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n ABSTRACT
During 2001, central Kentucky experienced

acute transient epidemics of early and late fetal
losses, pericarditis, and unilateral endoph-
thalmitis, collectively referred to as mare repro-
ductive loss syndrome (MRLS). A toxicokinet-
ic/statistical analysis of experimental and field
MRLS data was conducted using accelerated

failure time (AFT) analysis of abortions fol-
lowing administration of Eastern tent caterpil-
lars (ETCs; 100 or 50 g/day or 100 g of irradi-
ated caterpillars/day) to late-term pregnant
mares. In addition, 2001 late-term fetal loss
field data were used in the analysis. Experi-
mental data were fitted by AFT analysis at a
high (P < .0001) significance. Times to first
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abortion (“lag time”) and abortion rates were
dose dependent. Lag times decreased and abor-
tion rates increased exponentially with dose.
Calculated dose × response data curves allow
interpretation of abortion data in terms of “in-
tubated ETC equivalents.” Analysis suggested
that field exposure to ETCs in 2001 in central
Kentucky commenced on approximately April
27, was initially equivalent to approximately 5
g of intubated ETCs/day, and increased to
approximately 30 g/day at the outbreak peak.
This analysis accounts for many aspects of the
epidemiology, clinical presentations, and man-
ifestations of MRLS. It allows quantitative in-
terpretation of experimental and field MRLS
data and has implications for the basic mecha-
nisms underlying MRLS. The results support
suggestions that MRLS is caused by exposure
to or ingestion of ETCs. The results also show
that high levels of ETC exposure produce in-
tense, focused outbreaks of MRLS, closely
linked in time and place to dispersing ETCs, as
occurred in central Kentucky in 2001. With
less intense exposure, lag time is longer and
abortions tend to spread out over time and
may occur out of phase with ETC exposure,
obscuring both diagnosis of this syndrome and
the role of the caterpillars.

n INTRODUCTION
During 2001, central Kentucky experienced

acute transient epidemics of early (EFL) and
late fetal losses (LFL), pericarditis, and unilater-
al endophthalmitis, collectively referred to as
mare reproductive loss syndrome (MRLS). The
occurrence of EFL was first recorded on the
morning of April 26, increased during the last
week of April in mares with 30- to 100-day-old
fetuses, peaked on May 4, and declined rapidly
thereafter, ultimately totaling approximately
2,500 cases.1 The largest number of EFL cases
occurred in mares that had conceived in Febru-
ary and early March. Approximately 17% of

the 21,000 or more pregnant thoroughbred
broodmares in central Kentucky lost their foals
due in 2001 or 2002.2 Whatever the mecha-
nism of EFL and LFL, the pregnant broodmare
(or more likely the equine fetus) is especially
susceptible. The 17% fetal loss rate is in sharp
contrast with the relatively low rate of MRLS-
related pathology in nonpregnant horses.

Instances of LFLs were first identified soon
after April 26 and followed a broadly similar
time course, involving more than 650 cases.
The placentas from these mares that experi-
enced LFL were mildly edematous; however,
most were of normal size and weight. Some
mares presented foals normally but showed
evidence of amnionitis with yellowish discol-
oration and edema of the placental mem-
branes. Pathophysiologically, there was an in-
tense placentitis associated with thickened
placental membranes. Funisitis associated with
the amniotic section of the umbilical cords of
these neonates was observed with ecchymotic
and petechial hemorrhage on the surface of the
cords. Microbiologically, the consistent recov-
ery of α-hemolytic streptococci and Actino-
bacillus spp from umbilical tissue, lungs, and
placentas of affected animals was almost a hall-
mark for defining the clinical entity of LFL
MRLS.3

Coincident with the 2001 MRLS epidemics,
small numbers of horses from the population
of approximately 30,000 horses in central Ken-
tucky exhibited panophthalmitis (approxi-
mately 30 cases) or pericarditis (approximately
60 cases). Both of these syndromes are now
considered part of the MRLS entity. Fluid
drained from the pericardial sacs of two-thirds
of the horses with pericarditis was character-
ized as sterile exudates, whereas one-third had
septic exudates containing Actinobacillus equ-
uli, Streptococcus spp, Pasteurella multocida,
Staphylococcus aureus, Acinetobacter, or Pseudo-
monas.4 The endophthalmitis was always uni-
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during the period when EFLs and LFLs
peaked. Contemporary field evaluations point-
ing to strong time and location correlations be-
tween EFLs and the presence of ETCs, and
rigorous epidemiologic surveys strongly sug-
gested that exposure to ETCs played a critical
role in the syndrome.12,13 These associations
were rapidly confirmed by various experimen-
tal approaches when ETCs next appeared
in central Kentucky during the spring of
2002.14–16

This communication presents a retrospective
toxicokinetic/statistical analysis of experimen-
tal data generated from field data during the
2001 MRLS outbreak and studies of ETC
populations conducted during 2002 and 2003.
Both traditional linear regression and a more
appropriate survival analysis were used to ana-
lyze the data. The accelerated failure time
(AFT) survival model was used because AFT is
specifically designed to relate events to the
time at which they occur. The ramification of
combining experimental data from multiple
years is that there could be differences in con-
ditions among years that are not accounted for
in the model. The prospective experimental
data were used to create the AFT model,
whereas the retrospective field data were exam-
ined post hoc in light of the AFT model.

