, most of
these patients with B. procyonis are from areas with the highest
prevalences of the parasite in raccoons (1, 2, 7, 8). Although the
regional or large-scale prevalences of B. procyonis in raccoons are
clear, within these and other areas, the parasite can have a patchy
distribution with focal areas of high prevalence, as demonstrated
in various epidemiological studies, including one by Kresta et al.
(83). There are also some pockets within regions that used to be
considered free of the parasite, such as in the southeastern region
of the United States, where infections have now been found (53,
69, 84, 85). The observed expansion of B. procyonis into new areas
may be due to the natural dispersion of infected raccoons or
paratenic hosts (such as migratory birds), as well as to translocated
wild or domestic animals (9, 69, 83).

Raccoons are native to North and Central America, with a geo-
graphical distribution extending from Canada to Panama (9, 86).
Both raccoons and B. procyonis have been introduced into other
parts of the world, including Europe and parts of Asia, where cases
of neural larva migrans have also been seen in animals or humans
(1,9, 75, 77). Early raccoon introductions into Germany and the
former Soviet Union for hunting and the fur trade led to a gradual
spread into other areas, and now these animals are present in at
least 20 European countries (9, 87). In Germany alone, over
100,000 raccoons exist in the wild, with a prevalence of B. procyo-
nis of 71% (1, 88). Starting in 1977, an astonishing number of
more than 20,000 raccoons were introduced as pets into Japan (77,
89); many of these animals escaped, and raccoons became estab-
lished in the wild. Following past importations and spread within
the system, infected raccoons were recently documented through-
out the wildlife parks of China (78). It is obvious that greater
regulations need to be put in place governing the translocation of
“exotic” animals like raccoons, in order to prevent the introduc-
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tion and spread of parasites like B. procyonis. Thus far, only the
United States, Canada, Germany, and Austria have reported hu-
man infections, although animal cases of NLM are also known in
Europe and Japan (1). Due to the spread of raccoons and B. pro-
cyonis, additional cases in both humans and animals are to be
expected. For detailed and updated reviews of baylisascariasis, see
Kazacos (1), Page (9), and Kazacos et al. (2).

PATHOGENESIS

Invasion and mechanical damage by larvae are key pathogenic
factors and often result in the characteristic pathological finding
of necrotic “track-like” linear areas (malacic tracks) in affected
CNS tissues (1, 90, 91). Larvae also represent large organisms that
grow while migrating, increasing substantially in size in the CNS
and other tissues (25, 91). The invasion and migration ability of
larvae is illustrated by the finding of numerous malacic tracks,
associated with migrating larvae, in the brains of experimentally
infected monkeys (90) and by the finding of larvae within the
lumen of a small pulmonary vein (92) and the wall of a medium-
sized CNS artery (35), related to their hematogenous dissemina-
tion.

Larvae, migratory lesions, and granulomas have been docu-
mented in numerous organs and tissues in a wide variety of species
(1,25,35,90,91). In the CNS of mice experimentally infected with
B. transfuga or B. columnaris, well-developed granulomas have
been found to surround larvae and may explain their exhibiting
lower pathogenicity for paratenic hosts than B. procyonis, which
migrates more aggressively for an extended period (1, 25). These
reactions also occur in the brain with B. procyonis, but they are
generally slow to develop, resulting in more-extensive CNS migra-
tion and clinical disease (1, 18, 25, 91). Thus, CNS granulomas
with B. procyonis are typically seen in longer-standing or chronic
clinical cases or in situations of low-level infection with few larvae
in the CNS, where humans or animals are usually asymptomatic
or affected only mildly. Walling off B. procyonis larvae in the CNS
has been seen in humans (34, 36, 52) and in various nonhuman
primates (93-96) as well as occasionally in rodents (19). In the
CNS, a granulomatous reaction takes time to fully develop, and
gliosis, rather than fibrosis, predominates as the reaction type, in
contrast to what occurs in other tissues (1, 91).

Mechanical damage alone is not responsible for the lesions
created by B. procyonis. It is well known that migrating larvae
produce abundant excretory-secretory antigens (ES-Ag) as they
migrate (97). This consists of a potent mixture of migratory en-
zymes, shed cuticular proteins, and metabolic waste products,
which are both highly antigenic and stimulatory of host inflam-
matory reactions, especially eosinophilic and granulomatous re-
sponses (2, 11, 91, 98). Toxic substances can also be generated by
the inflammatory response, including various eosinophil prod-
ucts from degranulation of these cells in lesions and areas affected
by larvae (98). Correspondingly, in a report of two children af-
fected by B. procyonis, highly elevated levels of eosinophil-derived
neurotoxin and major basic protein were detected in the cerebro-
spinal fluid (CSF) and were felt to contribute in part to the neu-
ropathology and clinical signs in these infections (39). Larvae can
also be present in tissues without signs of inflammation or degen-
eration (90, 91, 99), indicating that larvae are actively migrating
and that inflammatory lesions occur in response to the substances
(ES-Ag) generated by live larvae, as well as in response to the
substances released by degenerating parasites (35, 91, 100). The
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active production of excretory-secretory antigens appears to have
an important role in the pathogenesis of B. procyonis similar to
that observed for other tissue-dwelling parasites (101).

An exciting area beginning to be investigated in detail involves
the relationship of neurologic infection with nematode larvae and
the development and progression of neuropsychiatric and neuro-
degenerative disorders, as elegantly presented by Fan et al. (11).
Much of what is being found for neurotoxocariasis may also apply
to baylisascariasis, as the mechanisms of brain injury would likely
be similar. Positive associations between T. canis seropositivity
and epilepsy (seizures), schizophrenia, and cognitive deficits have
been shown, and evidence from human cases and animal models
indicates a possible relationship between brain injury due to neu-
rotoxocariasis and progression to neurodegeneration associated
with dementia. Mice infected with T. canis eggs express various
biomarkers associated with brain injury that are also seen in Alz-
heimer’s disease (11). Various patients with neurobaylisascariasis
have also had similar clinical signs (seizures, cognitive deficits,
brain atrophy, etc.), and similar types of brain injury would be
expected in NLM due to B. procyonis.

CLINICAL SYNDROMES

There are three main clinical syndromes associated with human
infection by B. procyonis: neural larva migrans (NLM), visceral
larva migrans (VLM), and ocular larva migrans (OLM). Similarly
to toxocariasis, VLM is typically related to heavy or repeated in-
fection, with larval migration into and through the viscera (54,
91). When larvae extend their migration into the CNS, NLM en-
sues and becomes clinically relevant based on larval load and mi-
gration damage (54, 55, 91). Itis understood that when the burden
oflarvae is low, i.e., when few larvae have entered the CNS, clinical
NLM does not manifest or is covert (1, 2, 6, 7, 55). In contrast,
clinical OLM can occur when only a single larva migrates into the
eye, based on the sensitivity of that organ (2, 31, 91). The majority
of B. procyonis infections involve only a few larvae and remain
neurologically asymptomatic (2, 6, 7). More-severe neurological
lesions are associated with the ingestion of large numbers of
embryonated eggs, usually as a result of pica behavior or of the
ingestion of contaminated soil or raccoon feces by small children
(2, 6,55).

Sequelae showing various levels of severity have been observed
in the reported cases of baylisascariasis (Table 1). Neurologic se-
quelae, often severe (16/25, 64%), or death (7/25, 28%) was the
most common outcome of baylisascariasis, although there are
other reports that suggest that less-severe morbidity or improve-
ment may be seen in some cases. Approximately one-third (5/16,
31%) of the reports published to date have described less-severe
sequelae and/or some improvement in symptoms, and most of
these reports were published between 2004 and 2012. It is possible
that these more recent results are due to early suspicion and/or
diagnosis of baylisascariasis, followed by prompt administration
of therapy (42, 44, 45, 49); however, they may also be due to lower
levels of CNS infection with less-pronounced damage (1). In some
cases, once severe clinical disease has been brought under control
with aggressive treatment, very young children may gradually or
partially improve due to their continued brain development and
“rewiring” of neural pathways (C. J. Crosley, personal communi-
cation, 2004). Several cases showed improvement in the response
to clinical disease following treatment. A 4-year-old boy from
New Orleans was reported to have fully recovered without se-
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quelae after presenting with eosinophilic meningitis (42). A
7-year-old boy in Ontario improved significantly with treatment,
regaining baseline levels of function, but was still left without
speech and with a cortical visual impairment and seizure disorder
(44). The commonality of subclinical infection is suggested by
epidemiological studies conducted in Chicago and Georgia, where
samples from 30/389 (7.7%) asymptomatic children and 7/43
(16.3%) nonclinical raccoon trappers, respectively, were seropos-
itive for baylisascariasis (32; C. A. Hall, unpublished data), as were
numerous other samples examined serologically (K. R. Kazacos,
unpublished). Apart from clinical disease, the majority of infec-
tions with B. procyonis are believed to be subclinical or covert and
related to low-level, incidental infection (2, 6, 7).

