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SUMMARY INTRODUCTION

Recurrent outbreaks of muscular sarcocystosis among tourists
visiting islands in Malaysia have focused international atten-
tion on sarcocystosis, a disease once considered rare in hu-
mans. Sarcocystis species require two hosts, definitive and inter-
mediate, to complete their life cycle. Humans can serve as
definitive hosts, with intestinal sarcocystosis for two species
acquired from eating undercooked meat: Sarcocystis hominis,
from beef, and Sarcocystis suihominis, from pork. Symptoms
such as nausea, stomachache, and diarrhea vary widely de-
pending on the number of cysts ingested but appear more se-
vere with pork than with beef. Humans serve as intermediate
hosts for Sarcocystis nesbitti, a species with a reptilian definitive
host, and possibly other unidentified species, acquired by in-
gesting sporocysts from feces-contaminated food or water and
the environment; infections have an early phase of develop-
ment in vascular endothelium, with illness that is difficult to
diagnose; clinical signs include fever, headache, and myalgia.
Subsequent development of intramuscular cysts is character-
ized by myositis. Presumptive diagnosis based on travel history
to tropical regions, elevated serum enzyme levels, and eosino-
philia is confirmed by finding sarcocysts in muscle biopsy spec-
imens. There is no vaccine or confirmed effective antiparasitic
drug for muscular sarcocystosis, but anti-inflammatory drugs
may reduce symptoms. Prevention strategies are also dis-
cussed.
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Sarcocystis is classified in the phylum Apicomplexa, along with
species of Eimeria that cause coccidiosis in poultry and live-
stock; Toxoplasma gondii, which infects virtually all warm-blooded
vertebrates; and species of Cystoisospora that infect humans and a
variety of animals. Sarcocystis species are ubiquitous in nature and
are found worldwide. Two hosts are required to maintain the life
cycle: an intermediate or prey host, in which cysts (sarcocysts)
containing infectious zoites infect the muscles, and a definitive,
final, or predator host that ingests the cysts, becomes infected with
intestinal-stage parasites, and excretes oocysts or sporocysts into
the environment. For the >150 species of Sarcocystis, most inter-
mediate hosts include herbivorous mammals and humans and other
primates but also some birds, reptiles, and possibly fish. Definitive
hosts include carnivores or omnivores, including humans and some
reptiles and raptorial birds (1). Although others may exist, only Sar-
cocystis nesbitti has been identified in humans and nonhuman primates
serving as intermediate hosts, with a snake possibly serving as the defini-
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FIG 1 Humans as definitive (final) hosts for Sarcocystis species.

tive host. However, this identification is based on a comparison of avail-
able congeners that most closely matched those of species in which snakes
were the final hosts and has yet to be confirmed. Two species, Sarcocystis
hominisand S. suihominis, have been identified in humans and non-
human primates serving as definitive hosts (Fig. 1).

Early knowledge of infections in humans is scant because the
relationship between infection and symptoms was not under-
stood, tissue specimens were rare, light microscopy (LM) had lim-
itations, the life cycle was unknown, and other diagnostic tools
were not developed. The first record of what would become rec-
ognized as Sarcocystis was in 1843 by Meischer, who observed
long, thin, white cysts in muscles of a deer mouse in Switzerland
(1). For the following 2 decades, this parasite with no scientific
name was called Meischer’s tubules. In 1865, a parasite with a
similar appearance in muscles of a pig was then described by
Kuhn, who proposed the name Synchytrium miescherianum (1).
However, the name Synchytrium was already in use for another
organism. Thus, in 1899, Labbe changed the name to Sarcocystis
meischeriana (1), and it became the type species of the genus. In
the following decades, many species of Sarcocystis were named
based on finding intramuscular cysts in various animals, and these
were referred to as sarcocysts. In some references to Sarcocystis, the
term sarcosporidium was used. This possibly resulted from stud-
ies in which sarcocysts in culture media appeared to develop hy-
phae and mycelia resulting from contamination, and Sarcocystis
therefore was thought to be a type of fungal organism. In 1967,
electron micrographs clearly demonstrated that the organisms
contained within the sarcocysts were not fungal spores but were
zoites morphologically similar to those of other apicomplexan
protozoa (2), removing any consideration that Sarcocystis was tax-
onomically related to fungi. Other life cycle stages remained un-
known until the 1970s, when zoites freed from sarcocysts in the
muscles of grackles (Quiscalus quiscula) developed into sexual-
stage parasites and oocysts in cultured mammalian cells (3, 4).
Additionally, sarcocysts from cattle were fed to cats, dogs, and
humans, establishing three distinct species, with the proposed
names Sarcocystis bovifelis, S. bovicanis, and S. bovihominis, com-
binations representing two hosts (5-7). Although these species
names were later changed, the cumulative findings from this pe-
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riod established the requisite relationship of the two-host, prey-
predator (intermediate host-definitive host) life cycle for all spe-
cies of Sarcocystis.

Life Cycle Stages

In intermediate hosts, including humans, only asexual-stage par-
asites are found (Fig. 2). The initial stages of asexual development
are known from animal studies but have not been seen in human
tissues. The following descriptions are based on Sarcocystis cruzi
development in cattle. Infection begins when oocysts or sporo-
cysts in feces from a final host become ingested by a susceptible
intermediate host. Exposure to trypsin and bile causes the plates
that form the sporocyst wall to disunite, liberating four motile
sporozoites contained within. The sporozoites pass into or
through the gut wall and are first found within endothelial cells
that line small arteries in all parts of the body. This is the first of
approximately four cycles of asexual development, called mer-
ogony or schizogony, the number and timing of which may
vary with the species. During each of the first three cycles,
nuclear division eventually gives rise to merozoites, which are
motile, crescent-shaped organisms with a structure similar to
that of sporozoites. Subsequent generations are found down-
stream, in arterioles, and then in capillaries and in veins in all
parts of the body until the last generation develops in skeletal,
smooth, and cardiac muscles, and sometimes in neural tissue,
where sarcocysts are formed.

For S. cruzi, the first generation is found ~2 weeks after inges-
tion of sporocysts (Fig. 3A), and the second generation is found as
singles or pairs of merozoites within mononuclear cells in periph-
eral blood nearly 4 weeks after ingestion of sporocysts (Fig. 3C). A
few days to a week later, the third generation is seen as immature
multinucleate schizonts or mature schizonts containing merozo-
ites in endothelial cells of capillaries throughout the body, but they
are especially prominent in renal glomeruli (Fig. 3B). Merozoites
from these schizonts enter muscle cells, where they begin sarcocyst
formation, first differentiating into a single round cell, called a
metrocyte or mother cell. A series of divisions gives rise to numer-
ous metrocytes as the sarcocyst grows while, concurrently, a wall
develops, isolating the sarcocyst from the surrounding muscle
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(Fig. 3D). At the time when metrocytes develop into infectious
bradyzoites, also referred to as cystozoites or just zoites, the sar-
cocyst is considered mature (Fig. 3E and F). The maturation time
appears to differ among species and can take 2 months or more to
complete, but the sarcocyst can then persist for months or years.
Depending on the species, sarcocysts differ in size and shape from
microscopic to macroscopic. They range from a few micrometers
to several millimeters in length, range from narrow to wide in
circumference, and have a great variety of wall structures that
differ in thickness and in patterns of peripheral protrusions called
cytophaneres. Seven morphologically unique wall structures were
described in early reports of sarcocysts found in human muscles
(8) (Table 1), but most subsequent reports of intramuscular sar-
cocystosis in humans did not identify wall morphology (9-31)
(Table 2). Some sarcocysts have internal septa that form compart-
ments, while in others, no septa are apparent. The septa and cyto-
phaneres may be difficult to distinguish by light microscopy and
are best seen by electron microscopy. Sarcocysts can be found in
the muscles of limbs, tongue, esophagus, diaphragm, and heart
but also in neural tissue in the brain, spinal cord, and Purkinje
fibers.

