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AND COMPARISONOF AN INDIRECTFLUORESCENTANTIBODYTEST
EVALUATION
FOR DETECTIONOF ANTIBODIESTO SARCOCYSTISNEURONA,USING SERUMAND
CEREBROSPINALFLUIDOF NATURALLYAND EXPERIMENTALLY
INFECTED,AND
VACCINATEDHORSES
Paulo C. Duarte, Barbara M. Daft*, Patricia A. Conradt, Andrea E. Packhamt, William J. Savillef, Robert J. MacKay?,
Bradd C. Barrll, W. David Wilson, Terry Ng#, Stephen M. Reed?, and lan A. Gardner
Departmentof Medicineand Epidemiology,School of VeterinaryMedicine,Universityof California,One Shields Avenue, Davis, California
95616. e-mail:pdduarte@ucdavis.edu
The objectives of this study were to evaluate the accuracyof the indirectfluorescentantibodytest (IFAT)using
serum and cerebrospinalfluid (CSF) of horses naturallyand experimentallyinfected with Sarcocystisneurona, to assess the
correlationbetween serum and CSF titers, and to determinethe effect of S. neurona vaccinationon the diagnosis of infection.
Using receiver-operatingcharacteristicanalysis, the areas under the curve for the IFAT were 0.97 (serum) and 0.99 (CSF).
Sensitivityand specificitywere 83.3 and 96.9% (serum,cutoff 80) and 100 and 99% (CSF,cutoff 5), respectively.Titer-specific
likelihood ratios (LRs) rangedfrom 0.03 to 187.8 for titers between <10 and 640. Mediantime to conversionwas 22-26 days
postinfection(DPI) (serum)and 30 DPI (CSF). The correlationbetween serumand CSF titers was moderatelystrong(r = 0.6)
at 30 DPI. Percentageof vaccinatedantibody-positivehorses rangedfrom 0 to 95% between 0 and 112 days after the second
vaccination.Thus, the IFATwas reliable and accurateusing serum and CSF.Use of LRs potentiallyimprovesclinical decision
making.Correlationbetween serum and CSF titers affects the joint accuracyof the IFAT;therefore,the ratio of serumto CSF
titers has potentialdiagnostic value. The S. neurona vaccine could possibly interferewith equine protozoalmyeloencephalitis
diagnosis.
ABSTRACT:

Rossano et al., 2001). In addition, a recent study estimated the
specificity of the WB using serum and CSF of neurological
horses to be 38 and 44%, respectively (Daft et al., 2002).
Ideally, diagnostic tests for EPM should be accurate, quantitative and reliable (reproducible), yield quick results, and inexpensive. Recently, an indirect fluorescent antibody test
(IFAT) was compared with the WB and mWB tests for serologic diagnosis of EPM (Duarte et al., 2003). The IFAT was
demonstrated to be more accurate than both immunoblots using
serum, and the advantage of the quantitative nature of IFAT
results, its potential lower cost, and ease of performance were
highlighted (Duarte et al., 2003). However, the accuracy of the
IFAT in CSF has not been assessed. In addition, the relationship
between S. neurona serum and CSF antibody titers and its potential implication in the diagnosis of EPM has not been investigated.
Since 2000, an inactivated S. neurona merozoite vaccine has
been conditionally licensed in the United States as an aid in the
prevention of EPM caused by exposure to S. neurona. The vaccine was reported to induce antibody production in horses.
However, vaccination might potentially complicate interpretation of serum and CSF antibody test results in horses tested for
Received 12 May 2003; revised22 September2003; accepted22 Sep- EPM.
tember2003.
The objectives of the present study were to evaluate and
* CaliforniaAnimalHealthandFood SafetyLaboratorySystem,School
of VeterinaryMedicine, Universityof California,Davis, San Bernar- compare the accuracy of the IFAT using serum and CSF of
dino Branch,San Bernardino,California92408.
horses naturally and experimentally infected with S. neurona,
t Departmentof Pathology,Microbiologyand Immunology,School of to assess the correlation between serum and CSF antibody titers,
VeterinaryMedicine,Universityof California,Davis, One ShieldsAv- and to determine the effect of vaccination on the accuracy of
enue, Davis, California95616-8739.
t Departmentof VeterinaryPreventiveMedicine,College of Veterinary the IFAT for the diagnosis of S. neurona infection.
Medicine, The Ohio State University,Columbus,Ohio 43210.
MATERIALS AND METHODS
? Departmentof LargeAnimalClinicalSciences, Universityof Florida,
Gainesville,Florida32610-0136.
Panel of samples
| CaliforniaAnimalHealthand Food Safety LaboratorySystem,School
of VeterinaryMedicine,Universityof California,Davis, CentralLabNaturally infected horses: Samples from horses previously enrolled
in a validationstudy of the WB test were obtained(Daft et al., 2002).
oratory,Davis, California95616.
# Researchand Development,Fort Dodge Animal Health,Fort Dodge, These samplesincludedserumsamplespreviouslyused in a comparison
of the IFATand 2 differentWB tests (Duarteet al., 2003). Horseswith
Iowa 50501.
? Departmentof VeterinaryClinical Sciences, College of Veterinary and withoutneurologicaldisease submittedfor necropsyto the California Animal Health and Food Safety LaboratorySystem between 1996
Medicine, The Ohio State University,Columbus,Ohio 43210-6610.