VLM

Visceral larva migrans (VLM) was defined by Beaver (12) as the
prolonged migration and long persistence of larval parasites such
as would occur in their normal intermediate or paratenic hosts.
The classic example of this is Toxocara canis, whose larvae migrate
extensively and last for years walled off in the tissues of humans
and other hosts (10, 11, 54, 91). Clinically, VLM typically involves
signs referable to the viscera, usually the intestinal tract, liver,
lungs, heart, and contiguous tissues (10, 54, 55). With heavy or
repeated infection with T. canis, and trapping of larvae primarily
in the liver and lungs, children develop a characteristic clinical
picture of leukocytosis with high and persistent levels of eosino-
philia, hepatomegaly, pneumonitis, and hypergammaglobuline-
mia (10, 54, 91). This is often accompanied by abdominal pain,
sleep disturbances, and other signs (10, 54). In severe cases, there
may be CNS invasion and neurologic disease (11, 102). In contrast
to Toxocara, Baylisascaris larvae more aggressively migrate
through the liver and lungs to somatic tissues and the CNS, and
most clinical cases are characterized by neural larva migrans (2, 6,
54). However, although neurologic disease is the overwhelming
manifestation, patients may also have clinical signs indicative of
visceral involvement and VLM (2, 54, 55). In addition to the CNS,
larvae have been found in various internal organs and tissues,
including the heart, lung, mesentery, ileocecal wall, and soft
tissues, in both human and experimental infections (1, 2, 34,
35,90, 103).

In the present group of reviewed clinical reports (Table 1), mi-
grating B. procyonis larvae were clinically suspected or confirmed
in several tissues, but the patients did not present with classic VLM
other than high levels of eosinophilia. In the case of the first pa-
tient to be subjected to autopsy, migration was extensive and gran-
ulomas were numerous in the mesentery, heart, and brain but
were also noted in other tissues (34). In another case of high in-
fection, the brain was markedly necrotic and numerous granulo-
mas were observed in both the pleural and mesentery serosas, the
myocardium, and epicardium (35). In a third case, an intracardiac
eosinophilic mass with a degenerating nematode larva amid a
granulomatous reaction was accompanied by marked eosino-
philic infiltration, and this resulted in the sudden death of a pre-
viously healthy 10-year-old boy who presented with enlarged
mesenteric lymph nodes (37). In two patients who presented with
NLM, mild hepatomegaly was described (33, 35). However, an
ultrasonography scan of the 13-month-old patient was negative
for liver or splenic lesions and results of chest radiographs per-
formed on both patients were normal (33, 35). At autopsy, the
liver did not contain larvae or granulomas (35). Abdominal dis-
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ease was also not manifested in the other patients, with negative
imaging analyses obtained for two of them (39, 45).

It is interesting that transient respiratory signs have been ob-
served at between 2 and 5 days after the experimental inoculation
of rodents and primates with B. procyonis (1, 90); in the primates,
respiratory signs were still present but were less severe 8 days
postinfection (p.i.) (90). Larvae and hemorrhagic migratory le-
sions have been found in the lungs of experimentally infected mice
and jirds within the first 1 to 3 days of infection (1, 91, 103).
Bronchoalveolar lavage demonstrated a marked increase in red
blood cells in the lungs of mice on day 1 p.i., peaking on days 2 to
3, followed by a large influx of leukocytes, including eosinophils
(104). Early migration of larvae through the lungs may explain the
respiratory symptoms present in five patients who exhibited the
following respiratory manifestations just prior to the onset of CNS
disease: a “mild respiratory infection” several days before becom-
ing increasingly lethargic and developing CNS signs (35); a “brief,
flu-like, febrile illness” 2 weeks before developing lethargy, de-
creased head control, loss of ability to crawl, obtundation, and
then loss of most spontaneous movement (34); a mild cough and
fever in a 2.5-year-old boy 8 days before admission and 5 days
before becoming lethargic, somnolent, confused, and ataxic (38);
rhinorrhea, cough, and nasal congestion for a few days followed by
the sudden onset of confusion, slurred speech, fatigue, and disori-
entation (45); and “symptoms of upper respiratory tract infec-
tion” for several days before presentation with torticollis, refusal
to walk, and a right-sided gaze preference (33). Pulmonary infil-
trates (mild bihilar and right middle lobe; mild right perihilar)
were detected in chest radiographs performed on two patients 3
days (13) and about 5 days (36) after the onset of increasing leth-
argy or progressive limb weakness (13, 36).

Therefore, concerning B. procyonis and VLM, larvae apparently
migrate quickly through the liver to reach the lungs, where they
may produce clinical signs related to early migratory damage
(hemorrhage) and inflammation (1, 104). The classic trapping of
larvae in the liver seen with toxocariasis (10, 54, 55, 91) is not
present, and except for mild hepatomegaly in some cases, early
respiratory signs accompany high levels of eosinophilia and sub-
sequent CNS disease. From a diagnostic standpoint, the problem
is that these respiratory signs are nonspecific and are typically
attributed to other etiologies (viral pneumonitis, etc.) on initial
presentation, rather than VLM and especially baylisascariasis. For
early consideration of the latter, these signs must quickly be com-
bined with the other signs of high levels of eosinophilia and the
development of behavioral and motor abnormalities related to
ensuing meningoencephalitis. This should also prompt a thor-
ough exposure history, including possible contact with raccoons,
their latrines, or other contaminated materials, as well as pica or
geophagia.

NLM

Neural larva migrans (NLM) is related to invasion of the central
nervous system by helminth larvae, especially by nematodes like
Baylisascaris (2, 6, 54, 91). CNS invasion takes place as part of
somatic migration, and in the case of B. procyonis, a low propor-
tion (usually 5% to 7%) of invading larvae actually enter the CNS
(1,2,19,29). Therefore, clinical NLM is a dose-dependent disease
and its severity ranges from mild to severe based on the level of
initial infection, how many larvae enter the CNS, the location of
these migrating larvae, and the extent of damage, including the
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intensity of the inflammatory reaction (1, 2, 5-8, 54, 55). Typi-
cally, the brain is affected the worst, although involvement of the
cervical and thoracic spinal cord in a 14-month-old boy has also
been described (48, 49). Cervical spinal cord lesions were also seen
in experimentally infected primates (90), and larvae were recov-
ered from the spinal cords of experimentally infected mice and
other animals (19; K. R. Kazacos, unpublished).

It is well known that there is a lag time in the development of
CNS disease in experimentally infected animals following infec-
tion with B. procyonis; the earliest that CNS signs have been seen in
mice is about 8 to 10 days p.i. (19). Eight infected primates of two
species first developed CNS signs at 10 to 15 days p.i. and 9 to 19
days p.i., respectively, and then rapidly succumbed to CNS disease
(90, 99; K. R. Kazacos, unpublished). Atlow dosages, signs may be
slow to develop and may take several weeks to manifest (1). De-
spite the greater size of the human brain, given a significant dose,
it is believed that CNS signs may develop as early as 1.5 to 2 weeks
p.i. At high doses, NLM caused by B. procyonis often results in
acute disease, and the symptomatic period before the first evalu-
ation in the reported cases (Table 1) ranged from 1 to 21 days
(mean, 7 days).

Signs in heavily infected children include sudden lethargy or
irritability, weakness, nuchal rigidity, torticollis, opisthotonos,
ataxia, decreased head control, loss of fine motor skills, and the
inability to sit, stand, or walk without assistance. These may be
accompanied by cranial nerve dysfunction or impaired vision or
speech, and patients may become stuporous, lapse into a coma, or
succumb. Children who survive may be profoundly neurologi-
cally impaired, suffering from blindness, seizures, incontinence,
and partial paralysis (2, 6, 55). The blindness may be related to
destruction of the visual cortex, rather than to actual OLM or
DUSN (5, 6, 33, 38, 50) (Table 1). In one case, a 2.5-year-old
Chicago boy experienced progressive developmental delay and
mental retardation for 3.5 years and was evaluated (38). He had
become increasingly ataxic with worsening spastic quadriparesis,
and by 6 years of age, he could not sit or stand without assistance.
It was not until he was referred for an ophthalmology consultation
that Baylisascaris infection was considered, based on the presence
of a syndrome called “diffuse unilateral subacute neuroretinitis”
(DUSN) (105). Based on his known pica and geophagia and ex-
posure to raccoons and raccoon feces, he was believed to have
been infected several years earlier and to have undergone slow,
progressive CNS deterioration (38).