Sexual stages occur in definitive hosts. After a susceptible host
has eaten meat containing mature sarcocysts, the wall of the sar-
cocyst becomes digested or broken. Bradyzoites within the sarco-
cysts are released and can soon be found intracellularly in villi of
the small intestine. Each bradyzoite transforms into either a mi-
crogamont (male) or a macrogamont (female) stage (Fig. 3G).
Microgametocytes become multinucleate, and a sperm-like mi-
crogamete forms around each nucleus. A single flagellated mi-
crogamete finds and fuses with a macrogamont. Their nuclei com-
bine, and the fertilized macrogamont develops into an oocyst that
sporulates in situ, forming two sporocysts that each contain four
sporozoites (Fig. 3H). Although oocysts are immobile, they reach
the lumen of the intestine and are excreted with feces, sometimes
intact with a barely visible wall, appearing as a pair of sporocysts,
or more often, the fragile wall breaks, and individual sporocysts
are released. Sporocysts of virtually all species are indistinguish-
able from one another, measuring ~10 by 15 pm and containing
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four sporozoites and a cluster of residual granules (Fig. 31). Sporo-
cysts of S. hominis and S. suihominis have average sizes of 9.3 by
14.7 and 10.5 by 13.5 wm, respectively, and are immediately in-
fectious when excreted (1).

Species Infecting Animals

Some species of Sarcocystis that infect agricultural and companion
animals, such as cattle, sheep, and horses, are of economic impor-
tance because they cause illness that results in fever, lethargy, poor
growth, poor feed use, reduced milk production, lameness, wool
and hair loss, abortion, carcass condemnation at meat inspection,
as well as death. Information obtained from such infections has
been helpful in understanding aspects of clinical disease in hu-
mans. For example, data on hematology, serum enzyme level
changes, the inflammatory response, histopathology, the location
and timing of developmental stages, the febrile response, the neg-
ative impact on growth, abortion, and other factors have been well
documented from experimental and outbreak studies of sarcocys-
tosis in livestock and have been reviewed (1, 32).

Species Infecting Humans

Humans can be either final or intermediate hosts (Fig. 1 and 2).
Humans can become final hosts after eating undercooked pork
and beef harboring mature sarcocysts of S. suihominis and S.
hominis, respectively. Tissues of many species of domesticated an-
imals, wild mammals, birds, and reptiles that are eaten for meat
throughout the world contain sarcocysts capable of infecting un-
identified final hosts, possibly including humans and with un-
known health consequences. Therefore, there may be additional
undocumented species for which humans can serve as a definitive
host. Although sporocysts in the feces are diagnostic for Sarcocystis
infections of definitive hosts, they are so morphologically similar
that species cannot be differentiated simply by the size and shape
of sporocysts.

Within the Sarcocystis life cycle, humans who are infected with
muscular sarcocystosis are considered aberrant intermediate
hosts because they accidently substitute for the natural hosts that
routinely serve as prey for a definitive predator host. The num-
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FIG 3 Sarcocystis stages in tissues of intermediate hosts (A to F) and definitive hosts (G to I). Panels A to G show hematoxylin-stained images. All images are of
S. cruzi, except panel E, which is an image of S. hominis. (A) Artery with a first-generation multinucleate schizont (arrow) in an endothelial cell. (B) Kidney
glomerulus with immature (arrowhead) and mature (arrow) second-generation schizonts. (C) Blood smear with a merozoite in a mononuclear cell. (D) Heart
with an immature sarcocyst containing globular metrocytes. (E) Skeletal muscle with a cross section of a mature sarcocyst with a thick striated wall surrounded
by a mononuclear cell infiltrate. (F) Skeletal muscle with longitudinal and cross sections of sarcocysts. The was no inflammatory response. (G) Lamina propria
of small intestine with a macrogametocyte (arrow). (H) Small intestine with sporulated sporocysts (arrow) (Whipf’s polychrome stain). (I) Phase-contrast

microscopy of two sporocysts in a fecal float.

ber of species for which humans can serve as an intermediate
host is unknown, but there may be seven or more species based
on differences in sarcocyst wall morphology observed in hu-
man tissue specimens (8). Sarcocyst wall morphology has also
been used to differentiate species in animals (1). The use of
sarcocyst wall morphology to distinguish species has been con-
troversial because morphology can be difficult to discern by
light microscopy, can be affected during the processing of tis-
sues, and can change with the age of the sarcocysts. Molecular
methods have been used but have been extremely limited.
Greater use will extend and confirm species identity and im-
prove diagnosis of infections.

Humans have been identified as an intermediate host for Sar-
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cocystis nesbitti (26-28) based on 18S ribosomal DNA (rDNA)
sequence data. Sarcocystis nesbitti, described by Mandour in 1969,
was originally detected in muscles from a rhesus monkey based on
LM, but its taxonomic validity is questionable, and there are nei-
ther transmission electron microscopy (TEM) morphological
data nor LM photographic support for the original description.
Nevertheless, the first report of Sarcocystis in nonhuman primates
(Macaca fascicularis) in China, which was supported by LM and
TEM studies (33), was based on the perceived resemblance to S.
nesbitti, so those authors named the organisms that they found in
M. fascicularis muscles S. nesbitti. Morphological similarities sug-
gested that one species of Sarcocystis might infect Macaca fascicu-
laris, Macaca mulatta, Papio papionis, Cercocebus atys, as well as
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TABLE 1 Summarization of early reports of humans with sarcocysts®

Sarcocystosis in Humans

Patient age (yr),

Country or region gender Sarcocyst location(s) Biopsy or autopsy Sarcocyst type” Original author(s), yr*
Sudan 36, M Abdomen A 2 Kartuli, 1893

France Adult, M Larynx A 1 Barbaran and St. Remy, 1894
France Adult, unknown Skeletal muscle A 1 Vuillemin, 1902

Malaysia 30, M Tongue A 4 Darling, 1919

UK Unknown Heart A 6 Manifold, 1924

India 55, M Chest B 2 Vasudevan, 1927

USA via West Indies 32,F Heart A 7 Lambert, 1927

Indonesia 20, M Cheek B 4 Bonne and Soewandi, 1929
China Adult, M Leg B 1 Feng, 1932

UK Adult, F Heart A 5 Hewett, 1933

Panama 11, F Heart A 7 Gilmore et al., 1942

Panama 48, F Heart A 7 Kean and Grocott, 1943
Brazil 32,F Heart A 7 DeFreitas, 1946

USA via Germany 31, M Heart A 7 Arai, 1949

USA via Puerto Rico 34, M Heart A 7 Arai, 1949

India 37, M Leg B 2 Dastur and Iyer, 1955

India 20, M Leg B Dastur and Iyer, 1955

Sudan 45, M Foot B 3 McKinnon and Abbott, 1955
UK via India 60, M Pectoral B 2 McGill and Goodbody, 1957
Brazil 40, F Heart A 6 Koberle, 1958

Italy 17, F Heart A 5 D’Arrigo and Squillaci, 1962
Indonesia 51,M Pectoral B 4 Van Thiel and Van den Berg, 1964
UK via Southeast Asia 51, M Leg B 4 Mandour, 1965

Angola 30, F Chest B 2 Liu and Roberts, 1965

India 22,F Leg, arm B 2 Gupta et al., 1973

Southeast Asia 21, M Leg B 3 Jeffrey, 1974

UK via Malaysia 34, M Pectoral B 4 Jeffrey, 1974

Malaysia 34, M Larynx B 4 Kutty and Dissanaike, 1975
Malaysia 12, F Pharynx A 4 Kutty et al., 1975

India 56, M Arm B 3 Agarwal et al., 1976

India 54, F Leg B 3 Thomas, 1976

Malaysia 20, M Foot B 4 Prathap and Dissanaike, 1976
Malaysia 23, M Neck A 4 Prathap and Dissanaike, 1978
Unknown Unknown Skeletal muscle A 4 Frenkel, 1976

USA via Asia 40, M Arm B 4 McLeod et al., 1979

Uganda 50, M Leg B 1 Beaver, 1979

India 50, M Arm B 3 Beaver, 1979

Singapore Unknown Skeletal muscle B 4 Beaver, 1979

Singapore Unknown Skeletal muscle B 4 Beaver, 1979

Costa Rica 9, M Heart A 6 Beaver, 1979

“ Original authors and years can be found in reference 8, and not all of these are included in the list of references in this study.

b These types, described by Beaver et al. (8), differ from those described by Dubey et al. (1) and are defined as follows: type 1, thick, radially striated wall, large zoites often sparse in
the center, and metrocytes; type 2, generally large sarcocysts, thin and smooth wall, medium zoites, and septa; type 3, small and medium sarcocysts, thin wall, medium zoites, and
septa; type 4, long and medium sarcocysts, thin wall, small zoites, and septa evident in center; type 5, small sarcocysts, thin wall, medium zoites, and in myocardium; type 6, small to
medium sarcocysts, thin wall, large zoites, and in myocardium; type 7, small sarcocysts, thin wall, small zoites, and in myocardium.