Sarcocystis neurona is the protozoan parasite most commonly associated with equine protozoal myeloencephalitis (EPM),
a common neurological disease of horses in North America
(Nappert et al., 1989; Hamir et al., 1992; Daft et al., 2002).
The difficulties in establishing a definitive diagnosis of EPM in
horses with neurological signs and the limitations of the current
diagnostic methods for the disease have been reviewed recently
(Furr et al., 2002). The Western blot (WB), and more recently
a modified WB test (mWB), have been the ancillary diagnostic
tests used in the clinical diagnosis of EPM caused by S. neurona and for serosurveys for antibody against the parasite (Saville et al., 1997; Rossano et al., 2001; Furr et al., 2002). The
WB test has also been used for confirmatory purposes in the
detection of S. neurona antibodies in the cerebrospinal fluid
(CSF) of seropositive horses with clinical signs consistent with
EPM (Furr et al., 2002). The high proportion of serum immunoblot-positive horses without signs of EPM has indicated low
specificity of these tests in relation to the presence of S. neurona in the central nervous system (CNS) (Bentz et al., 1997;
Blythe et al., 1997; Saville et al., 1997; Tillotson et al., 1999;
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and 1999 were enrolled in the study (Daft et al., 2002). Samples of
brain and spinal cord were collected and processed for histologic examination. If microscopic lesions compatible with EPM were observed,
immunostaining for S. neurona was performed (Daft et al., 2002). Horses with histologic lesions compatible with S. neurona infection and
parasites demonstrated in lesions by immunostaining (Barr et al., 1994;
Dubey et al., 2001) were classified as EPM cases (EPM+). Horses
having histologic lesions compatible with S. neurona infection but no
parasite demonstrated in lesions were classified as EPM suspects. Horses having no histologic lesion, or inconsistent or insufficient histologic
lesions in the CNS for consideration as EPM cases or suspects, or with
protozoan parasites other than Sarcocystis spp in the CNS, were classified as negative for EPM (EPM-).
Paired serum and CSF samples were available for 110 horses. Eight
pairs were from EPM+ horses (6 neurological and 2 nonneurological),
8 pairs were from EPM-suspect horses (4 neurological and 4 nonneurological), and the remaining 94 pairs were from EPM- horses (22
neurological and 72 nonneurological). In addition to paired samples,
there were 7 serum (4 EPM+ and 3 EPM-) and 5 CSF (2 EPM+ and
3 EPM-) samples that were not matched. Therefore, 109 sera and 107
CSF samples were from either EPM+ or EPM- horses. Paired samples
were used for comparison of the IFAT accuracy using serum and CSF,
and for the correlation analysis of serum and CSF titers. All available
samples were used for estimation of sensitivity, specificity, and titerspecific likelihood ratios (LRs).
The majority (62%) of the 110 horses were Thoroughbreds, whereas
quarter horses and other breeds represented 14 and 24% of the horses,
respectively. Thirty-nine percent of the horses were females, 46% geldings, and 15% intact males. Horses ranged in age from 2 to 27 yr
(median, 4 yr).
Experimentally infected horses: Serum and CSF samples from 24
horses enrolled in an S. neurona experimental infection trial (trial 1)
were obtained (Sofaly et al., 2002). Horses were subjected to natural
stress of transport (road transportation from Saskatchewan to Ohio) and
randomly assigned to 1 of 5 treatments or a control group (4 horses per
group). Immediately after initial serum and CSF (lumbosacral) collection, each horse was inoculated, by nasogastric intubation, with 40 ml
of pooled S. neurona sporocyst inoculum (from laboratory-reared and
infected opossums) or a placebo. Sporocyst doses were 100, 1,000,
10,000, 100,000, and 1 million per horse in the 5 treatment groups.
Complete, blinded, neurological examinations were performed weekly
during the average follow-up period of 30 days. Serum samples were
collected approximately weekly for S. neurona antibody assay, and a
second CSF sample was collected before the horses were killed. Complete gross postmortem examination of all horses was performed. Brain
and spinal cord were removed and examined. If inflammatory lesions
were evident on histologic examination of CNS tissues, immunohistochemistry (Dubey, Mattson et al., 1999; Dubey and Hamir, 2000) was
performed to attempt identification of S. neurona parasites.
Serum and CSF samples from 10 horses enrolled in another S. neurona experimental infection study (trial 2) were obtained (Cutler et al.,
2001). Horses were assigned randomly to a challenged nonimmunosuppressed group (4 horses), a challenged immunosuppressed group (4
horses), or a control group (2 horses). Challenged horses received 7
consecutive oral doses of 500,000 sporocysts obtained from naturally
infected opossums. During the approximately 98-day follow-up period,
serum and CSF (cisterna magna) samples were collected at least every
14 days for S. neurona antibody assay. The same examiner routinely
performed clinical examinations for detection of neurological signs independent of knowledge of treatment status. Horses were killed between
84 and 98 days after initial infection, and a complete necropsy was
performed. The whole spinal cord and representative samples of several
tissues (including brain) were obtained for histologic examination. Immunohistochemistry (Haines and Chelack, 1991) and tissue culture were
performed to attempt identification of S. neurona in CNS sections.
Sarcocystis neurona-vaccinated horses: Serum and CSF samples
from 20 vaccinated and 6 control horses enrolled in a study to evaluate
the duration of antibody response were provided by Fort Dodge Animal
Health (FDAH). The horses originated from South Dakota and were
screened for S. neurona antibodies at 1:10 dilution by an IFAT developed and performed by FDAH. Once enrolled in the study, horses were
randomly assigned to a vaccinated or control group, housed in concretefloored pens (vaccinated and nonvaccinated horses were housed togeth-