Subtle, low-level infection with mild CNS disease has been doc-
umented in natural infections in nonhuman primates (1), is also
likely in many human cases, and would be hard to accurately di-
agnose (2, 7). Such cases may have mild, nonspecific signs with or
without concomitant eosinophilia similar to what occurs in covert
toxocariasis (10, 11). It appears that motor deficits are the most
frequent type of clinical manifestations and have affected the ma-
jority of reported patients (Table 1). Also common are distur-
bances in levels of consciousness, behavioral alterations, coordi-
nation deficits, and loss of vision and/or speech, followed by
meningismus, early onset coma, and other signs (Table 1). Fever
has been reported as a presenting characteristic in only 6 of the 25
patients (Table 1).

Most patients with B. procyonis NLM are admitted with signif-
icantly elevated eosinophil levels, both in CSF and peripheral
blood (2, 5, 6, 8, 54, 55) (Table 2). The proportions of eosinophils
detected in initial blood and CSF samples obtained from reported

384 cmr.asm.org

Clinical Microbiology Reviews

patients infected with B. procyonis ranged from 8% to 45% and
from 4% to 68%, respectively, and are shown in Tables 2, 3, and 4.
The initial proportion of eosinophils was greater than 4% in both
the blood and CSF samples of all patients and averaged 26% in the
blood and 37% in CSF, often increasing significantly within 2 to 7
or more days. Although these cases deal with B. procyonis NLM,
there are other possible causes of eosinophilic meningoencepha-
litis that must be considered, depending on exposure history, etc.
However, given the geographic location of these cases, the com-
mon parasitic etiologies are limited, and in North America, B.
procyonis would be at or near the top of the list of suspected causes
(36, 54). A differential diagnosis of eosinophilic meningoenceph-
alitis has been reviewed elsewhere (106).

Magnetic resonance imaging of the CNS of B. procyonis NLM
patients may reveal findings consistent with acute disseminated
encephalomyelitis, as evidenced by diffuse, deep white matter ab-
normalities that exhibit a periventricular and cerebellar distribu-
tion (2, 36). In the later stages of baylisascariasis, white matter
lesions become more widespread and patients may develop gen-
eralized brain atrophy (2, 36) (Table 5 and Fig. 2). However, ven-
tricular dilation, cerebellar edema, and spinal enhancement have
also been observed (35, 36, 49). Although possible in human in-
fections, single focal lesions have not been detected, but a single
focal lesion was reported in a white-handed gibbon (Hylobates sp.)
with B. procyonis NLM (93). An infected orangutan (Pongo pyg-
maeus) had lesions similar to those seen in human cases, with
hyperintense regions in the thalami and central white matter (95).

oLm

Ocular larva migrans (OLM) is caused by the migration of hel-
minth larvae in eye tissues, and is usually due to nematodes, par-
ticularly Toxocara spp. and Baylisascaris (10, 11, 54, 91). Larvae
gain access to the eyes via the retinal arteries, as a result of somatic
migration and dissemination (1, 54, 91). OLM is typically charac-
terized by retinochoroiditis, vitritis, and the formation of intraoc-
ular granulomas (as larvae become walled off), and on occasion
there are more-severe sequelae, including retinal detachment
and/or panophthalmitis (10, 54, 55, 91). Inflammation in the eye
appears to be due to the same pathogenetic factors as in cases of
VLM and NLM, i.e., physical damage by the larvae, production of
ES-Ag, and an influx of inflammatory cells, especially eosinophils,
with subsequent degranulation and damage to sensitive ocular
tissues (2, 11, 54, 91, 107). Importantly, OLM is usually a stand-
alone disease, resulting from chance migration of a single larva
into the eye, and patients typically develop ocular problems with-
out any indication of VLM or NLM (2, 6, 54, 91). Clinically, OLM
is usually unilateral and involves sudden blurry or decreased vi-
sion, photophobia, and other ocular signs; depending on severity,
it may progress to blindness in the affected eye (10, 54).

OLM can manifest as diffuse unilateral subacute neuroretinitis
(DUSN) (108). DUSN is characterized by vison loss, papillitis,
vitritis, and recurrent crops of gray-white retinal lesions. Later,
progressive vison loss, optic nerve atrophy, retinal vessel narrow-
ing, and diffuse retinal pigment epithelial degeneration develop
(2, 22, 31, 75, 108). Other than the characteristic lesions, a diag-
nosis is established by direct visualization of the intraocular para-
sites, and one key aspect is their size. Nematode larvae that cause
DUSN are typically separated into two size ranges, “small” (500 to
700 pm in length) and “large” (1,500 to 2,000 pwm in length), and
Baylisascaris is considered the primary etiological agent of the lat-
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TABLE 2 Diagnostic and laboratory findings for 25 reported cases of Baylisascaris procyonis neural and visceral larva migrans”

Blood CSF
eosinophilia eosinophilia Chest radiography
Patient no./yr’/sex/age/location Funduscopic exam result (%) (%) Serology for B. procyonis®  result Reference(s)
1/1973/F/18 mos/Missouri NR 30 49, 80, 34, Positive for Ascaris by Mild right perihilar 5,7, 8, 13
100 bentonite infiltrate
flocculation, S = 1:
160, C = 1:10
2/1980/M/10 mos/Pennsylvania  Optic atrophy later 27 68 S = strong positive by NR 5-8, 34
IFA
3/1984/M/18 mos/Illinois Normal 37,34 NR, 50,80 S = positive by IFA and ~ Normal 5-8, 35
later by ELISA, S =
1.635¢
4/~1985/M/21 yrs/Oregon NR NR NR S = positive by ELISA, NR 5,6, 7, 33; K. D. Thomson,
1.800 unpublished data and written
communication to K. R.
Kazacos (2005, 2010)
5/1990/M/13 mos/New York Normal 39 60, 52 Positive by EIA (Western  Normal 5-8,33
blotting; S = >1:10,
240, C = 1:40-80)
and later by ELISA
(S = 2.600-2.961, C
= 1.655-1.689)
6/1993/M/13 mos/California R, diffusely mottled retina, 45 Prominent S = positive by IFA (1: Mild bihilar and 5-8, 36
reddish macular lesion, eosinophilia  1,024) and ELISA right middle
optic pallor (0.809, 1:102, 400) lobe infiltrates
7/1993/M/9 mos/Michigan Normal 29,33,43,40  many S = positive by ELISA, Normal 5, 6, 8;J. M. Proos and C.
eosinophils, 3.113 Gushurst, unpublished data
85, 89, (1993) and written
62,71 communication to K. R.
Kazacos (1993-1994)
8/~1994/M/10 yrs/Massachusetts ND 15 ND ND NR 5,7,8,37
9/1996/M/6 yrs/Illinois L, DUSN 5 (post-3.5 6 (post-3.5  Positive later by IFA NR 5-8,38
yrs) yIs) (S = 1:4,096, C =
1:64) and by ELISA (S
=2.230,C = 1.114)
10/1996/M/13 mos/Minnesota Normal 35, 14,12 54,73,4,6 Positive by IFA (S = 1: NR 5-8, 39
1,024-4,096; C = 1:
64) and by ELISA
(§=1361,C=
0.438, 1.333)
11/1997/M/19 mos/Minnesota Normal 18,22, 22,26 4,19,13,5, Positive by IFA (S = 1: NR; CT normal 5-8, 39
67 4,096, C = 1:64-256)
and by ELISA (S =
2.316,C =
0.289-0.795)
12/1998/M/11 mos/California R, DUSN, with 17,17 6,7 Positive by IFA (S = 1: NR 5-8, 40
chorioretinal scarring, 64-1,024, C = 1:64)
linear track lesions, and by ELISA (S =
optic atrophy 1.334,2.574,C =
0.128)
13/2000/M/2.5 yrs/Illinois R, Multifocal choroiditis 28,6 32,26 Positive by IFA (S = 1: Normal 5-8, 38,41
with infiltrates 1,024-4,096, C = 1:
1,024) and by ELISA
(S =3.132-3.218,C
= 1.888,2.021)
14/2000/M/17 yrs/California ND 15 37,42 Positive by IFA (S = 1: ND 5-8, 41; W. A. Kennedy,
4,096, C = 1:256) and unpublished data (2001) and
by ELISA (S = 3.025, written communication to
3.035, C = 1.746, K. R. Kazacos (2001)
1.765)
15/2002/M/11 mos/California Normal 30, 30 23, 54, 33 Positive by ELISA, S = ND 5-8; K. R. Kazacos, unpublished
1.869,2.451,C = data (2002-2004); D. Paul,
0.624-1.017 unpublished data (2003) and
written communication to
K. R. Kazacos (2003)
16/2004/M/4 yrs/Louisiana NR 12 55 Positive by ELISA, S = NR 42
0.547,0.976
17/2004/F/15 mos/New York NR Marked Eosinophilia  Positive by ELISA, S = NR 43; C. J. Crosley, unpublished
eosinophilia 1.921-2.556,C = data (2004) and written
0.175, 0.347 communication to K. R.
Kazacos (2004)
18/2005/M/7 yrs/Ontario Bilateral patchy subretinal 24, 21, 8 30,7 Positive by ELISA (S = NR 8,44