¢ Data were compiled from reference 8. Abbreviations: A, autopsy; B, biopsy; F, female; M, male.

humans (34). Sarcocysts in muscles from M. fascicularis identified
as S. nesbitti by Yang et al. (33) were later examined by molecular
methods (34), and 18S rDNA sequence data from two sarcocysts
placed this species in a cluster with S. atheridis and S. singaporensis,
species with rodent intermediate hosts and snake definitive hosts.
This suggested that a final host for S. nesbitti might be a snake.
PCR evidence of Sarcocystis was found in feces from a cobra (26);
the 18S rDNA sequence clustered with Sarcocystis sequences from
other snakes and with the two S. nesbitti sequences obtained from
M. fascicularis by Tian et al. (34). Three reports from the Pangkor
Island outbreak in Malaysia reported similar findings. Muscle bi-
opsy specimens from the swollen jaw of one patient and the leg of
another showed intramuscular sarcocysts identified by LM and

April 2015 Volume 28 Number 2

Clinical Microbiology Reviews

TEM (26). The 18S rDNA sequences of Sarcocystis from these
patients varied 1% from each other, and a BLAST analysis found
that they shared 99% homology with S. nesbitti from the muscle of
M. fascicularis (26). Another report also identified a patient with
sarcocysts in the temporalis muscle and another with sarcocysts in
aleg muscle, for which DNA sequences matched 100% of those for
S. nesbittiin the clade with S. atheridis (25). Still another study (27)
reported the same 18S rDNA findings as those reported by Abu-
Bakar etal. (25) and Tian et al. (34). The 18S rDNA sequence from
the muscle biopsy specimen of a patient who had visited Tioman
Island in Malaysia also showed 100% homology with the S. nesbitti
gene sequence reported under GenBank accession number
HF544323 (28).
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TABLE 2 Summary of reports of muscular sarcocystosis in humans not included in the review by Beaver et al. and presented in chronological order

of publication

Description of human subject(s) or

Reference, yr of

Country or region specimen(s) Sarcocyst location Biopsy or autopsy®  publication
Malaysia 58-yr-old M* Tongue B 9, 1981
India 2 persons Leg B 10, 1983
Gluteus B
Denmark? 40f112 specimensb Muscle A? 11, 1985
Malaysia 45-yr-old M* Nasopharynx B 12,1987
53-yr-old M* Nasopharynx B
Malaysia 1 person Skeletal muscle B 13,1988
Australia via Thailand 31-yr-old M Skeletal muscle B 14, 1990
Egypt 1 person Skeletal muscle B 15, 1990
Malaysia 45-yr-old M* Tongue B 16, 1992
67-yr-old F* Tongue B
32-yr-old F* Pectoral muscle B
Malaysia 21 persons aged 16 to 57 yr Tongue A 17,1992
Belgium via Brazil, Kenya, 31-yr-old M Thigh B 18, 1995
and Tanzania
India 40-yr-old M Thigh B 19, 1996
14-yr-old F Arm B
52-yr-old F Thigh B
23-yr-old F Arm B
Malaysia 44-yr-old F* Thigh B 20, 1998
19-yr-old F Calf B
Malaysia 7 adults, M 1 muscle B 21, 1999
Thailand 66-yr-old M* Larynx B 22,2011
India 20-yr-old M Arm B 23,2012
India 50-yr-old M Neck B
India 47-yr-old M Leg B 24,2013
Pangkor Island, Malaysia 89 people Leg B 25,2013
26,2014
27,2014
Tioman Island, Malaysia 39 F and 29 M subjects, aged 4 to 72 yr Skeletal muscle from 15 patients; 1 B 28,2014
PCR positive
29,2014
Tioman Island, Malaysia 3 Fand 3 M subjects Febrile myositis syndrome NTE 30,2014
Tioman Island, Malaysia 26 cases in Germany reported previously ~ Symptomatic changes; skeletal muscle B 31,2014

“ Cancer patients.

b Tissues examined by trichinoscopy.

¢NTE, no tissue examined.

Sources of Intestinal and Muscular Sarcocystosis

The only source of intestinal sarcocystosis is ingestion of meat
containing mature sarcocysts. The range of meats and meat prod-
ucts consumed by humans worldwide includes domestic and wild
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animals of many species. Although only two species are known to
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infect humans as definitive hosts, S. hominis from beef and S.
suthominis from pork, many others may exist throughout the
world but are as yet undefined.
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The source of muscular sarcocystosis is ingestion of sporocysts,
most likely through contaminated water or fresh produce or pos-
sibly through exposure to a contaminated environment. It is dif-
ficult to predict for unnamed species of Sarcocystis how specific
either the intermediate or the final host species must be, but there
are some generalized patterns. Dogs, coyotes, and foxes, but not
humans or cats, are final hosts for S. cruzi, with intermediate hosts
being restricted to cattle and bison, but not sheep, monkeys, pigs,
or rats. Intermediate hosts of S. odocoileocanis include white-tailed
deer, sheep, and cattle. There are other examples in which clusters
of related host species serve as either intermediate or final hosts.
Based on the likelihood that one species of Sarcocystis can infect
multiple closely related host species, some species of Sarcocystis
that infect nonhuman primates might also be expected to be able
to infect humans. This is true for S. nesbitti, a species found in
muscles of macaques and recently in humans; snakes and possibly
other reptiles may serve as definitive hosts (33, 34). Because most
cases of human muscular sarcocystosis have been found in tropi-
cal areas inhabited by many species of nonhuman primates and
reptiles, and because some locations could be subject to contam-
ination from reptilian feces, the combination of these factors ap-
pears conducive to human infection.

PREVALENCE, SYMPTOMS, AND DIAGNOSIS OF INFECTION
IN HUMANS

Intestinal Sarcocystosis Species and Symptoms

Humans with intestinal sarcocystosis (Fig. 1) have been identified
worldwide, with the exception of Africa and the Middle East, al-
though such infections likely occur there given customs of eating
raw or undercooked meat in those areas. Locations where cases of
intestinal sarcocystosis have been reported are listed in Table 3,
including infections that resulted after volunteers ingested natu-
rally infected or experimentally infected meat (6, 7, 35-68). Early
investigators, with no knowledge of the Sarcocystis life cycle, ob-
served two parasites with characteristics of apicomplexan oocysts
in stool samples of infected persons and named one Isospora belli,
which was excreted as a distinctive unsporulated (internally un-
differentiated) oocyst, unique in size and shape and unlike any
other apicomplexan parasite. The other coccidian parasite, ex-
creted as a sporulated oocyst (containing sporocysts with sporo-
zoites) or as individual sporocysts, was named Isospora hominis
(35, 37, 39, 44) and represented what is now recognized as multi-
ple species of Sarcocystis, two of which are known to be S. hominis
(6,40,41,46-48,51,53, 54,58, 59) and S. suihominis (6, 40, 50, 53,
62). However, other species may have been present because the
oocysts and sporocysts of Sarcocystis species are morphologically
indistinguishable. Most reports cite infections in persons in Euro-
pean countries, including The Netherlands, Germany, Poland,
Slovakia, France, and Spain (Table 3). In Asia, infections have
been reported in China, Tibet, Laos, and Thailand (Table 3).
Other cases have been reported in Australia, Argentina, and Brazil
(Table 3).

As definitive hosts, humans can experience nausea, vomiting,
acute and severe enteritis, or chronic enteritis, but many infec-
tions appear to be mild or asymptomatic. Differences depend on
the number, and perhaps the species, of sarcocysts ingested. Few
accurate data are available on the duration of infection or the
numbers of oocysts and sporocysts excreted. Most case studies
suffer from not knowing the time of onset of infection, the type or
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quantity of meat consumed, the species and number of sarcocysts
consumed, and whether a patient ingested raw meat once or mul-
tiple times. The longest period of continuous sporocyst excretion
(I. hominis) was 21 months or more for a patient in The Nether-
lands, while other patients excreted sporocysts for at least 6
months (35). A patient in Poland excreted sporocysts for at least
12 months (36). However, the most reliable information on the
prepatent and patent periods is from human volunteer studies. In
Germany, diaphragms from cattle and pigs were obtained from an
abattoir, ground in a meat grinder, and found to contain zoites of
Sarcocystis. This ground meat was then fed to volunteers who were
not excreting oocysts or sporocysts in their stools (6). In the first
experiment, two volunteers ate 500 g of raw beef diaphragm with
onions and spices and began excreting sporocysts 9 days later,
continuing for 40 days or longer. In the second experiment, four
volunteers ate seasoned raw pork diaphragm and began excreting
sporocysts 9, 13, and 17 days later; the fourth person remained
uninfected. The patent period for the three volunteers was at least
30 days. For a volunteer in China who ingested S. suihominis-
infected pork, the prepatent period wasl12 days, and the patent
period was >120 days (50). Another volunteer excreted sporo-
cysts from days 8 to 40 after eating beef (51). Two other volunteers
in China who ate beef and three who ate water buffalo had prepat-
ent periods of 10 to 12 days and patent periods of 11 to 29 days
(57). Another volunteer in China excreted sporocysts of S.
suihominis for an estimated 91 days beginning 10 days after eating
pork (62). Of seven volunteers in Brazil who ate raw kibbe (beef),
six began to excrete S. hominis oocysts/sporocysts 10 to 14 days
later and excreted them for 5 to 12 days (58).