er), and fed heat-processed (autoclaved at 95 C for 30 min) hay and
commercial pelleted feed. Horses were crossbred males and females,
aged between 9 mo and 2 yr, and were located at the large animal
facilities at FDAH Laboratories, Iowa.
The vaccination protocol consisted of two 1-ml doses of S. neurona
vaccine administered intramuscularly 3 wk apart. The vaccine contained
a standardized number of formalin-inactivated S. neurona merozoites
and adjuvant (Metastimr). Serum and CSF (cisterna magna) samples
were collected before the first vaccination (0 DPV1) and then at approximately 14, 28, 112, 240, and 365 days after the second vaccination
(DPV2). Samples from 0 DPV1 and from 14, 28, and 112 DPV2 were
tested by IFAT at the laboratory of 1 of the authors (P.A.C.).
Indirect fluorescent antibody test
The IFAT was performed as previously described (Duarte et al.,
2003), using S. neurona merozoites (UCD-1 isolate) as the test antigen
(Marsh et al., 1996). Parasites were maintained in vitro (MA104 cells),
harvested by scraping, filtered to minimize cell debris (PD-10 Sephadex
column, Pharmacia Biotech, Uppsala, Sweden), added to 12-well slides
(Cell Line Associates, Newfield, New Jersey) in 10-tJl aliquots per well,
and air dried. Subsequently, antigen slides were fixed in 10% formalin
for 10 min, double washed in phosphate-buffered saline (PBS), air dried
again, and stored at -70 C for future use. Affinity-purified antibodies
directed against horse-specific IgG (Jackson ImmunoResearch Inc.,
West Grove, Pennsylvania) and labeled with fluorescein were diluted 1:
1,000 in PBS and added to each well in 10-[LIaliquots.
Serum and CSF samples were screened at 1:10 and 1:5 dilutions,
respectively. The lower screening dilution was used for CSF because
preliminary studies had indicated that IFAT titers in CSF were 2- to 4fold lower than in serum. If distinct whole-parasite fluorescence was
observed at the screening dilution (Conrad et al., 1993), samples were
further diluted to obtain end-point titers. The end-point titer was the
last serum or CSF dilution showing distinct, whole-parasite fluorescence
(Conrad et al., 1993). All IFAT titers were reported as reciprocals. If
no fluorescence was evident at a dilution of 1:10 for serum or 1:5 for
CSF, horses were classified as having a titer of < 10 or <5, respectively.
Each slide was read by 1 of the authors (A.E.P.), experienced with the
technique, and by a laboratory assistant. All IFAT results were assessed
without the reader's knowledge of the true infection or vaccination status of the horse being tested.
A subset of 67 sera from naturally infected horses was selected for
IFAT reliability evaluation. Samples included EPM+ (n = 12), EPM
suspects (n = 7), and EPM- (n = 48) horses. The IFAT was run twice
on the same aliquot and once on a second aliquot that had been frozen
and thawed fewer times than the first aliquot. Test results were read by
2 readers with different experience with the technique.
Serum samples from the experimentally infected horses from trial 2
at 0 and 84 days postinfection (DPI) were used to assess possible crossreactivity with other Apicomplexan parasites. Samples were screened
by IFAT at 1:10 dilution on antigen slides of Toxoplasma gondii, Neospora caninum, and N. hughesi tachyzoites as previously described (Conrad et al., 1993; Miller et al., 2002; Packham et al., 2002).
Statistical analysis
Receiver-operating characteristic analysis was used to compare the
areas under the curve (AUCs) for the IFAT using serum and CSF (Greiner et al., 2000). LRs were estimated for each specific titer value using
logistic regression analysis as previously described (Simel et al., 1993;
Dujardin et al., 1994). Sensitivities and specificities of the IFAT using
serum and CSF and exact binomial 95% confidence intervals (CI) were
calculated using standard formulas (Thrusfield, 1997). Test results for
EPM-suspect horses were presented separately. In the present study an
arbitrary cutoff titer for a positive test result of 80 for serum and 5 for
CSF was used when dichotomization of IFAT results was necessary for
data analysis.
Kappa statistic was calculated as a measure of interobserver, intraobserver, and interaliquot agreement beyond chance for IFAT results (Landis and Koch, 1977). The intraobserver agreement was calculated for
the most experienced reader. The interobserver agreement was calculated using the test results from both readers for the first aliquot. The
interaliquot agreement was calculated using a randomly chosen test result from the 2 readings on the first aliquot made by the most experi-
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TABLEI. Frequency distribution of Sarcocystis neurona serum and CSF
IFAT titers for EPM+ and EPM- horses and titer-specific LRs for
serum estimated by logistic regression.
CSF