infiltrates

1.813, C = 0.186,

0.723) and by Western

blotting
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TABLE 2 (Continued)

Blood CSF
eosinophilia eosinophilia Chest radiography
Patient no./yr’/sex/age/location Funduscopic exam result (%) (%) Serology for B. procyonis®  result Reference(s)
19/2007/M/17 yrs/Oregon Bilateral subtle edema of 8,21 49,39 Positive by ELISA (S = Normal 45
optic discs 2.376, C = 0.600) and
by Western blotting
20/2007/F/18 mos/Missouri NR Profound 40 Positive by ELISA (S = NR 46; M. A. Jackson, unpublished
eosinophilia 2.130,2.164,C = data (2007) and written
1.919) and by Western communication to K. R.
blotting Kazacos (2007)
21/2008/M/12 mos/New York Normal 30, 24 29, 46, 19 Positive by ELISA, S = Normal 47
1.385,C = 1.453
22/2008/M/14 Normal 24,10, 4 24 S = Positive by ELISA NR 48, 49
mos/Massachusetts with rising titer
(0.243-0.500) and by
Western blotting
23/2008/M/14 mos/Ontario Normal 32 NR Positive by ELISA (S = NR 50
0.744, C = neg) and
by Western blotting
24/2009/M/54 yrs/Missouri NR NR Normal ND NR 51; M. Cohen, unpublished data
(2009) and written
communication to K. R.
Kazacos (2011)
25/NR/F/73 yrs/British Columbia NR NR NR ND NR 52

@ CSF; cerebrospinal fluid; R, right eye; L, left eye; NR, not reported; ND, not done; IFA, indirect immunofluorescence assay; ELISA, enzyme-linked immunosorbent assay; DUSN,
diffuse unilateral subacute neuroretinitis; EIA, enzyme immunoassay; CT, computed tomography; neg, negative.

b yr, year of onset or presentation.
¢ Data include unpublished ELISA results from K. R. Kazacos. S, serum; C, CSF.

4 For ELISA, the value is the optical density (OD) reading, where an OD of >0.250 is considered positive for serum.

ter (1, 2, 22, 31). In many of the cases, a large (~1,600-to-1,850-
pm) moving larva was observed (22, 31, 74, 75, 109-112), match-
ing those seen in primates experimentally infected with B.
procyonis (99, 113). Based on dissemination of larvae, a number of
patients suffering from Baylisascaris NLM also have had DUSN
due to concomitant invasion of the eye (2, 36, 38, 40, 44).

There have been over two dozen cases of B. procyonis OLM-

DUSN identified and/or reported (see references 22, 31, 74, 75,
105, 109, 110, 111, and 112) (K. R. Kazacos, unpublished). They
have involved severe ocular disease and were identified based on
the lesions of DUSN and by visualizing the characteristically large
larvae in the retina or vitreous. Most patients were from North
America and had direct contact with raccoons or with raccoon
latrines or other contaminated materials. Two patients developed

TABLE 3 Percentage of eosinophils in peripheral blood samples of 20 patients with baylisascariasis

% eosinophils on indicated day after initial evaluation”

Patient no.” 0 1 2 3 4 10 14 18 30 37 57 104 106 122 180
1 30

2 27

3 37 34

5 39

6 45

7 29 33 43 40

8 15

9 5¢

10 35 14 12

11 18 22 22 26

12 17 17

13 28 6

14 15

15 30 30

16 12

18 24 21 8
19 8 21

21 30 24

22 24 10 4
23 32

“ See Table 1 for patient characteristics.
b Day 0, initial evaluation.
©3.5 years after initial signs.
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TABLE 4 Percentage of eosinophils in cerebrospinal fluid (CSF) samples of 18 patients with baylisascariasis®

% eosinophils on indicated day after initial evaluation®

Patientno.” 0 1 2 3 5 6 7 10 14 15 17 29 30 37 57 65 76 106 118
1 49 80 34 100

2 68

3 NR 50 380

5 60 52

7 High 85 89 62 71

9 6!

10 54 73 4 6

11 4 19 13 5 67

12 6 7

13 32 26

14 37 42

15 23 54 33

16 55

18 30 7
19 49 39

20 40

21 29 46 19

22 24

“NR, not reported.

¥ See Table 1 for patient characteristics.
¢ Day 0, initial evaluation.

3.5 years after initial signs.

OLM-DUSN shortly after they obtained pet raccoons (74, 75).
Cases have occurred in residents or hunters in rural areas (22, 109,
112) and in suburban areas (36, 38, 40, 105) as well as in a highly
urban area (New York City) (31, 114). The latter case is unique in
that the patient did not present with typical DUSN lesions but
instead presented with advanced granulomatous OLM with reti-
nal detachment similar to that seen in toxocariasis. She was also
seropositive for Baylisascaris in both serum and vitreous fluid
(114). Other cases of Baylisascaris OLM or OLM-DUSN with
granuloma formation are expected to occur, since granulomas,
along with lesions of DUSN, were also noted in nonhuman pri-

mates and rodents experimentally infected with B. procyonis (99,
113).

Fundoscopic examinations were performed for 16/25 (64%) of
the reported NLM patients (Table 2), and ocular lesions were de-
tected in 7 of these patients. In particular, inflammatory infiltrates
were found in association with the linear track-like lesions and
degenerative changes in the retina and associated vessels that are
characteristic of DUSN.

In contrast with VLM and NLM, both of which tend to affect
infant children (<2 years of age) (Fig. 1), isolated OLM usually
affects older children and adults (2, 10, 11, 22, 54). In 27 cases of

Deep white matter lesions:
Periventricular and cerebellum

Periventricular enhancement/encephalitis

Ventricular dilatation

Brain atrophy

Focal lesions in cerebrum/cerebellum

Cerebellar edema

Spinal cord lesions/enhancement

I { | { | |

12

12

14
B Initial
Follow up
T T T T T T
4 6 8 10 12 14 16
Frequency

FIG 2 Frequency of lesions detected using CNS imaging (computed tomography [CT] and magnetic resonance imaging [MRI]) on patients with baylisascariasis
(see Table 3); the same patients were not necessarily seen on initial and follow-up evaluations, and individual patients may have presented with several lesions.
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TABLE 5 (Continued)
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Reference(s)

Larva identified

(size)

Biopsy/autopsy result

CNS imaging follow-up result

(time interval)

CNS imaging result

EEG result

Patient no./yr’/sex/age/location

24/2009/M/54 yrs/Missouri

Biopsy: right frontal lobe B. procyonis, 51; M. Cohen, unpublished data

MRI: scattered T2 hyperintense

MRI: cortical and central brain

Isoelectric

(2009) and written

52-pm diam

showing marked nonspecific

foci in corona radiata,

atrophy

(very low
voltage)

communication to K. R.

gliosis; autopsy: necrotizing

subcortical white matter, and
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25/NR/F/73 yrs/British

65-pm diam

atrophy, probably unrelated;
larvae in focal reactive and
inflammatory nodules in

deep white matter

Columbia

“ EEG, electroencephalogram; CNS, central nervous system; NR, not reported; ND, not done; CT, computed tomography; MRI, magnetic resonance imaging.

b yr, year of onset or presentation.
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OLM-DUSN due to B. procyonis, the average patient age was 25
years (range, 11 months to 65 years) (22, 36, 38, 40, 44, 74, 75, 105,
109-112). Opportunities for the ingestion of large numbers of
eggs are less frequent for adults than for small children, helping to
explain the age-related distribution observed for NLM versus
OLM. Similarly to the situation for subclinical or covert VLM and
NLM (2, 6,7,11),itis also possible that a certain number of ocular
cases may occur and go undiagnosed due to minor visual dysfunc-
tions, especially in the very young. Thus, future population-based
seroepidemiological investigations should also include fundo-
scopic evaluations.