Intestinal Sarcocystosis in Europe

In The Netherlands, oocysts and sporocysts were identified as I.
hominis in stool samples of 17 of 72 persons, some without illness
and others suspected of suffering from chronic amoebiasis; addi-
tionally, in 5 of 17 subjects, intestinal mucosa scrapings taken at
autopsy contained sporocysts of I. hominis (35). Also, in The
Netherlands and in various other countries between 1960 and
1970, several surveys were conducted, in which stool samples from
humans were examined (69). Ten percent to >50% of persons
excreting sporocysts were in countries where raw meat was usually
consumed. In a subsequent survey in The Netherlands, babies
born to mothers who excreted sporocysts began excreting sporo-
cysts at 9 to 10 months of age, correlating with them being fed raw
or partially cooked, minced beef (69). In Poland, a 29-year-old
woman working in an orphanage had single and double sporo-
cysts in her feces for 12 months (36), which could have resulted
from repeated reinfection. Neither her family nor her coworkers
were found to be positive, but later, 7 persons at the orphanage
were found to be infected, and at other locations in Szczecin Prov-
ince, 92 additional persons were found to be infected.

In Germany, of 150 stool samples examined, I. hominis was
detected in 12 persons who had eaten raw beef or pork (38). Six of
the 12 persons had different gastric or intestinal symptoms, and 6
were asymptomatic. Also in Germany, a volunteer consumed 100
to 200 g of raw beef naturally infected with S. hominis or meat
from cattle experimentally infected with S. hominis for 1 to 3 days
on four separate occasions at intervals of several months (40). The
volunteer had low-grade clinical symptoms of stomachache, nau-
sea, and diarrhea beginning 3 to 6 h after meat consumption;
symptoms lasted 24 to 36 h. Diarrhea and stomachache were again

cmr.asm.org 301


http://cmr.asm.org

Fayer et al.

Jood stuuioy °g N d plo-14-09
3294 stoy °§ N d plo-14-¢
SISSAUT[T JO AITIDASS 0] PAINQLIIUOD dALY AR
UOTOJUI [BLID)OB( (S1S01A503NI] pey ¢ pue ‘ured
3% [BUTWIOPQE 2)NDE PUE I9A] JNOE PeY| $302(qns 9 [y Joag SIUIULOY °§ N N PIo-14-0¢ puefreyJ,
¥ IN S0y 'S N safdures ()OS ¢ JO %¢C seare [ea1don) eIA adueL]
184500188 ()00°ST IIM Pardajur A[euswuradxy Joag SIUIULOY °§ q uosiad |
9% Uond9Jul [EINJEN] Joag SIUIULOY °§ N suosiad ¢ SpUBLIYIIN
Sh snewo)dudse snondyur J0N Jo9g 12142 °§ suosiad g sa1eIS payu)
a4 snewoldwiAsy IN Stuioy T N d plo-14-z1 BD{RAOS
(94 IN IN IN N PI0 14 T 01 £ USIPIYd ST JO €1 pur[od
snewojdui4se 10 euswouayd
w STIBUWINDYI IO BIYLILIP M STILIDIUD JUS)IULIAIUT IN IN N suosiad 906 Jo § Aueurron
IN Jo3g SIIULOY °S q SI9)UNJOA ¢
¥ J[BD 0} PONIWISULI) UOTIOIJUT [BINJEN] IN S0y °§ N PITY 1 SPUBTISYIAN
eayarerp ‘Sunruroa ‘edsneu ‘9oudjoddeur Guneorg SyIod SIULLLOYINS °§ SIUNJOA ¢
ov AUDEBYOLUIO)S PUE BIYLIRI(] Joag SIULOY °§ q I22)UN[OA | Aueurion
suSis [eunsajuIo}sesd ou pey suosiad 7T
6¢  ‘swoapqoid [eunsajur pue dinsed pey suosiad gz Jo 01 IN LSOy | N suos1ad (¢ Jo 2 Aueurion
8¢ suqoad [eunsajur pue dinseS pey suosiad 9 y1od pue joag +ds 51154200408 N suosiad (0GT Jo 71 Aueurron
doays woig 51545 ordodsordewu
L JO UOTSAZUT WIO] PAJ[NSAT UOTIIJUI OU DUON daayg vjjoual g q I22)UN[OA | Aueurion
L€ IN IN pSTUIOY N suosiad 00z pue[od
“ds s13s4200.408 $109(qns paynuapIun 76
“ds s1ys200.40g (ULIp[IYd 2q 03 pawnsse) $123(qns /2
9¢ jueds £19A swoydwidg IN *ds 51154200408 N I plo-14-6¢ puejog
Y104 SIILLOYINS °§ SIIJUN]OA
BIULIRIp plitt
9 pue swojduwAs oYI[-BZUIN[JUI 210A3S pey suosiad 9 Jo | Joog S0y S q SIO2IUNJOA T Aueurion
suawdads Asdoine /1 jo ¢
c¢ IN IN LSOy | N suosiad 7z jo 71 SPUBIYIIN
DUIINY (s)uSis jeorur)  $3s£00d18S JO 92IN0OG saradg UonIJUI sojdures 10/pue Anunop
[eyusurradxe (s)122(qns wewny jo uondrmsaq
10 [ernjeN

SSuondajur [eyuswLradxs payduwalie pue suewny ul siso)sAd001es [eunsajur parmboe Ajfenieu jo syroday ¢ FIIV.L

April 2015 Volume 28 Number 2

Clinical Microbiology Reviews

302 cmr.asm.org


http://cmr.asm.org

Sarcocystosis in Humans

(28ed Summorjoy uo panunuo)))

<9

¥9

€9

9

19

09

6S

8¢

LS

9¢

sS

¥S

€S

s

1<

0s

6¥

s1545010ds 212102 J0U PIp INq [[I SUIRIAG
BIYLIBI(]

IN

IN

ured ‘1943 ‘BIYLIRIP ‘UOISUSI(]

IN

ured [eurwopqe
Auo pey 1 ‘ured [eururopqe pue edyLIeIp pey §

S[001S 2S00 1IOJWOISIP [BUTIOPQY
e LIRI(]

eiydoursoa pue ‘edyLIBIp AI9]EM “UOISU)SIP
‘ured reurtwropqe Surpnpour swojdwis [edrur pey [y
IN
snewoldwAssy

IN

snewojdwssy
snewoydwAisy

JuON

IN

sAaxuour Jo9Jur JoU pIp SN
31d ur s3sho0o1es (s31d 103 snondajur syskrorods
Pa3210%2 yi1od 218 oym uewny d>newoldwssy

UONBUWLIOJUL ON|
eaudsAp Qyoeyoewols
‘uonednsuod ‘eayirerp ured ‘UOTSU)SIP [eUTWOPQY

ofegng
IN

IN

IN
J0d

(mex) y10g

(mex) y10q

3ood

2qqP{ Joog

o[eyng 1a1e

dHED

IN

sy1od 10 Joaq AqIssoq
IN

Jod
joog

umouwyun

joog

104
umowyun
10d
3ood

oo
joog

SISUIULS °§
+ds s1sd200.vg
+ds 51154200408
+ds 51154200408
SIILUOYINS °§

paioadsns siuuoyins °§

paidadsns siuuoyins °g
+ds 51154200408

S0y °§

+ds 51154200408

*ds 51154200408

*ds 1154200408

+ds 51154200408

S0y 'S

SIULLLOYINS °§
SIIULOY °§

+ds s1sd200.vg

SIIULOY °§

s1sAdo010ds oNI[-stutoyns g
+ds 51154200408

*ds snysAoooreg

SIILLOY °§

SIIULOY °§
SIIULOY °§

Z Z Z

SIJUN[OA 7
waned ATH plo-14-1¢
suawads $Z71°T JO %8
suawidads /¥ JO 9%9'%

I99)UN[OA |

suosiad 8% Jo 7¢

suosiad 106 Jo /T

W Plo-14-G¢
SI991UN[OA £ JO 9
SIO2JUNJOA T
SIIAJUNJOA ¢

suosiad Gg¢ Jjo ¢
suosiad 79¢ Jo 9 7°¢T
suos1ad 8001 JO %601 <

suosiad 976 JO %/—9%9°0
suosiad 976 JO %6 TT—%S 0T

SID[IOM §77°T JO 1

shkoyuowr ¢
I99)UN[OA |

sayyuowr §

(parayur A[pernyeu) W NPy
WPV

N plo-14-g%

N PIO-14-0/

N PIo-14-6T
N Plo-14-6

euryD

rUNUIZTY
udey Uoyy
ueyjeydIRY U0q
puefiey],
BUIYD

(x8uenD) eury)

(x8uenD) eury)
uredg

[zeig

eury)

elensny

puepey],

soe

qu,

WERUIIA YIION BIA BDBAO[S

euryD

(9ourAOIg UBUUN L) BUIYD)

eury)

cmr.asm.org 303

Clinical Microbiology Reviews

April 2015 Volume 28 Number 2


http://cmr.asm.org

Fayer et al.