Serum
IFAT
titer EPM+ EPM-

<10
10
20
40
80
160
320
640

0
0
2
0
4
3
2
1

-85
6
2
1
0
2
1
0

Total

12

97

LR (95% CI)
0.03 (0-0.2)
0.7 (0.6-0.8)
1.7 (1.3-2.2)
4.4 (2.2-8.7)
11.2 (3.7-34.2)
28.7 (6.1-135.3)
73.4 (10.1-535.1)
187.8 (16.7-2,115.6)

IFAT
titer

EPM+ EPM-

<5
5
10
20
40
80
160
320
640

0
3
0
2
1
2
2
0
0

96
1
0
0
0
0
0
0
0

Total

10

97

enced reader and the test results for the same reader on the second
aliquot. Only IFAT results recorded by the most experienced reader
were used in the remainder of the analysis.
The IFAT sensitivity for serum and CSF in both experimental trials
and the percentage of serum- and CSF-positive horses among vaccinated horses were estimated for different time points. For the experimental trials sensitivity was calculated as the proportion of IFAT-positive horses among the experimentally infected horses. The median time
to serum and, when appropriate, to CSF conversion, was calculated for
both trials. Time to conversion was defined as the midpoint of the time
interval at which a horse reached an antibody titer >80 in serum or ->5
in CSF. Once the designated titer was reached, the horse was considered
serum or CSF converted for the rest of the study period. Kaplan-Meier
survival analysis (Kaplan and Meier, 1958) was used to compare time
to conversion in serum and CSF, and time to seroconversion for different
sporocyst doses.
Kendall's tau correlation coefficients between serum and CSF titers
were estimated for naturally infected, experimentally infected, and vaccinated horses. The ratio of serum to CSF titer was estimated for horses
in all 3 groups. The median ratios for the naturally infected horses and
the experimentally infected horses (at 30 DPI for trial 1 and 34 DPI for
trial 2) were compared with the median ratio of the vaccinated horses
at 28 DPV2 using the Mann-Whitney test.
A P-value of <0.05 was considered significant for all statistical analyses.

RESULTS
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TABLEII. Serum and CSF Sarcocystis neurona IFAT titers between 0
and 30 DPI for 20 horses experimentally infected with different S. neurona sporocyst doses (trial 1).
Horse

Dose

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

102

103

104

105

106

0 DPI
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

(<5)t
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)
(<5)

8 DPI

15 DPI

<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
10
<10
<10
<10
<10
40
<10

<10
<10
20
10
<10
<10
<10
<10
<10
<10
<10
<10
<10
10
20
<10
80
160
80
320

22 DPI
<10
<10
40
<10
10
<10
10
<10
20
40
<10
40
160
160
80
320
320
320
40
40

30* DPI
80 (5)
10 (<5)
160 (<5)
80 (<5)
80 (<5)
20 (<5)
20 (<5)
40 (<5)
80 (<5)
160 (<5)
10 (<5)
160 (<5)
160 (5)
320 (5)
640 (5)
320 (5)
640 (5)
320 (10)
320 (<5)
320 (5)

* Mean time to the end of the study.
t CSF titersin parentheses.

to CSF IFAT titers among EPM+ horses ranged between 2 and
16 (n = 8).

The range of serum titers for the 8 available EPM-suspect
horses was between <10 and 160. All 8 suspect horses had
CSF titers of <5. Nine of the 100 EPM- horses had non-S.
neurona protozoan encephalitis. Serum titers for these horses
ranged from <10 to 10 (n = 7). All CSF samples (n = 8) had
titer values <5. These parasites were not further identified.
The intraobserver, interobserver, and interaliquot kappa values were 0.84 (95% CI = 0.69-0.99), 0.92 (95% CI = 0.821), and 0.95 (95% CI = 0.84-1), respectively. On average, approximately 92% of the titer values did not vary or varied within 1 dilution when results were compared between readers and
between readings for the same or different aliquots.