DIAGNOSIS

Diagnosis of baylisascariasis is dependent upon a compatible his-
tory of exposure, clinical symptoms and signs, and the results of
diagnostic tests, including what can be learned from biopsies and
at autopsy. Clinical testing usually includes a complete blood
count with differential, a lumbar tap and CSF cytologic evalua-
tion, serology, identification of larvae recovered from the tissues
(by biopsy or autopsy) or visualized in the eye, and imaging of the
CNS for characteristic changes (1, 2, 6, 7, 8, 55). Although recov-
ery and identification of larvae are confirmatory (5, 7), this ap-
proach is not always possible or practical, so clinical diagnosis
with probable cause rests heavily on serologic testing (2, 6, 7, 8).
Because of the potential seriousness of baylisascariasis and of the
limitations of effective therapy, early consideration and diagnosis
of this condition become very important. Damage to the brain
can occur rapidly, and treatment should be started without
delay (2, 6, 55).

Pathology

The principal lesions of Baylisascaris larva migrans involve eosi-
nophilic and granulomatous inflammation, which occurs in a va-
riety of organs and tissues, particularly the CNS (2, 34, 35, 90, 91).
Larvae migrating through the body leave a trail of hemorrhage,
necrosis, and edema and engender a cellular infiltrate consisting of
eosinophils and other leukocytes (91). Following this migration,
larvae become walled off in well-circumscribed granulomas that
are usually 1 to 3 mm in diameter but are occasionally larger, and
the brain undergoes postinflammatory degenerative changes (1, 2,
6, 91). Only a few patients with baylisascariasis have undergone
biopsy (36, 41, 51) or were examined at autopsy (34, 35, 37, 51,
52). In two patients who were subjected to autopsy, mild to severe
brain atrophy was observed. In addition, thick and gray meninges
(especially at the base) were present (34, 52), along with softening
and deep laminar cavitation in the cortex and a dilated ventricular
system, and the cerebral and cerebellar white matter was reduced
in size, pale, and hard (34). Another patient had marked brain
swelling and softening, cerebellar herniation, congested and opac-
ified leptomeninges, and severe periventricular necrosis with nu-
merous “track-like” spaces, probably representing large malacic
areas (35). A third patient had numerous partially confluent areas
of yellow-tan to red-tan discoloration in the deep cerebral cortex
and subcortical white matter (51). A fourth case of a patient ex-
amined at autopsy involved an older woman who was affected by
Alzheimer’s disease and died due to pulmonary thrombosis (52).
The only gross brain abnormality was mild, diffuse cerebral atro-
phy, and only a small number of lesions, consisting of larvae
walled off in granulomas, were detected in the deep white matter
of her frontal lobe. The small number and localization of lesions in
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the frontal lobe, especially in a patient with dementia secondary to
an Alzheimer’s condition, may explain the asymptomatic bayl-
isascariasis that was detected. It was felt that these parasite-related
lesions were incidental and unlikely to have been contributors to
her condition and that her confusion and altered behavior prob-
ably led to accidental infection through geophagia (52). What this
case and the others indicate is that if a brain biopsy is elected for
diagnosis, a neurosurgeon should sample the deep white matter,
since this appears to be the area predominantly affected by lesions
and the presence of larvae (6, 36). However, it is doubtful such
approaches would be justified in most cases in light of the present
availability of good serologic methods (1, 4, 6, 7).

Pathology studies of experimental animal models and natural
cases have shown that the cerebrum, cerebellum, brain stem, and
spinal cord can all be affected by the migration of larvae (1, 89, 90,
100). Hemorrhagic and malacic migration tracks were seen
throughout the brains of primates experimentally infected with B.
procyonis and were directly associated with migrating larvae (90).
As larvae migrate further, early hemorrhagic lesions quickly be-
came infiltrated with macrophages and other inflammatory cells,
and hemorrhagic migration tracks could be traced for over a cen-
timeter in coronal slices of brain (90). With extensive brain in-
volvement, there is histopathologic evidence of widespread necro-
tizing meningoencephalitis and neurodegeneration, sometimes
progressing to nonspecific gliosis and sclerosis (1, 34, 35, 51, 91;
K. R. Kazacos, unpublished). The distribution of lesions and B.
procyonis larvae in the CNS was depicted by Sato et al. in a rodent
model (103) and was compared to the distribution of lesions as-
sociated with B. transfuga and T. canis. B. procyonis invasion and
distribution were much more extensive than those seen with the
other species and resulted in more-serious clinical disease despite
dosages that were 10 to 50 times lower than those used with the
other species (103).

Gross pathological changes related to visceral migration are
rarely noted in clinically affected humans or animals with bayl-
isascariasis, except in cases in which they were examined within
several days of actual infection. Then, pulmonary hemorrhages
and brown discoloration of the lungs (hemosiderosis) may be seen
(1,91). However, early histopathologic evidence of visceral migra-
tion, consisting of hemorrhagic and inflammatory migration
tracks and associated tissue inflammation in the heart, muscula-
ture, etc., has been noted in various animals (1, 90, 115, 116).
Usually, visceral lesions are limited to the finding of larval granu-
lomas in various tissues (1, 6, 90, 91, 115).

Histopathologic lesions of Baylisascaris OLM-DUSN are
known only from experimental animals (as human eyes have not
yet been examined to this effect), but the findings are dramatic. In
nonhuman primates and rodents, Baylisascaris OLM-DUSN re-
sults in extensive retinal and choroidal disruption, pyknosis of
outer and inner nuclear layer nuclei, hyperplasia of the pigment
epithelium, and eosinophilic retinitis, choroiditis, vitritis, and op-
tic neuritis (1, 2,91, 99, 113). In areas of migration tracks, there is
total retinal disruption and necrosis with extensive vasculitis (99,
113). Eventually, larvae are walled off in retinochoroidal granulo-
mas such as occurs in other tissues (99, 113).

Walling off larvae in granulomas is a typical end-stage reaction
for long-term survival of larvae in paratenic hosts and also occurs
in humans, in the viscera, musculature, and, eventually, in the
CNS (1, 2,91). In mammals, including primates, granulomas may
be numerous on the large and small intestinal serosas, in the mes-
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entery, on or within the heart, lungs, thoracic vessels, and perihilar
tissues, and throughout the musculature, favoring an anterior dis-
tribution (1, 90, 91). Similarly, in four patients with baylisascaria-
sis, well-circumscribed larval granulomas (sometimes fibrotic or
calcified) were described in various tissues, including the CNS
(34-37). In the CNS, granulomas characteristically involve gliosis
rather than fibrosis (1, 91). If a patient goes to autopsy, it is im-
portant for the pathologist to look for larval granulomas in other
sites besides the CNS, since living larvae may be expressed and
identified from these lesions, corroborating a Baylisascaris infec-
tion even before histopathologic evaluation is undertaken (1).

Eosinophils are typically observed in combination with macro-
phages, lymphocytes, and plasma cells in early and more-exten-
sive migratory lesions but may dissipate in later CNS reactions as
larvae become encapsulated and the brain becomes more sclerotic
(34). However, their degranulation products (major basic pro-
tein) are still able to be detected in migration tracks and malacic
areas as well as granulomas (91, 98). In one patient who died of a
cardiac pseudotumor, there was extensive eosinophilic infiltration
of the heart that was especially associated with a large polypoid
mass containing a degenerated larva (37).