Reference
66

Clinical sign(s)

NI

Source of sarcocysts

NI

Sarcocystis sp.

Species

experimental

Natural or
infection

Description of human subject(s)

and/or samples
1 of 253 persons

TABLE 3 (Continued)
Northeast Thailand (Khon

Country

304 cmr.asm.org

Kaen)

Abdominal pain, diarrhea, nausea, vomiting, 67

Beef shawarma

S. hominis

19-yr-old M

Jordan

intermittent fever

68

NI NI

Sarcocystis sp.

1 of 269 persons

20-yr-old F
@ Isospora hominis was an early name used to identify sporocysts in feces and stages in lamina propria before Sarcocystis species were known.

b NI, not indicated; F, female; M, male; N, natural; E, experimental.

Malaysia

Clinical Microbiology Reviews

present when most sporocysts were excreted 14 to 18 days after the
meat was consumed. Again in Germany, three volunteers who
consumed 100 to 400 g of raw minced pork from pigs heavily
infected with S. suihominis became symptomatic beginning 6 to
8 h later, with diarrhea, dyspnea, vomiting, bloat, nausea, stom-
achache, inappetence, and rapid pulse (40). Symptoms continued
up to 48 h. Well-cooked pork from the same pigs caused no clin-
ical symptoms in nine other volunteers who ate the meat. Based on
these observations, S. suihominis was considered either patho-
genic or toxic for humans. Others concluded that such patholog-
ical effects were due to toxicity (69).

In eastern Slovakia, a 12-year-old girl hospitalized for tubercu-
losis was incidentally found to be excreting oocysts and sporocysts
of I. hominis in her stool (44). In central Slovakia, of 1,228 Viet-
namese workers who immigrated over a period of 18 months, 14
excreted sporocysts of Sarcocystis for a mean of 49 days, with no
gastrointestinal symptoms (52).

Intestinal Sarcocystosis in Asia

In Thailand, six patients 3 to 70 years of age with acute enteritis
and leukocytosis underwent resection surgery of the ileum (48).
The histopathological diagnosis indicated segmental eosinophilic
enteritis or segmental necrotizing enteritis. Sexual stages and de-
veloping oocysts resembling those of Sarcocystis were observed in
resected tissues from one patient, and sporocysts and numerous
Gram-positive bacilli were observed in tissue samples from five
others. Because sarcocysts were present in local market beef from
Bos indicus cattle, and the patients ate raw beef in chili dishes, the
authors of that report concluded that the cattle-human parasite S.
hominis was responsible for the infections. In northern Thailand,
Sarcocystis was found in 23.2% of stool samples from 362 asymp-
tomatic laborers, 83.3% of whom were males (55). Of 253 stool
samples from 140 female and 102 male villagers 2 to 80 years of age
in Kaen Province, northeastern Thailand, 0.4% were positive for
S. hominis (66). Of 479 stool samples collected from rural Ubon
Ratchathani Province and 1,124 stool specimens from Khon Kaen
in Thailand, 4.6% and 8% were positive for Sarcocystis (63). These
findings and others (55, 66) suggest that northern Thailand is an
area where enteric sarcocystosis is endemic. In neighboring Laos,
stool samples from 1,008 persons were examined, and S. hominis
was present in >10% of samples from persons >20 years of age
(54).

In Tibet, stool specimens from 926 persons from Linzhi, Milin,
and Duilongdeqing counties were examined by the zinc sulfate
flotation method, and S. hominis was detected in 20.5 to 22.9% of
the specimens in the three counties (53). S. suihominis was de-
tected in 7.0, 0.6, and 0% of the specimens, respectively (53). Cases
were usually asymptomatic, and most became negative after an
undisclosed treatment.

In China, of stool specimens examined from 12 persons, single
and double sporocysts were found in specimens from two men
(49). No information was provided for one man, but the other, 48
years of age, had abdominal distention and pain, with alternating
diarrhea and constipation and with stomachache and dyspnea. He
had eaten raw pork between 13 and 65 days before his examina-
tion, and because he also had ova of Ascaris in his feces, the sporo-
cysts were assumed to be those of S. suihominis. However, the
presence of Ascaris cannot be accepted as a valid reason for assum-
ing that sporocysts were S. suihominis without additional infor-
mation. In Yunnan Province, China, a volunteer developed diz-
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ziness, abdominal pain, anemia, and diarrhea 3 days after
consuming 60 g of raw beef from a calf experimentally infected
with S. hominis (51). Also in China, three volunteers consumed
>1,500 sarcocysts in skeletal muscles from naturally infected cat-
tle, and two other volunteers ingested >14,000 sarcocysts in water
buffalo meat (57). Beginning a week after ingestion and ending
spontaneously 3 weeks later, symptoms included abdominal pain
and swelling, diarrhea, and eosinophilia. In Guangxi, China, a
volunteer who ate fresh pork containing sarcocysts of S. suihomi-
nis had abdominal distension beginning 5 h later, and from 8 to 36
h, he had watery diarrhea followed by fever; chills; dizziness; head-
ache; muscle, joint, and upper abdominal pain; as well as loss of
appetite (62). Another volunteer in China who ingested raw beef
developed abdominal distention on the day that he consumed it;
on the following day, he had stomach pain and diarrhea that lasted
for 28 days (65). Sarcocystis hominis sporocysts were found in stool
samples 11 to 29 days after consumption of beef (65). In two
countryside villages in Guangxi, 22 men and 5 women out of 501
persons examined were excreting oocysts identified as Sarcocystis
suihominis based on the finding that all persons had a history of
eating raw pork (60). Of 247 men and 254 women in that study, 26
persons with positive specimens were >30 years of age, 8 had
diarrhea and abdominal pain, 1 had only abdominal pain, and the
others had no symptoms. It is not clear if those authors revisited
one of the same villages, but similar results were reported, in
which 32 of 489 fecal specimens from the Zhuang ethnic popula-
tion were found to be positive for S. suihominis (61).

In India, the prevalence of S. suihominis in pigs and humans was
high in an economically deprived sect (70, 71), probably linked to
slaughter practices. A selected group of 20 children between 3 and
12 years of age belonged to families who reared pigs and slaugh-
tered them in their backyard for selling pork for human consump-
tion (71). The children of these families consumed the offal, in-
cluding parts of the tail, which they ate raw with salt. The stools of
these children were examined daily for 2 weeks, and 14 children,
all of whom complained of abdominal pain and diarrhea, excreted
sporocysts of Sarcocystis (71).

Intestinal Sarcocystosis in Australia

At alocal hospital servicing five aboriginal communities in West-
ern Australia, a 4-year parasitological survey was conducted, in
which fecal specimens from 385 children and adults were exam-
ined (56). Sarcocystis detected in 2 specimens was attributed to
adverse living conditions and inadequate hygiene.