Naturally infected horses

Experimentally infected horses

The frequency distributions of serum and CSF IFAT titers for
the EPM+ and EPM- horses and the titer-specific LRs for
serum are presented in Table I. The LR for a CSF titer of 5
was 29.1 (95% CI = 3.3-254.2). The LR for a CSF titer <5
was 0.0001. No other LR value was estimated for CSF because
of the small sample sizes for other titer values.
The AUCs for the IFAT using serum and CSF were 0.97
(95% CI = 0.92-0.995) and 0.999 (95% CI = 0.96-1), respectively. There was no significant difference between these AUCs
(P = 0.082). The sensitivity and specificity of the IFAT using
serum were 83.3% (95% CI = 51.6-97.9%) and 96.9% (95%
CI = 91.2-99.4%), respectively. Using CSF, the sensitivity and
specificity of the test were 100% (95% CI = 69.2-100%) and
99% (95% CI = 94.4-99.97%), respectively.
The correlation coefficient between serum and CSF titers for
the 110 available pairs was 0.43 (P < 0.01). The ratio of serum

Trial 1: Serum and CSF titers between 0 and 30 DPI for the
20 S. neurona-infected horses are presented in Table II. All
control horses had serum and CSF titers of <10 and <5, respectively, before and throughout the follow-up period.
The sensitivity of the IFAT increased progressively with
time, and at approximately 30 DPI, the sensitivity of the test
using serum was 75% (95% CI = 51-91%).

At the same time,

the sensitivity of the test in CSF was 40% (95% CI = 1964%).
The median time to seroconversion for S. neurona-infected
horses was 26 days. Time to seroconversion decreased as sporocyst dose increased (P < 0.01).
The correlation coefficient between serum and CSF titers at
approximately 30 DPI was 0.62 (P = 0.003). The ratio of IFAT
titers in serum to CSF titers ranged between 16 and 128.
Trial 2: Serum and CSF antibody titers for the 8 S. neurona-

This content downloaded by the authorized user from 192.168.82.208 on Mon, 12 Nov 2012 18:47:39 PM
All use subject to JSTOR Terms and Conditions

382

VOL.90, NO. 2, APRIL2004
THEJOURNALOF PARASITOLOGY,

TABLE

III. Serum and CSF Sarcocystis

neurona

IFAT titers of 8 experimentally infected horses between 0 and 98 DPI in trial 2.

Horse*

0 DPI

18 DPI

26 DPI

Serum

1
2
3
4
5
6
7
8

<10
40
<10
<10
<10
20
<10
40

<10
80
320
<10
NSt
10
<10
20

CSF

1
2
3
4
5
6
7
8

<5
<5
<5
<5
<5
<5
<5
<5

<5
<5
<5
<5
<5
<5
<5
<5

34 DPI

41 DPI

56 DPI

40
<10
80
80
<10
20
<10
640

320
40
1,280
320
160
160
<10
640

<5
<5
<5
10
<5
<5
<5
<5

10
5
10
<5
5
5
5
10

160
<10
160
320
640
320
1,280
1,280
5
10
5
10
5
10
20
5

160
320
160
160
320
640
20,480
2,560
40
20
5
<5
10
40
20
10

70 DPI

84 DPI

98 DPI

320
640
160
1,280
320
5,120
5,120
1,280
160
20
10
40
40
80
80
40

320
2,560
320
5,120
2,560
2,560
5,120
10,240
20
40
10
80
20
40
80
80

320
2,560
320
5,120
320
NS
NS
2,560
10
40
40
NS
10
NS
NS
80

* Horses 1-4 were infected and nonimmunosuppressed; horses 5-8 were infected and immunosuppressed.
t NS, no sample.

infected horses between 0 and 98 DPI are presented in Table
III. One of the 2 control horses had serum and CSF IFAT titers
-10 and <5, respectively, throughout the study. The serum
(and CSF) titer for the second control horse ranged between 20
and 80 (<5-20) during the follow-up period.
The median times to serum and CSF conversion for the 8
infected horses (nonimmunosuppressed and immunosuppressed) were 22 (range, 9-38) and 30 (range, 22-30) days,
respectively. Time to serum and CSF conversion did not significantly differ for the infected nonimmunosuppressed and infected immunosuppressed groups separately (P > 0.05).
The sensitivity of the IFAT using serum and CSF increased
progressively with time. The sensitivities of the test at 34 DPI
were 75% (95% CI = 35-97%)

and 88% (95% CI = 47-99.7%)

for serum and CSF, respectively. The sensitivity of the IFAT
was 100% from 56 DPI for serum and from 70 DPI for CSF
to the end of the study.
The correlation coefficients between serum and CSF titers
ranged between 0.53 and 0.84 between 34 and 98 DPI, respectively (all P < 0.05). The correlation coefficients at 26 and 41
DPI were 0.33 and 0.13, respectively (P > 0.05). The ratio of
serum titers to CSF titers between 34 and 98 DPI ranged from
0 to 1,024. Ninety-eight percent of the estimated ratios were
-256.
All but 2 of the experimentally infected horses had IFAT
titers -10

for T. gondii, N. caninum, and N. hughesi at 0 and

84 DPI. One horse had a titer of 20 for N. hughesi at 0 DPI,
and another horse had titers of 40 for T. gondii and 20 for N.
hughesi at 84 DPI.