Unless they are present in large numbers or multiple sections
are examined, finding larvae in histopathological sections may
be difficult (1, 91). For this reason, larval isolation methods are
recommended at autopsy, if possible, in addition to routine
pathology methods (1). When Baylisascaris larvae are found in
the tissues, they have features that facilitate a histopathological
diagnosis distinguishing such infections from those by other
tissue-dwelling nematodes that affect humans and other ani-
mals. Their best identification features are seen in cross-sec-
tions through the midbody region (1, 91). Baylisascaris larvae
typically measure 60 to 70 pm in maximum diameter and are
1,500 to 2,000 pm in length. Their diameter helps to differen-
tiate them from other common nematode larvae with single
lateral alae, including Toxocara canis (14 to 20 pm in diameter),
Toxocara cati (12 to 16 wm), Toxascaris leonina (25 to 28 pm),
and Ascaris lumbricoides (35 to 45 pm) (1, 34, 91). Baylisascaris
larvae have large, paired lateral alae and a large, centrally lo-
cated intestine. The intestine is lined with columnar cells that
contain cytoplasmic granules and have microvilli at their cell
surface. The intestine is compressed by paired lateral cords that
support lateral excretory columns which are smaller than the
intestine, roughly triangular in shape, and slightly dissimilar in
size and have prominent canaliculi. There are 4 to 8 large mus-
cle cells per quadrant that extend into the pseudocoelom (poly-
myarian-coelomyarian type). Three hypodermal nuclei are
usually visible in the lateral chords, just below the cuticle (1,
91).

Parasitological Diagnosis

When larvae are present in a tissue, a parasitological diagnosis is
obtained when the larvae are recovered and identified directly, as
was done at autopsy in one case (35). Larvae may be isolated by
several methods, including a modified Baermann technique, arti-
ficial digestion, or brain squash techniques (1). Larvae may also be
detected and identified in tissue sections, as described in the Pa-
thology section above. For 7/25 of the cases reviewed here, a par-
asitological diagnosis was confirmed (34-37, 41, 51, 52).

In cases of OLM and DUSN, larvae can sometimes be observed
in the retina during fundoscopic examinations. They may be hard
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to detect, and it might take repeated examinations before they are
seen. In one case, the parasite was not appreciated ophthalmo-
scopically but was subsequently seen in fundus photographs (31).
The larvae are large (1,500 to 2,000 long by 60 to 70 pm in diam-
eter) compared with the other common types of nematode larvae
that may occur in the eye, including Toxocara spp. (350 to 450 by
16 to 19 wm) and Ancylostoma spp. (575 to 700 by 22 wm) (22, 31,
74, 75, 110). For several patients with OLM-DUSN, a history of
exposure to raccoons and raccoon feces in the surroundings of the
patient’s residence or neighborhood or through their activities
was noted (22, 31, 109, 112, 114), and two patients had pet rac-
coons (74, 75). This is consistent with the finding of a large nem-
atode larva in the patient’s eye, further supporting a diagnosis of
baylisascariasis, even though serology results were indeterminate.
This is important, since most cases of OLM and DUSN represent
a lower larval burden, often resulting in lower levels of peripheral
antibodies and less-intense blood eosinophilia (1, 2, 31).

Epidemiological investigations have the potential to reveal the
presence of Baylisascaris in the environment surrounding a pa-
tient’s home, and they represent a significant step in the diagnostic
sequence recommended by Rowley et al. (36). Soil samples and
raccoon scats can be examined for eggs using any one of several
fecal sedimentation and/or flotation concentration methods em-
ploying zinc sulfate (1.18 specific gravity [SG]), Sheather’s sugar
solution (1.25 to 1.27 SG), other flotation solutions, or a formalin
ethyl-acetate procedure. These methods are routinely used for de-
tecting Baylisascaris in the environment and in raccoon feces (23,
24,69, 117, 118). Because false-negative stool examination results
can also occur (23, 24), despite the large number of eggs that are
eliminated, it is recommended that three daily fecal samples be
examined before a raccoon is judged to be negative for Baylisas-
caris (23).

Molecular Diagnosis (Antibodies and DNA Detection)

Immunoglobulin G (IgG) antibodies can be detected in serum,
CSF, and ocular fluids, preferably by enzyme-linked immunosor-
bent assay (ELISA) or immunoblotting but also by immunofluo-
rescence staining of frozen sections of third-stage larvae (2, 6, 39)
(Table 2). Both ELISA and immunoblotting methods are quite
sensitive, since patients with clinical CNS disease usually have
strongly positive immunological results from both serum and CSF
samples (119, 120, 121) (Table 2). Brain biopsies or analyses of
autopsy material have also confirmed a diagnosis of baylisascaria-
sis in several of these patients (34, 35, 36, 41). Also, using the B.
procyonis ES-Ag ELISA, 76 of 259 (29.3%) nonhuman primates
tested from six major zoos were seropositive, with 15 high-posi-
tive reactors, further indicating just how common and widespread
exposure to this parasite is (122).

Excretory-secretory antigens (ES-Ag) have been used in ELISA
and Western blot assays, and the fraction with a molecular mass of
30 to 45 kDa appears to be a good target for the specific detection
of anti-Baylisascaris antibodies (97, 119). There are epitopes that
exhibit cross-reactivity between B. procyonis antigens and other
parasites, including Toxocara canis, but nonspecific reactivity can
be removed by carbohydrate oxidation, leading to the selection of
the most specific antigenic components in the 30-to-45-kDa frac-
tion (33, 97).

The Veterinary Parasitology Laboratory at Purdue University
College of Veterinary Medicine has made significant contribu-
tions to the knowledge currently available regarding baylisascaria-
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sis and was the reference laboratory for serology testing, parasito-
logical studies, and the development of molecular tests. Human
serum samples were collected and tested for over 22 years, and
these have been used to evaluate the capacity for ELISA and West-
ern blot assays to confirm the diagnostic value of 30-to-45-kDa
antigenic components (119). In the series of patients reviewed
here, only one was also positive for toxocariasis serology and was
considered to harbor a dual infection (45, 119).

When a ¢cDNA library was generated from third-stage larvae
and was screened, repeated antigen 1 (RAG1) was identified.
RAG] is an ES-Ag protein with 12 tandem repetitions of a 12-amino-
acid sequence. Following expression of RAG1 in a prokaryotic system
(123), recombinant B. procyonis RAG1 (rBpRAG1) was subse-
quently tested in ELISA against 384 human serum samples. The
estimated sensitivity and specificity of the rBpRAG1 ELISA were
85% and 86.9%, respectively, compared to only 39.4% specificity
for the B. procyonis ES-Ag ELISA (120), but cross-reactivity was
still detected in 25% of the samples containing Toxocara-positive
serum (120). The rBpRAG1 antigen was donated to the Centers
for Disease Control and Prevention (CDC), Atlanta, GA, USA,
and the National Reference Centre for Parasitology, Canada
(NRCP-CA), whose researchers worked jointly to develop a West-
ern blotting assay for the diagnosis of human baylisascariasis
(121). In Western blot assays of 680 samples, detection by
rBpRAG1 had an overall sensitivity of 88% and a specificity of
98% (121). Moreover, no (0/66) cross-reactivity with Toxocara-
positive serum samples was observed, although some (8/280) re-
activity was detected with the sera obtained from noninfected pa-
tients and with sera from patients with strongyloidiasis (1/8),
malaria (3/10), and filariasis (1/7). However, it was pointed out
that if the full infection history of these test sera was not known,
e.g., if possible cross-reactors might also be infected with Baylisas-
caris as covert dual infections, the actual levels of sensitivity and
specificity of the assay might even be higher than reported (121).
This Western blot assay employing rBpRAG1 is currently consid-
ered the “gold standard” for serodiagnosis of baylisascariasis and
is being performed by the CDC and the NRCP-CA (121).

Rapid advances are being made in the molecular characteriza-
tion and phylogenetic comparison of Baylisascaris species (76,
124-127). The complete mitochondrial genomes of B. procyonis
(124), B. schroederi, B. ailuri, and B. transfuga (125) have been
published, and mitochondrial and nuclear markers have been de-
veloped for B. columnaris (76). Molecular tests have also been
developed for environmental investigations and for the diagnostic
identification of Baylisascaris DNA in definitive host fecal samples
and tissue samples from biopsies and autopsies performed in clin-
ical cases of NLM (128-131). Specialists are usually required for
larval identification, although even their experience is not always
sufficient to differentiate B. procyonis from other types of larvae,
particularly within the genus Baylisascaris. Ideally, molecular tests
would provide a rapid identification of B. procyonis, separating it
from closely related species, including B. columnaris (76), and
would also serve as a tool for epidemiologic studies and sanitary
management, considering the close association between raccoons
and humans that can lead to the contamination of soil, water, and
food with eggs of Baylisascaris (128, 129). These tests are also very
important for host-based or environmental diagnosis in cases in
which captive animals may be at risk (130).