Intestinal Sarcocystosis in North and South America

In each of two studies, a human volunteer and two dogs ate beef
products from a retail grocery store in Maryland, and feces were
examined daily for ~3 weeks thereafter (45). In the first study, 227
g of undercooked roast beef was eaten daily for 5 days, and in the
second study, 227 g of raw ground beef was eaten daily for 3 days.
Because both dogs in both studies became infected, whereas the
human volunteer did not, the findings suggested that S. cruzi was
present and infectious in both types of beef. Neither the dogs nor
the volunteer exhibited any clinical symptoms of infection.
Sarcocystosis was detected in stool and in duodenal and liver
biopsy specimens from a 31-year-old AIDS patient in Argentina
who had chronic diarrhea, hepatitis, and muscle pain (64). Sexual
stages were seen in the lamina propria, sporulated oocysts were
found in the stools, and schizont-stage parasites were seen in the
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liver. However, the illustrated objects do not appear to be schi-
zonts, and other findings are inconsistent with what is known of
the life cycle. Because those authors provide no explanation for
these differences, the conclusion that these stages represent Sarco-
cystis is considered doubtful. A second, unrelated infection with
another protist might explain this inconsistency. In 25 Arabian
restaurants in Brazil, Sarcocystis was found in 50 samplings of
kibbe (58). During a second period of collection, of four men and
three women volunteers who ate between 128 and 260 g of kibbe,
six excreted S. hominis oocysts/sporocysts in stools. Two volun-
teers had clinical symptoms: one had abdominal pain 1 day later
and diarrhea for the first 3 days after eating the kibbe, and the
other had diarrhea 11 days after eating the kibbe.

Diagnosis of Intestinal Sarcocystosis

The basis for a presumptive diagnosis of intestinal sarcocystosis
includes enteritis and a history of having consumed undercooked
meat, although infected persons can be asymptomatic. Confirma-
tion requires identification of oocysts and or sporocysts in the
stool. Sporocysts with sizes of ~10 by 15 pm are easily seen by LM
in a wet preparation just below the coverslip in a droplet of aspi-
rated fluid from the surface of a fecal float and will autofluoresce
when viewed by fluorescence microscopy. Flotation is performed
by mixing feces with concentrated solutions of zinc sulfate, su-
crose, sodium or cesium chloride, Percoll, or similar high-density
solutions, followed by centrifugation at 500 X g to sediment fecal
debris while concentrating the parasites at the surface (1). Species
cannot be distinguished from one another by this method because
they are so similar morphologically. The presence of asexual stages
and sporulated oocysts in the intestine is more applicable for post-
mortem diagnosis, but biopsy or postsurgical specimens can re-
veal the presence of infection when stool specimens appear nega-
tive.

Extraintestinal Sarcocystosis

Humans can become infected with unknown numbers of Sarco-
cystis species acquired by ingesting contaminated food or water
containing sporocysts excreted by infected carnivores (Fig. 2). In
such cases, humans serve as an accidental and aberrant interme-
diate host, replacing the intermediate host found in nature. Based
on studies of animal intermediate hosts, multiple generations of
asexual reproduction develop in the vascular endothelium and in
circulating monocytes, followed by the development of sarcocysts
in myocytes of skeletal, cardiac, and smooth muscle. Based on
animal studies, sarcocysts are the end stage in intermediate hosts.
Sarcocysts may rupture from time to time, but the released brady-
zoites die and are not known to initiate new infection.

Until recently, <100 humans had been diagnosed with muscu-
lar sarcocystosis (32). Most cases were diagnosed by use of inci-
dental biopsy specimens, with no associated clinical symptoms, or
at autopsies in tropical countries, of which nearly 50% worldwide
were in Malaysia (8, 16, 17, 22, 24, 72). Of the 40 infections re-
viewed by Beaver et al. (8), 13, 8, 5, 4, 4, 3, and 1 were probably
acquired in Southeast Asia, India, Central or South America, Af-
rica, Europe, the United States, and China, respectively. Reports
from Africa, the Middle East, and Central and South America
continue to be rare or lacking. Examination of tongue muscle
obtained at autopsy was extrapolated to suggest a sarcocystosis
prevalence rate of =21% among Malaysians (17), although none
of the >1,500 muscle biopsy specimens from limbs of patients

cmr.asm.org 305


http://cmr.asm.org

Fayer et al.

with various muscle diseases, acquired over a 20-year period at the
Medical Centre of the University of Malaya, are reported to have
yielded sarcocyst-positive tissues (25). Until the 21st century, only
~10 cases were reported to be symptomatic with acute muscular
sarcocystosis (18, 19, 21, 73). All infections in humans until 2013
were reported as intramuscular sarcocysts of unknown species.
Since then, studies of two separate outbreaks in Malaysia have
identified S. nesbitti as the causative species and one capable of
infecting humans (25-28).

Diagnosis during the early period leading to muscular infection
is difficult because symptoms are nonspecific. Based on observa-
tions from outbreaks and experimental animal studies, muscular
sarcocystosis might be suspected when a patient presents with a
history of travel or residence in a tropical country, especially in
Southeast Asia, and with various combinations of fever, myalgia,
headache, cough, episodic weakness or fatigue, and arthralgia (21,
27, 28). This early phase of disease also might not present with
objective laboratory abnormalities. Nonspecific and slightly ele-
vated levels of hepatic enzymes (aspartate aminotransferase [AST]
and alanine aminotransferase [ALT]), inflammatory markers (C-
reactive protein and erythrocyte sedimentation rate [ESR]), or
markers of general cell damage (lactic dehydrogenase [LDH])
might be encountered. Later, with the onset of myositis, muscle
tenderness upon physical examination and possibly elevated se-
rum creatinine phosphokinase (CK) levels and blood eosinophilia
might be found. With negative test results for Toxoplasma and
Trichinella, a presumptive diagnosis of sarcocystosis should be
entertained. The detection of sarcocysts in a muscle biopsy speci-
men would confirm the diagnosis, although parasites might be
diffusely distributed and difficult to find. Magnetic resonance im-
aging (MRI) has been suggested to be of benefit in guiding the
choice of muscle biopsy site (27), although there is no evidence
showing this method to be superior to guidance using physical
examination findings, such as palpation to locate a point of max-
imal tenderness, visual observation to identify regions with swell-
ing, or touch to identify areas of increased warmth. LM examina-
tion of stained histological sections and those with a positive
periodic acid-Schiff reaction of the sarcocyst wall facilitate identi-
fication. Although eosinophilic myositis, muscle inflammation
and necrosis, and interstitial and perivascular inflammation can
be seen in some cases, inflammatory cells are not often observed in
close proximity to sarcocysts (21, 27, 28, 74).

An accurate and sensitive diagnostic test is needed to improve
diagnosis. Enzyme-linked immunosorbent assays (ELISAs), im-
munofluorescence assays (IFAs), and other serologic tests for
antibody to Sarcocystis using bradyzoite antigen have been limited
to specialized laboratories, have not been standardized, are not
widely available, and have other inherent problems (75). Most of
these tests no longer exist because there has been little or no con-
tinued demand for their use. In addition, the specificity of sero-
logic assays for muscular versus intestinal sarcocystosis has not
been proven, and cross-reactivity with other apicomplexans could
be problematic. Development of a molecular method to detect
Sarcocystis DNA in human blood or muscles could facilitate early
diagnosis by expeditiously confirming the cause of the infection
and identifying the species involved, all in one test. PCR has been
applied for diagnostic blood testing in animals and might have the
capability of detecting low numbers of circulating parasites at an
early stage of infection, during merogony, at a point before entry
of the organism into muscles (76).
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Outbreaks and Case Descriptions

Much can be learned of the clinical signs of intramuscular sarco-
cystosis, the potential routes of infection, and the sources of infec-
tion from outbreaks. A series of outbreaks in Malaysia have been
recorded (21, 25-30).

During a civic project in 1993 in Malaysia, seven members of a
U.S. Air Force team were deployed for 1 week ~80 km northeast
of Kuala Lumpur in or near a jungle village (21). The seven per-
sons had extensive opportunity for potential exposure to sporo-
cysts in the environment from working shirtless and shoeless dur-
ing heavy monsoon rains, by exposing themselves to possibly
contaminated swimming and drinking water and soil, and by eat-
ing fresh vegetables that might not have been well cooked. Within
3 weeks after returning from deployment, two members of the
jungle cohort presented with acute fever, myositis, and broncho-
spasm, with elevated liver enzyme levels and eosinophilia. Seven
members of the jungle cohort, one of whom was asymptomatic,
were tested for eosinophilia, sedimentation rate, and serum en-
zyme levels, including ALT, CK, LDH, and AST levels, and virtu-
ally all subjects had at least some levels elevated above normal. The
timing of these laboratory determinations with respect to symp-
tom onset or time beyond departure from the jungle area was not
reported. Four subjects developed bronchospasm, myalgia, skin
lesions, and swollen lymph nodes within 2 months after leaving
Malaysia, which waxed and waned over the following 6 months,
but two were much more symptomatic, with intermittent fevers,
myalgias, arthralgia, muscle wasting, weight loss of 6 to 9 kg, fa-
tigue, headache, and rashes. One of these two subjects remained
symptomatic for several years, with a waxing-waning course; this
patient underwent a muscle biopsy 3 months after illness onset,
and sarcocysts were observed histologically. About a year later,
possible Sarcocystis-related myocarditis was diagnosed based on
borderline left atrial enlargement with electrocardiogram (ECG)
abnormalities. These cardiac abnormalities subsided over the fol-
lowing year, but 5 years from the onset of illness, he still reported
occasional episodes of pruritus, abdominal tenderness, and sub-
cutaneous nodularity.