Sarcocystis

neurons-vaccinated

horses

Serum and CSF antibody titers for the 20 vaccinated horses
between 0 DPV1 and 112 DPV2 are presented in Table IV.
Among the 6 control horses the range of serum titers at 0 DPV1
and at 14 and 28 DPV2 were < 10-40, <10-20, and <10-80,
respectively. All control horses had serum titers <10 at 112
DPV2 and CSF titers <5 at all collection dates. At cutoff values

of 80 and 5 for serum and CSF, respectively, the percentages
of vaccinated IFAT-positive horses in serum (and CSF) at 0
DPV1, and at 14, 28, and 112 DPV2, were 20 (0), 95 (55), 95
(30), and 0 (0), respectively.
Correlation coefficients between serum and CSF titers among
the 20 vaccinated horses at 14 and 28 DPV2 were 0.1 and 0.33,
respectively (P > 0.05). The ratio of serum titers to CSF titers
at 14 DPV2 (n = 11) ranged between 0.5 and 2,040. Ninetyone percent of the ratios were -128. At 28 DPV2 (n = 6), the
ratio of serum to CSF titers ranged between 32 and 1,024. Sixty-seven percent of the ratios were '256.
The median serum to CSF ratio at 28 DPV2 was significantly
higher than the median serum to CSF ratio of the naturally
infected horses and the experimentally infected horses at comparable times (trial 1 at 30 DPI, trial 2 at 34 DPI) (all P <
0.03).
DISCUSSION
In a previous report using a subset of the samples from the
naturally infected horses included in the present study, we
showed that the IFAT was more accurate than 2 different WB
assays for serologic diagnosis of EPM caused by S. neurona
(Duarte et al., 2003). In the present study the IFAT was shown
to be at least as accurate in CSF as in serum for the diagnosis
of the disease. Additionally, the IFAT was demonstrated to be
reliable (Kappa > 0.7) among readings, readers, and aliquots
(Landis and Koch, 1977).
In this study serum and CSF samples from the naturally infected horses were a subset of the horses used in a study by 1
of the authors (Daft et al., 2002). This subset of samples was
obtained based on availability, and the titer distribution among
these horses might not be representative of the titer distribution
in the original set of samples or in the population. A previous
study indicated that treatment for EPM might potentially decrease antibody concentration in serum and CSF of naturally
infected horses (Furr et al., 2001). Treatment for EPM could
also potentially lead to misclassification of a horse's S. neurona
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IV. Serum and CSF Sarcocystis neurona IFAT titers for 20 vaccinated horses before vaccination (0 DPV1), and at 14, 28, and 112 days
after second vaccination (DPV2).

TABLE

CSF

Serum
Horse
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0 DPV1
<10
640
<10
10
<10
<10
<10
10
10
20
320
640
<10
<10
<10
<10
<10
320
<10
<10

14 DPV2

28 DPV2

112 DPV2

0 DPV1

2,560
2,560
<10
80
10,240
640
640
5,120
20,480
10,240
640
2,560
5,120
160
320
2,560
10,240
160
5,120
640

5,120
160
5,120
2,560
1,280
640
640
1,280
640
80
320
80
80
160
1,280
10,240
320
40
640
2,560

<10
<10
<10
<10
<10
10
10
10
10
<10
10
<10
<10
<10
<10
<10
<10
<10
<10
10

<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5

infection status. In this study, 10 horses had a history of treatment with antiprotozoan drugs for EPM. The range of serum
and CSF titers for the 3 treated EPM+ horses was comparable
with those of nontreated horses (serum, 80-640; CSF, 20-160).
In addition, the serum and CSF titers for the 5 EPM- and the
2 EPM-suspect horses treated for EPM were '10 and -5, respectively. The potential effect of treatment on clearance of S.
neurona infection or development of EPM in these horses is
unknown.
Ideally, cross-reactivity assessment should be performed using sera of horses infected with other Apicomplexan parasites
on S. neurona IFAT slides because that is the actual test situation where cross-reaction might represent a problem. Serum
samples from horses previously enrolled in a N. hughesi experimental infection study (Packham et al., 2002) were tested
and had S. neurona IFAT titers of <40 at various times postinfection (data not shown). In this study, there were no sera
from horses experimentally infected with other Sarcocystis spp.
available for evaluation. All horses from Trial 2 had S. neurona
titers -1:40 at 0 DPI even though mature sarcocysts, morphologically compatible with S. fayeri were evident in skeletal
muscles, esophagus, and tongue by the time of necropsy at 98
DPI (Cutler et al., 2001). However, experimental infections with
S. fayeri indicate that acute infections might cause false-positive
reactions on the S. neurona IFAT (W. J. Saville, pers. comm.).
In this study, all S. neurona experimentally-infected horses
from Trial 2 tested <80 for T. gondii, N. caninum, and N. hughesi, at the peak of antibody response (84 DPI). In addition, the
overall frequency of false-positive reactions in serum of horses
without EPM at a cutoff of 1:80 was low (3%). These results
corroborate previous reports involving different species, including horses, that cross-reactivity between S. neurona, Sarcocystis
spp., T. gondii, and Neospora spp. (Dubey et al., 1996; Dubey,