The cytochrome ¢ oxidase subunit 2 (cox2) gene is the most-
studied gene for the detection of Baylisascaris species and indeed
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appears to more specifically differentiate between this genus and
other ascarids (128, 129). Two types of PCR assays targeting the
cox2 gene of B. procyonis were able to detect single larvae and as
few as 20 unembryonated eggs per gram of canine feces (128) or as
few as 25 eggs in soil and 5 eggs in water samples (129). Both assays
were specific for Baylisascaris spp., and one of the two could sep-
arate B. procyonis and B. columnaris from B. transfuga (128); how-
ever, it could not discriminate between B. procyonis and B. colum-
naris, because the cox2 sequences of these two species differ by
only two bases (128). Other examples of cross-reactivity within
the ascarid group have also been observed at the molecular level,
especially in cases in which certain mitochondrial markers were
compared (127) or very closely related species like B. procyonis and
B. columnaris were examined (128, 129). However, because of
several polymorphisms in both mitochondrial and nuclear mark-
ers of B. columnaris, it was hypothesized that these could poten-
tially be used to differentiate between these two species in molec-
ular diagnostic assays, including by PCR (76). This information is
relevant to epidemiological investigations and to the development
of control measures and yet is not as important for clinical man-
agement of cases, since the treatments for the two infections are
similar (1).

As part of their studies, Dangoudoubiyam et al. (128) used their
real-time PCR assay to identify Baylisascaris DNA in formalin-
fixed tissues. It worked well for identifying Baylisascaris in tissue
sections of brain from a porcupine naturally infected with NLM.
This is an important diagnostic tool because, even when larvae are
found in a histopathological section, confirmation of larval iden-
tity is difficult unless typical morphological features are present,
and even then a level of expertise is needed. No case reports of
studies that have used this new method have been published to
date; however, it would have definite usefulness in molecularly
identifying Baylisascaris larvae seen in histopathologic sections
from clinical cases to the genus level and at some point may be able
to identify which Baylisascaris species is actually involved. Addi-
tional investigations, using a larger number and array of samples,
are needed to assess the wider utility of this assay in the diagnosis
of this parasite.

TREATMENT

Early diagnosis and treatment of baylisascariasis are critical if one
is to have hope of improvement and favorable outcome (2, 6, 55).
Because of the lag time in the development of clinical CNS signs
(1), by the time such signs are evident, CNS damage is already
taking place and may worsen quickly (1, 2). Therefore, the prog-
nosis for CNS baylisascariasis, especially in cases of heavy infec-
tions, is often poor with or without treatment (2, 6, 25, 54, 55).
Despite this, the goal of effective treatment is to kill off inciting
larvae and control the accompanying inflammatory response
without making the condition of the patient worse. Of the drugs
that exhibited a protective effect in experimental infections, al-
bendazole is currently considered the drug of choice for treating B.
procyonis infections in humans. It is well absorbed, achieves good
tissue levels, crosses the blood-brain barrier well, and is well tol-
erated (2, 5, 6, 7).

Mice treated in experiments performed with administration of
oral albendazole at 25 to 50 mg/kg of body weight on days 1 to 10
p.i. were protected 100% from developing CNS disease, which
killed all untreated mice (132, 133). Unfortunately, extrapolation
of these dosages to humans, especially children, is difficult and
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current recommendations are based mainly on results of empiri-
cal treatment of human cases, using the regimens described above
as guidelines. The usual dosages of albendazole administered for
treating human patients are 20 to 40 mg/kg/day or 400 mg twice a
day (b.i.d.) for a minimum of 10 days and often for 3 to 4 weeks
(38, 40, 42, 44, 49) (Table 1). Ivermectin is also larvicidal in so-
matic tissues, but it does not cross the blood-brain barrier very
well, thereby lowering its efficacy against larvae in the CNS (1,
134) and preventing its effective use for the treatment of NLM (1).
In numerous clinical cases of B. procyonis NLM in animals and in
a child treated with ivermectin, the subjects failed to improve and
continued to deteriorate, and living larvae were later recovered
from the brain (1). Current recommendations are to start al-
bendazole as quickly as possible in probable or suspected cases
(CNS disease with CSF eosinophilia and likely exposure) while
serology and other diagnostic testing are being pursued (2, 6).

Although concomitant corticosteroid treatment is recom-
mended and commonly used (2, 6), data from the small number
of clinical observations prevent any conclusive remarks. Experi-
mental data are also inconclusive (1, 133), and currently, the ad-
ministration of anthelmintics alone, or in combination with cor-
ticosteroids, remains an empirical choice. However, eosinophilic
inflammation of the CNS is a major problem in baylisascariasis
and likely contributes to both the pathology and the clinical signs
(37, 39, 55, 91). Control of inflammation is the goal of anti-in-
flammatory drug treatments for baylisascariasis, similarly to the
treatment of other helminthic infections affecting the CNS (10,
102, 135). There is also the concern regarding the potentially del-
eterious effects of liberating antigens when the larvae are killed,
thus possibly increasing CNS inflammation to even greater levels
(1,7,91, 136).

There are several indications that early treatment of baylisas-
cariasis is very important. Early and aggressive intervention with
albendazole and steroids in clinical cases appears to have contrib-
uted to the improvement or recovery of infected human patients
by obviating more-severe damage (Table 1) (5, 7, 42, 44, 49).
Thus, it is important to avoid any delay in the start of treatment as
soon as baylisascariasis is suspected, even if the diagnosis at the
time is based only on clinical presentation and/or epidemiological
history and awaits serological confirmation. The empirical use of
albendazole (administered for 10 days at the dose cited above) is
also recommended for the treatment of known or probable expo-
sures and suspected cases, for example, when a child is known to
have or suspected of having ingested material from a raccoon la-
trine (5, 6, 25, 54, 55). This “preventive” treatment after a known
exposure is especially important given the potentially devastating
effects that B. procyonis can have on the CNS as well as the small
window of opportunity available to stop the larvae before they
reach the brain (1, 2, 6, 55).

Laser photocoagulation of the parasite is recommended for the
treatment of OLM-DUSN when larvae are seen by fundoscopy
and are away from critical areas (1, 2, 6, 54, 55). This procedure
has been shown to be successful in killing larvae (22, 31, 109, 110)
and is recommended especially during the early stages of infection
if possible. Generally, corticosteroids are indicated in OLM to re-
duce the inflammatory reaction associated with the killing of
worms but do not appear to be necessary when photocoagulation
is used. In contrast, anthelmintics are not considered universally
effective and are not recommended, except in cases in which OLM
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exists concomitantly with NLM or VLM or in which additional
parasites are suspected (31).

PREVENTION AND CONTROL

Since baylisascariasis is a condition characterized by severe dam-
age to the CNS tissues and is associated with problems involving
early diagnosis and effective treatment, preventive measures are of
utmost importance. Those designing prevention and control pro-
grams need to consider (i) how to reduce environmental contam-
ination with infective eggs, (ii) how to limit or prevent contact
with contaminated areas or materials, and (iii) how to educate the
public and medical community about the dangers posed by this
parasite (for a comprehensive review, see Kazacos [1]).

Reducing environmental contamination with eggs is best ap-
proached by treatment, removal, and/or translocation of infected
raccoons in an area. Treatment of pet animals is easily accom-
plished (1), but treatment of wild populations takes novel ap-
proaches, such as anthelmintic baiting (discussed below). Because
of the potential dangers, keeping raccoons as pets, particularly in
households with young children, should be discouraged (1, 25,
55). To limit or prevent contact with contaminated areas or ma-
terials, people have to learn of the danger and how to identify the
raccoon feces and latrines that they may encounter in their envi-
ronment so that they can keep children away from these sites. In
addition, contaminated areas, especially those near peoples’
homes or businesses, should be decontaminated and remediated
to remove or kill any infective eggs that may be present (1, 25, 55).

On a community level, identification and evaluation of con-
taminated areas, i.e., raccoon latrines in neighborhoods, are es-
sential for the optimization of control measures that are needed to
address the potential risk of transmission in those environments
and where dangerous areas are located (9, 63, 73). Using these
approaches, Roussere et al. (63) mapped the locations and as-
sessed the infectivity (B. procyonis eggs) of raccoon latrines in two
contiguous Northern California communities; one (Pacific
Grove) that had instituted a raccoon control program (because of
a case of NLM in a child as well as resident complaints) and one
(Carmel) that did not. They clearly showed the benefits of control
by finding a much lower density of latrines in Pacific Grove (8.7/
hectare) than in Carmel (21.7/hectare) following raccoon trap-
ping and removal. Page et al. (73) mapped raccoon latrines in
suburban Chicago, IL, and examined attributes of yards that
might attract or deter raccoons. They found a positive association
between the presence of raccoon latrines and the availability of
food sources such as bird feed and that the presence of an outdoor
pet seemed to be a deterrent. Other studies related to landscape
attributes, such as land use, forest fragmentation, and urbaniza-
tion and how these affect raccoons, paratenic hosts, and the trans-
mission dynamics of B. procyonis in human-dominated land-
scapes, are being done in urban and suburban areas; for a detailed
review, see Page (9). These detailed epidemiological studies of
transmission variables are pivotal to establish predictions in these
areas with regard to latrine occurrence and potential risk to hu-
mans (9, 63,73, 83). The regions and areas that are more prone to
transmission can be better predicted by using mathematical mod-
eling and geospatial risk maps so that precautions and/or reme-
diation can be undertaken.