Another outbreak of muscular sarcocystosis included college
students and teachers who visited Pangkor Island in the Malacca
Strait of Malaysia (25-27). Of 92 persons who attended a retreat
on the island, 89 became symptomatic within 26 days after leaving
the island. Symptoms included fever (94%; 57% relapsing), myal-
gia (91%), headache (87%), and cough (40%). Eight persons with
facial swelling for 4 to 6 weeks showed changes in their muscles of
mastication by whole-body MRI consistent with inflammatory
edema (27). Similar findings were observed for the back muscles
of four persons and the calf muscles of two others. Four symptom-
atic patients underwent muscle biopsy. Of these patients, at least
one sarcocyst was observed in the biopsy sections of three patients;
a fourth specimen was definitively determined to be positive by
PCR. Of the four patients with confirmed muscular sarcocystosis,
two had elevated serum CK levels, and three had eosinophilia;
however, the timing of these laboratory investigations was not well
described (27). Sequences of 18S rRNA extracted from ground
temporalis muscle tissue excised from one patient and from leg
muscle of another matched 100% with sequences reported for
Sarcocystis nesbitti (34), suggesting that sporocysts in snake feces
were the probable source of infection. Although snake feces were
collected from several sites in Malaysia, including Pangkor Island,
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Sarcocystis sporocysts were not recovered, but PCR evidence of S.
nesbitti was found in feces of a cobra (Naja naja) collected in
peninsular Malaysia (26).

Two waves of infection in 2011 and 2012 involved 99 tourists
who vacationed on Tioman Island in the South China Sea off the
Malaysian coast; all subjects were Europeans, except for two resi-
dents of Canada and a British resident of Singapore (28). Sixty-
eight patients met the case definition, with myositis, eosinophilia,
and negative trichinellosis serology. Diagnosis of myositis re-
quired at least one of the following signs: a complaint of muscle
pain with a serum CK level of >200 IU per liter, muscle tenderness
documented upon physical examination, or histological evidence
of myositis in a muscle confirmed by biopsy. Sixty-two patients
were considered probable cases, and six cases were confirmed by
histological observation of intramuscular cysts compatible with
sarcocysts. Symptoms that clustered during the second week and
the sixth week after returning from the island included fever
(82%), myalgia (100%), and headache (59%), similar to the
symptoms of visitors to Pangkor Island, as well as fatigue (91%)
and arthralgia (29%). Blood eosinophilia and elevated serum CK
levels were first observed during the fifth week postdeparture.
DNA recovered from sarcocysts in one biopsy sample identified
the infecting species as Sarcocystis nesbitti. These first two waves of
infection in 2011 and 2012 were associated with travel during the
summer. No patients meeting the case definition were reported in
2013, but a series of infections in travelers returning to Germany
from the same island was diagnosed beginning in the early spring
of 2014 (30).

Additional data collected from 39 German patients with a his-
tory of travel to Tioman Island during 2011 to 2014, some of
whom were included in the first report (28), were examined lon-
gitudinally (31). These patients had periods of illness from rang-
ing from 0 to 23 months (median duration, 2.2 months), with
17% having symptoms lasting >6 months. Two patients had un-
resolved but diminished symptoms at 13 and 23 months. The
median severity of pain on a scale of 0 to 10 was 6 (range, 0 to 10).
This was the first study of the duration of muscular sarcocystosis
in multiple patients.

Sarcocystosis and Cardiomyopathy

In 11 of the 40 cases cited by Beaver et al. (8), sarcocysts were
found in heart muscle at autopsy. Sarcocysts appeared to be of
three morphological types, suggesting three possible species.
Seven persons were from the Caribbean and Central and South
America. In one case, an 8-year-old boy in a hospital in Costa Rica
was diagnosed with cardiac insufficiency and died 13 days later
(8). One year earlier, he had been diagnosed with rheumatic fever.
The autopsy revealed bilateral pulmonary thrombosis with infarc-
tion and chronic cardiopathology. Histopathology revealed nu-
merous sarcocysts in cardiac muscle, with no associated inflam-
matory reaction. The morphology of the sarcocysts resembled that
of sarcocysts found in myocardium in two other autopsy cases,
one of whom had sarcocysts in Purkinje fibers.

Of the 68 confirmed cases associated with the outbreak on Tio-
man Island, Malaysia, 10 patients had a mildly elevated CK MB
fraction (i.e., the bound combination of isoenzymes creatinine
phosphokinase M and creatinine phosphokinase B), and 8 pa-
tients had a normal electrocardiogram, echocardiogram, or tro-
ponin level, but none were considered to have cardiac pathology
(28). One patient had an echocardiogram showing mild dilatation
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of right ventricular outflow and was thought to have mild myo-
carditis, which ultimately resolved.

Sarcocystosis and Glomerulonephritis

Although glomerulonephritis associated with acute sarcocystosis
with schizonts in the glomeruli is characteristic of S. cruzi infec-
tion in cattle, there is only one human case, in which a 47-year-old
Indian man with intramuscular sarcocysts and glomerulonephri-
tis was described (24). Whether the two were related or coinciden-
tal could not be established.

Sarcocystosis and Malignancy

Several cases of sarcocystosis have been detected in patients with
various types of cancer.

At this time, insufficient data are available to clearly link sarco-
cystosis as an underlying cause or consequence of malignancy.

In Malaysia, when a patient with a malignant brain melanoma
was examined to find the primary tumor site, sarcocysts were dis-
covered in the nasopharynx and oropharynx (77). Subsequently,
in Malaysia, 8 of 11 muscular sarcocystosis cases were persons
with malignancies, mostly those of the nasopharynx and tongue
(16). In Malaysia and other parts of Southeast Asia, many resi-
dents chew betel leaves in combination with other ingredients
such as tobacco. In Sri Lanka, for example, a high prevalence of
potential oral malignancies was associated with betel-quid chew-
ing (78), so factors other than sarcocystosis that might contribute
to malignancy cannot be ignored. Another case of malignancy
with intramuscular sarcocysts that was reported in Malaysia in-
volved a 44-year-old woman with progressive swelling, pain, and
weakness of the midthigh; this was diagnosed as a malignant his-
tiocytoma with sarcocysts in muscle fibers deep within the lesion
(20). Of 1,063 laryngeal biopsy specimens examined in Thailand,
only a single case of sarcocystosis concomitant with squamous cell
carcinoma of the larynx was found (23). These contrasting find-
ings provoke several hypotheses: (i) immunosuppression associ-
ated with malignancy might facilitate opportunistic parasitism
with Sarcocystis, (ii) sarcocystosis might cause malignancy, or (iii)
sarcocystosis in cancer patients might be coincidental in locations
where there is a high prevalence of sarcocystosis. Ultimately, Shek-
har et al. (20) concluded that there was no evidence of tissue reac-
tion at the site of the parasite to induce neoplastic changes. Those
authors did not consider the possible effect of earlier developmen-
tal stages or of other environmental or cultural factors. For exam-
ple, areca nut, sometimes mixed with tobacco, slaked lime, and
various spices, is chewed by millions of Indo-Asians and is
strongly associated with cancer risk (79).

IMMUNITY, PROPHYLAXIS, AND TREATMENT

Intestinal Sarcocystosis

Although intestinal infections do not involve multiplication, de-
velopment in the intestine consists of either a male or female stage
from each bradyzoite within a sarcocyst. Therefore, such infec-
tions are self-limiting. Although some infections appear to persist
for long periods, others might actually be the result of reinfection
and the lack of protective immunity. A report of a volunteer who
repeatedly infected himself by consuming sarcocysts in pork and
beef suggests that there is little or no protective immunity to re-
peated intestinal infection (40). Neither prophylaxis nor thera-
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peutic treatment for intestinal sarcocystosis of either animals or
humans has been developed.