14 DPV2
<5
5
10
<5
<5
5
5
20
10
20
<5
<5
5
<5
20
10
<5
<5
<5
5

28 DPV2
5
<5
10
<5
<5
<5
<5
5
10
<5
<5
<5
<5
5
<5
<5
<5
<5
<5
5

112 DPV2
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5

Kerber et al., 1999; Vardeleon et al., 2001; Packham et al.,
2002) is minimal.
Findings from both experimental infection trials showed that
IFAT accuracy varied with time after infection and with the
cutoff chosen, but at 30 DPI the test had serum and CSF sensitivity of at least 70 and 40%, respectively, for different cutoff
values (20, 40, and 80). In trial 1, all control horses maintained
serum and CSF titers equal to or below the initial dilutions
throughout the study. In contrast, in trial 2, 1 of the 2 control
horses had serum (and CSF) titers ranging between 10 and 80
(<5-20), indicating possible natural exposure to S. neurona.
Seroconversion tended to occur earlier than CSF conversion. In
trial 1, clinical signs among infected horses varied from mild
to moderate and appeared between 8 and 29 DPI in 19 infected
horses and in 1 of the control horses; histologic CNS lesions
were detected in 4 infected horses (Sofaly et al., 2002). In trial
2, clinical signs among infected horses varied from equivocal
to mild and were more evident in immunosuppressed horses
after 40 DPI; CNS histologic lesions were detected in 7 of 8
infected horses (Cutler et al., 2001). No parasite was observed
or isolated from any infected horse in either trial (Cutler et al.,
2001; Sofaly et al., 2002). The lack of typical EPM disease and
isolation of parasites from the experimentally infected horses,
associated with a serologic response of similar magnitude as in
the case of the naturally infected horses, indicates the possibility of false-positive results when diagnosing neurological disease in horses exposed to S. neurona but without EPM.
In vaccinated horses the highest serum and CSF titers were
obtained at 14 and 28 DPV2. At these time points vaccinated
horses had serum and CSF antibody titers that could interfere
with the diagnosis of EPM. At 112 DPV2 the titers for all
vaccinated horses decreased to values comparable with those of
noninfected horses or horses before the experimental challenge
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(-10 for serum and <5 for CSF). Some horses in both vacci- certainty, obtained by adding CSF testing to the EPM diagnostic
nated and control groups had serum titer values at 0 DPV1 that workup might not be as great as expected.
In the present study, titer-specific LRs for the IFAT were
indicated possible exposure to S. neurona before the beginning
of the experiment. Therefore, the possibility that the increase estimated for the naturally infected horses. LRs are stable pain antibody titers among vaccinated horses was attributable to rameters and, like sensitivity and specificity, should be used in
natural, active infection cannot be discounted. The pattern of conjunction with disease prevalence information (pretest probantibody titers during the study period, however, differed be- ability) to obtain the probability of disease (post-test probability
tween the vaccinated and the control group. In the vaccinated or titer-specific predictive value) given a specific test result (Dugroup, titers tended to increase considerably over time, peak jardin et al., 1994). In addition to eliminating the need for a
between 14 and 28 DPV2, and then dramatically decrease at specific cutoff titer value, titer-specific LRs allow different titer
112 DPV2. In contrast, titers in the control group tended to values to have different weights in clinical decisions (Dujardin
remain constant or vary within 1 or 2 dilutions, at most, during et al., 1994; Duarte et al., 2003). For instance, for a pretest
probability of 25%, a horse with an IFAT serum titer of 20 has
the course of the experiment.
At 28 DPV2, EPM-vaccinated horses had a serologic re- approximately a 35% post-test probability of EPM compared
sponse of a higher magnitude than naturally and experimentally with a 92% posttest probability for a horse with a serum titer
infected horses (at 30 DPI for trial 1 and at 34 DPI for trial 2). of 160. Similar calculations are not possible for the WB tests
However, CSF titers were generally lower than those of natu- because test results are not quantitative. Hence, titer-specific
rally and experimentally infected horses. Data for these com- LRs broaden the possibilities for test interpretation and can poparisons came from studies with different protocols, conducted tentially improve clinical decision making. In the above exin different places, and designed for different purposes. Hence, ample the pretest probability was based on a previously pubthis finding should be interpreted with caution. The exact time lished estimate (Daft et al., 2002), and the post-test probabilities
=
of vaccine-derived antibody decay and the antibody response were calculated based on the relationship: post-test odds titerX
LR
odds
et
As
a
al.,
specific
pretest
1994).
(Dujardin
general
after a single dose of EPM vaccine were not assessed in the
for a given pretest probability, LRs and post-test probapresent study. However, serum antibody titers for horses in trial rule,