Environmental risk evaluation is thus assessed based on (i)
necropsies of raccoons (trapped or road kill), to directly assess
prevalence of infection; (ii) parasitological examinations of feces
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collected from live trapped raccoons, to assess egg shedding, prev-
alence of patency, etc.; and (iii) performance of raccoon latrine
surveys as an indicator of contamination with infective eggs and
thus of direct risk (24, 118). Raccoon latrine surveys have usually
been performed by pooling several scats for analysis by homoge-
nization and by the use of a fecal flotation method to recover the
eggs present (118). Only the latrine surveys represent a direct ap-
proach for establishing the risk of transmission to humans and
other animals (9, 24, 118). Both the latrine size and the number of
scats per latrine are confounders for estimating the risk of trans-
mission, and assessment of individual scats, rather than assess-
ment of a pooling of scats from within a latrine, has provided a
more accurate method for evaluation of risk (118).

In addition to removal and translocation of raccoons, anthel-
mintic baiting of raccoons is gaining increased attention as an
effective measure for lowering the risk of transmission (9). Page et
al. (137, 138) and Smyser et al. (139) demonstrated that this type
of control measure can reduce both the amount of eggs in an
environment and the prevalence of larvae in paratenic hosts. For
example, Page (137) saw a >3-fold decline in numbers of eggs in
latrines in treatment patches versus controls, and 1 year later there
was a significant reduction in numbers of B. procyonis larvae in
mice from treated versus control patches, which has direct rele-
vance to human infections. Progress is currently being made in the
development of acceptable baits and delivery systems as well as
their utilization in the control of B. procyonis (140). Bait deworm-
ing of raccoons should prove to be not only a useful method for
reducing latrine contamination in zoos or the environment of
endangered species (9) but also very important for decreasing pos-
sible transmission to humans in areas where raccoons are com-
mon. Rather than using the approach of trapping and removing
raccoons, which would create niche voids filled by others, from a
public health standpoint it may be wiser to maintain stable local
raccoon populations but to decrease the prevalence of B. procyonis
by bait deworming and latrine cleanup/decontamination (1, 9).

When people encounter raccoon latrines around their homes,
whether on a deck or patio, on a backyard woodpile, or at the base
of a tree, these areas need to be treated with caution, especially if
there are young children or pets in the home (1, 9, 55). People also
need to know that raccoons establish latrines in elevated locations
such as on the rooftops of homes and garages and that these also
pose a risk due to contamination of the areas below (1, 63). These
latrines all need to be avoided and, if possible, decontaminated,
and raccoons need to be discouraged from reusing them. B. pro-
cyonis eggs are surprisingly resistant to damage and long-lasting in
the environment (1, 25), and it takes special procedures to deal
with them (1). Contaminated material, including raccoon feces,
leaves and other debris, and soil can be carefully removed and
discarded or burned and the area then treated with some form of
heat to kill residual eggs (1).

B. procyonis eggs have been found to be resistant to 90 min of
treatment in undiluted household bleach and to survive at least 6
months at —15°C (26). Thus, for swimming pools that may be con-
taminated by raccoons, complete filtering or draining is indicated,
since chlorination may not guarantee the killing of embryonated eggs
(26). The application of some form of heat, especially by the use of a
steam-producing device or a propane flame gun, has been found to
be the most effective decontamination method (1, 2, 6, 25). The ther-
mal death point of embryonated B. procyonis eggs is actually rela-
tively low, and they are rendered inviable by exposure to a tem-
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perature of 62°C for less than 1 min (26, 141). This temperature
also inactivates the eggs of other ascarids, including A. suum and
A. lumbricoides (142). This temperature is easily achievable by
several means, including the use of regular and point-of-use
household water heaters and portable steam cleaners as well as of
water heated on stoves (for example, in alarge teapot, etc.) (1). For
additional details on decontamination, see Kazacos (1).

Considering the potential seriousness of baylisascariasis, edu-
cation of the public about B. procyonis and its transmission is
clearly warranted in order to promote behavioral changes for both
adults and children that would prevent infection (1, 2, 5-8). In
particular, common-sense measures of personal hygiene (e.g.,
handwashing) and avoidance of contaminated areas where rac-
coons and their latrines are prevalent are simple and cost-free.
Children need to be taught to recognize and avoid raccoon latrines
and to wash their hands after playing outside or with animals (2, 4,
6, 7, 25, 55). Not providing anthropogenic food sources (such as
pet food or garbage) at or near homes is an important preventive
measure, since evidence indicates that it serves as an attractant and
that raccoons often establish latrines nearby (1, 4, 9, 30). In a study
in Southern California, pet food was found in the stomachs of
43% of raccoons examined (143). The feeding and keeping of wild
animals as pets, especially raccoons, should also be strongly dis-
couraged (1, 2, 4, 6,7, 25, 55).

Currently, there is no vaccine to limit the susceptibility of hosts
to B. procyonis infection or to modulate morbidity. Inorganic py-
rophosphatases (PPases) are pivotal in the development of the
larval stages of several nematodes, and one homologue of PPases
(Bsc-PYP-1) from B. schroederi has been identified. Its antigenic-
ity has been demonstrated, and it may be considered a vaccine
candidate against baylisascariasis (144). Considering the demon-
strated homology and potential cross-antigenicity of PPases from
other ascarid species, it is possible that this or other PPases will be
identified as candidates for the development of vaccines against B.
procyonis (144).

CONCLUDING REMARKS

This review summarizes several perspectives regarding baylisascaria-
sis as a zoonotic infection, focusing on the clinical and diagnostic
aspects of human cases. Much has been learned over the past 35 or so
years about B. procyonis and the diseases that it causes, indicating that
itisa common and widespread parasite of raccoons with the potential
of causing very serious neurologic and ocular disease in humans ac-
cidentally infected with the larvae. Because of its commonness and
the close association of raccoons with humans, there are increasing
data on the risks of human infection, and B. procyonis should be
given increased consideration by physicians dealing with clinical
cases, especially those involving eosinophilic meningoencephali-
tis, ocular larva migrans, and DUSN.

However, despite the studies that have been conducted and the
advances made in our knowledge of this disease, there remains a need
for (i) seroepidemiological population-based surveys to better deter-
mine the occurrence of asymptomatic covert infections and to pro-
mote a better understanding of transmission dynamics; (ii) assess-
ment of better strategies of prevention and control, including
more-effective methods for dealing with the parasite in raccoon pop-
ulations, e.g., using anthelmintic baiting and other means; (iii) the
identification of additional recombinant antigens in order to further
improve our ability to achieve accurate immunodiagnosis in clinical
cases; (iv) extended evaluations of DNA detection methods in tissue,
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serum, and CSF samples; (v) further drug and vaccine development
and testing; and (vi) improved educational strategies to better induce
behavioral changes in human populations aimed at prevention.

Whether there are more-appropriate combinations of anthel-
mintics and anti-inflammatory drugs for the treatment of bayl-
isascariasis remains to be evaluated. An important endpoint for
experimental models would be to find drugs or drug combina-
tions that kill larvae effectively in the CNS without exacerbating
inflammatory reactions resulting from larval death. It may be pos-
sible to use substances that modulate the parasite’s pathogenesis
by interfering with its production of ES-Ag or that inhibit the
host’s reaction to these antigens. The most current and effective
recommendation for treatment is that albendazole and corticoste-
roids should be administered as soon as possible once a suspicion
of baylisascariasis is established (2, 5-8, 41). However, dosages are
empirically determined at this point, and identification of minimally
effective doses, especially of albendazole, should be sought for use in
human cases. The identification and monitoring of areas of endemic-
ity, particularly on a local level, in combination with having well-
informed public health workers are also essential to face the ongoing
challenges of prevention of baylisascariasis in humans.
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