A patient with enteritis was diagnosed with Strongyloides sterco-
ralis and I. hominis (Sarcocystis) infection and was treated with
dithiazanine, but Sarcocystis persisted (35). Pyrimethamine, pre-
scribed at 37 mg daily for 5 days and then at 25 mg daily for 10 days
in combination with sulfisoxazole at 3 g per day for 14 days, was
also not successful (44). A volunteer who ingested S. suihominis
sarcocysts was treated with acetylspiramycin for 15 days at a dose
of 0.2 g four times a day, but excretion did not stop until 30 days
later (62).

Muscular Sarcocystosis

There are no vaccines to provide protection against muscular sar-
cocystosis, but protective immunity following an initial infection
has been demonstrated in animals. Prophylaxis for muscular sar-
cocystosis was successful when the anticoccidial drugs ampro-
lium, salinomycin, and halofuginone, designed to prevent Eimeria
infections in poultry and livestock, were administered at the time
of experimental infection in animal studies (80-83). Activity
against the early development of asexual stages has been found,
but efficacy for therapeutic treatment once intramuscular cyst for-
mation has begun has not been investigated under experimentally
controlled conditions. When salinomycin was administered to
lambs for 29 days beginning 1 day before 100,000 or 1 million S.
tenella sporocysts were fed, clinical sarcocystosis was reduced, but
completion of the life cycle by some of the parasites was not pre-
vented. At 63 days after the initial infection, lambs given salino-
mycin were challenged with 1 million S. tenella sporocysts and
were found to have developed protective immunity (82). This
might explain, at least in part, why foreign tourists to Tioman
Island and not the local indigenous population became ill, if it is
assumed that the local indigenous population was infected some
time earlier (28, 84), and why native Malaysian students did not
appear to become as ill as the foreign students during the Pangkor
Island outbreak (27).

Severe Sarcocystis myositis in two dogs with fever, lymphopenia,
thrombocytopenia, and elevated ALT and CK levels was con-
firmed by muscle biopsy (85). Treatment with anti-inflammatory
drugs and clindamycin was unsuccessful. One dog recovered after
treatment with decoquinate (an anticoccidial drug). The other
dog died. Consequently, it is not clear if any antiparasitic drugs
used for treatment after sarcocysts form are effective or if waning
symptoms are the natural course of the infection.

Treatment of a patient involved in the outbreak among U.S. Air
Force personnel in rural peninsular Malaysia began with 400 mg
albendazole twice daily for 15 days, 18 months after symptoms
began (21). Treatment elicited intense pruritus, but chronic
symptoms gradually waned, and therapy was then discontinued.
After several weeks, discomfort returned; therapy was initiated at
600 mg twice daily for 20 days, and symptoms abated. Those au-
thors note that it was unclear if improvement was related to the
use of albendazole or reflected the natural history of the infection.
Patients returning from Tioman Island, Malaysia, received treat-
ment with various antiparasitic agents, including albendazole, and
some received treatment with oral steroids (28). Some clinicians
reported relatively rapid symptom improvement resulting from
oral steroids, including a patient with mild myocarditis who re-
sponded favorably to such treatment.

The antiprotozoal drug co-trimoxazole (trimethoprim at 160
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mg and sulfamethoxazole at 800 mg), given as a dose of 3 tablets
per day for 12 days, was used to treat a 31-year-old male patient
>3 months after muscular pain began (18). He was already feeling
slightly better when diagnosis was made and before medication
was prescribed but greatly improved, except for some localized
pain.

Of three patients who sought medical attention within 6 days of
onset of fever and were treated with co-trimoxazole (a 960-mg
dose twice each day), all improved clinically without an elevation
of CKlevels (30). Two other patients in a later phase of illness with
elevated CK levels were also treated with co-trimoxazole, but one
had to be re-treated with prednisone because of increasingly se-
vere myalgia. A sixth patient, who had the longest interval from
the onset of symptoms, was treated with prednisone. Both patients
treated with prednisone improved rapidly.

Sulfathiazole, sulfamethazine, sulfamethoxazole, sulfadimethox-
ine, sulfadiazine, sulfachloropyridazine, trimethoprim, and pyri-
methamine were tested at different concentrations in cell cultures
against developing S. neurona merozoites (86). Pyrimethamine
and trimethoprim were each cidal, but none of the sulfonamides
had activity when used alone. Combinations of sulfonamides
demonstrated improved activity.

What is lacking is a protocol that has been tested, found to be
effective, and confirmed by replication. Because it is impractical
and undesirable to use humans or primates for testing, it would be
helpful as new patients are identified to report successful and un-
successful treatment regimens. However, because symptoms usu-
ally wane with time, the efficacy of long-term medication might
not be discerned from the natural course of the disease process.

PREVENTION

To prevent intestinal sarcocystosis, meat must be thoroughly
cooked or frozen to kill the bradyzoites in the sarcocysts. Thor-
ough cooking rendered bradyzoites noninfectious, as demon-
strated in a volunteer study involving S. suihominis (40). If there is
a toxic factor associated with the ingestion of sarcocysts, possibly
as with S. suihominis (40), cooking also appears to destroy the
effects. Sarcocystis meischeriana in pork was rendered noninfec-
tious for dogs after meat was cooked at 60°C for 20 min, 70°C for
15 min, and 100°C for 5 min or frozen at —4°C for 48 h or at
—20°C for 24 h (87). Likewise, whereas dogs fed uncooked chuck
roast, round steak, hamburger, and rare roast beef became in-
fected, other dogs fed cooked meat such as beef bologna and beef
frankfurters or frozen meat such as hamburger or sandwich steaks
did not become infected (45). Meat inspection might reduce some
infections, but it would be costly and time-consuming, requiring
the identification of organisms in meat. Unless heavily infected,
sarcocysts would be difficult to detect by microscopic or antibody
methods, and these tests would not determine the species and
therefore could be misleading if the species does not infect hu-
mans. Molecular tests may determine the species, but obtaining
infected tissues where sarcocysts are sparse would be impractical.
To prevent infection of domesticated food animals, human feces
containing sporocysts must not be permitted to contaminate wa-
ter, bedding, and feed. Sanitation is the key; with the use of toilets
and diligent hand washing, contamination can be reduced or
eliminated.

To prevent humans from acquiring muscular sarcocystosis, the
possible ingestion of sporocysts must be eliminated. Clean drink-
ing water can reduce exposure to sporocysts, but recreational wa-
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ter and contact with soil are potential risk factors. Where
contaminated drinking water is suspected, boiling will provide
disinfection. Filters with pores small enough to remove bacteria
from water can also remove sporocysts of Sarcocystis. Chemical
disinfection with chlorine or other agents used for water treat-
ments is not effective in killing sporocysts of Sarcocystis (88).
Where available, drinking safe bottled water from sealed contain-
ers is recommended. Food can be contaminated at many places
along the production, distribution, and preparation line. Where
fresh produce is suspected to be contaminated with sporocysts in
irrigation water or by food handlers, food should be painstakingly
washed with clean water and/or thoroughly cooked before being
eaten.

CONCLUSIONS

Since the first report of sarcocysts in the muscles of mice >170
years ago, >150 valid species of Sarcocystis have been named, and
>2,000 reports have been published. Great contributions to our
comprehension of the diversity and transmission of Sarcocystis
species have been made by identification of hosts with intramus-
cular sarcocysts and others excreting sporocysts, by LM and TEM
descriptions of sarcocyst and sporocyst morphology, by feeding
experiments to determine the relationships among intermediate
and final hosts, by identification of the asexual stages in tissues of
intermediate or aberrant hosts and the sexual stages in the gut of
the final host, and by the use of molecular markers to identify
endogenous and exogenous stages. Clinical signs and outcomes of
natural, experimental, and aberrant infections have raised aware-
ness of muscular sarcocystosis from a biological curiosity, to an
economically important disease in livestock and companion ani-
mals and a debilitating disease in some wildlife, to a serious disease
in humans in certain geographic areas. Treatment strategies
adapted from experimental animal studies and from treatment of
related protists in humans can provide guidance for treatment of
muscular sarcocystosis when diagnosis is made early in infection,
before sarcocyst formation begins. The use of safe drinking water,
filtered to remove particles larger than bacteria, and thorough
cooking of meat should be effective to prevent most cases of sar-
cocystosis as well as most other enteric protist infections. The use
of molecular methods has become essential for future progress on
sarcocystosis, for identification and source tracking, for potential
development of treatment strategies based on metabolic path-
ways, for development of immunological treatment strategies,
and for unforeseen applications that follow the discovery of basic
scientific data.
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