2 at 98 DPI were higher than those for vaccinated horses at bilities increase as titer values increase (Simel et al., 1993; Du112 DPV2. This could reflect a difference in antigen immuno- jardin et al., 1994).
Decision analysis based on information on prevalence of the
genicity or perhaps the persistence of S. neurona parasites in
LRs, and correlation between serum and CSF test redisease,
locations other than the CNS.
sults
should
be used to assess the optimal diagnostic protocol
A positive correlation between serum and CSF antibody titers
for EPM (Smith and Slenning, 2000). However, such analysis
in normal horses injected with nonreplicant protein (ovalbumin)
is beyond the scope of the present article. Veterinarians, therehas been demonstrated, and it has been suggested that the seshould consider test correlation when requesting and inrum-CSF correlation could interfere with the diagnosis of EPM fore,
terpreting
multiple diagnostic tests for EPM and take advantage
(Furr, 2002). Thus, antibodies in blood-free CSF samples could
of the benefits of the quantitative nature of the IFAT, where titer
simply reflect an increase in serum antibodies and not neces- values
interpreted based on titer-specific LRs might broaden the
sarily the intrathecal production of antibodies, which is the rascope of clinical decisions. For instance, clinicians might decide
tionale behind CSF testing in EPM horses. In the present study,
to treat neurological horses on the basis of high-serum IFAT
although not statistically significant, there was correlation be- titers
alone, whereas they might decide on a spinal tap in horses
tween serum and CSF titers in vaccinated horses. This finding
with low-serum titers.
corroborates a previous report indicating that there is movement
In naturally and experimentally infected horses, we found a
of antibodies between serum and CSF in normal horses (Furr,
stronger positive correlation between serum and CSF titers than
2002). This has an important clinical implication because false- in vaccinated horses. The ratio of serum to CSF titers for the
positive results might occur not only in S. neurona-vaccinated
naturally and experimentally infected horses was consistently
horses with neurological disease but also in S. neurona-exposed
smaller than the ratio for the vaccinated horses, which is probhorses with non-EPM neurological disease.
ably attributable to intrathecal production of antibodies in reTraditionally, the diagnostic workup for EPM includes a se- sponse to the presence of S. neurona in the CNS. However, no
rologic test that, if positive, is followed by a spinal tap for parasite was detected in the CNS of the experimentally infected
detection of S. neurona antibodies in CSE A horse positive on horses.
both tests (serial test interpretation) is considered positive for
The use of C-values and antibody index, 2 forms of weighted
EPM. The goal of this testing scheme is to increase the speci- serum and CSF antibody ratios, has been suggested to aid in
ficity of the diagnostic system (serum and CSF test), thereby the diagnosis of EPM (Furr, 2002). In contrast to the commonly
increasing the certainty in the diagnosis of the disease relative used immunoglobulin-G index (IgG index), these 2 measures
to the interpretation of a serologic test result alone. The effects
are calculated based on antigen-specific antibody concentration,
of dependence and correlation between test results on the over- making them potentially more specific in determining intratheall accuracy of joint tests applied in the same individual (or the cal production of antibodies. A preliminary evaluation using
same test applied multiple times) have been addressed previ- EPM+ horses and vaccinated horses at 28 DPV2 suggested that
ously (Gardner et al., 2000). Generally, a positive dependence a ratio of serum to CSF '-16 discriminated well between inbetween test results reduces the expected gain in specificity in fected and exposed horses (100% sensitivity, 95% specificity).
a serial test result interpretation scheme (Gardner et al., 2000).
Therefore, there is a potential for the use of different forms of
Therefore, the gain in specificity, and consequently diagnostic IFAT serum to CSF titer ratios (unadjusted ratio, C-values, an-
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tibody index) in the diagnosis of EPM. The use of ratios would
eliminate the correlation problem in the joint interpretation of
serum and CSF results and could possibly be used to differentiate between infected and exposed (naturally or vaccinated)
non-EPM horses.
In conclusion, the IFAT was reliable and accurate using serum and CSF for the diagnosis of EPM, although the use of S.
results in horses
neurona vaccine might lead to false-positive
vaccinated within the previous 112 days. For clinical diagnosis,
the use of titer-specific LRs rather than the traditional measures
of sensitivity and specificity has the potential to improve clinical decision making. Furthermore, the correlation between serum and CSF titers can interfere with the joint accuracy of the
IFAT. Therefore, the ratio of serum to CSF titers has potential
diagnostic value for EPM and should be further investigated.
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