The AFT analysis has not been applied pre-
viously in equine toxicology. This analysis
highlights the epidemiology, clinical presenta-
tions, and manifestations of MRLS and sheds
light on the basic toxicologic and pathologic
mechanisms underlying MRLS. It also allows
for quantitative interpretation of experimental
results from ETC–induced MRLS.

n MATERIALS AND METHODS
Studies conducted during 2002 involved

dosing of six mares in late pregnancy with 50
g of ETCs per day for 10 days by stomach
tube (Table 1).16 ETCs were obtained from a

lateral and invariably progressed to blindness
despite intensive therapy.5 Whatever the nature
of the factor that produced the MRLS out-
breaks, the nonpregnant horse appears to be
about 50 to 100 times less susceptible than are
30- to 100-day-old fetuses. This same syn-
drome was repeated in 2002, with fewer EFLs
(approximately 500) and LFLs (approximately
165)6 and similarly reduced numbers of unilat-
eral panophthalmitis (n = 6) and pericarditis
cases (n = 9). In 2003, there were few if any
cases of MRLS, and no cases of panophthalmi-
tis or pericarditis were reported.a

When MRLS was first observed in 2001, a
spectrum of possible causes was considered.
An infectious agent was ruled out early by
virtue of intensive virologic investigations, the
essentially complete lack of clinical symptoms
other than abortion in affected mares, and the
apparent point-source onset of the syndrome.
Nitrate/nitrite toxicosis was also discounted
early, since all equine samples tested were neg-
ative for these inorganic ions. Similarly, con-
temporary pasture samples, some from heavily
fertilized fields, were also negative for nitrates/
nitrites. Affected mares did not have prolonged
gestations as seen with fescue toxicosis, and the
placentas from these mares were intensely
more inflamed than is seen with fescue toxico-
sis, so ergot alkaloids were also soon discount-
ed as a possible cause.7 Phytoestrogens, chemi-
cal toxins, mycotoxins (including estrogenic
mycotoxins), and cyanide associated with black
cherry trees or Eastern tent caterpillars (ETCs)
were all eventually downgraded as possible
causes of MRLS.8–11

Concurrent with the 2001 EFL and LFL
epidemic was a local population explosion of
ETCs (Malacosoma americanum), with large
numbers dispersing in pastures and elsewhere
aPowell D: Personal communication, University of
Kentucky, Gluck Equine Research Center, Lexing-
ton, KY, 2003.
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source in northern Michigan because the sea-
son had passed in Kentucky. In 2003, the ef-
fects of irradiation on the abortigenic efficacy
of ETCs were evaluated in groups of six mares
in late pregnancy by administration of 100 g
of either irradiated or nonirradiated ETCs via
nasogastric tube for 10 days.17 Doses of cater-
pillars in each study were determined from
previous work conducted in 2002.15 Irradia-
tion was used as a means to destroy any bacte-
ria or virus that might be carried by the cater-
pillars. The caterpillars were mixed with

deionized water or saline and
ground in a blender for 20 to 30
minutes before administration.
Mares were examined daily by ul-
trasound after treatments were
initiated. Aborted fetuses were
transported to the laboratory for
examination and isolation of bac-
teria by routine aerobic culture.

Daily LFL abortion data from
the 2001 MRLS outbreak in cen-
tral Kentucky submitted to the
Livestock Disease Diagnostic Cen-
ter (LDDC) and reported to the
USDA Animal and Plant Health
Inspection Service Veterinary Ser-
vices, Frankfort, Kentucky were
also evaluated.

Regression Analysis
The data points from the two

studies in which ETCs were fed
to pregnant mares were first plot-
ted as a percentage of total abor-
tions against time, and best-fit
logarithmic regressions were cal-
culated. The x-intercepts (appar-
ent “lag times”) were calculated by
setting the value of y equal to zero
in the equation.

Accelerated Failure Time Model
The data points were also fitted using the

AFT survival model because this model is one
of regression that allows for the prediction of
the time at which events occur based on inde-
pendent variables. In this case, the time at
which abortions occur was predicted based on
the dose of ETCs administered. The AFT
model can also take censored data (an event
that had not occurred by the time the experi-
ment had ended) into account. In these stud-
ies, mares that had been dosed with ETCs but

TABLE 1. Abortion Data for Mares Dosed with
Eastern Tent Caterpillars and Isolation of Bacteria
from Aborted Fetuses

Dose of Eastern Time of Bacteria Isolated
Tent Caterpillars Abortion (hr) from Aborted Fetuses

50 g/day × 10 days 
Mare 220 62 Enterobacter sakazaki
Mare 78 166 Serratia marcescens, 

Enterococcus spp
Mare 398 142 Enterobacter cloacae
Mare 390 95 E. cloacae
Mare 395 69 E. cloacae
Mare 393 350 S. marcescens

100 g/day × 10 days 
Mare 647 32 S. marcescens
Mare 668 32 S. marcescens
Mare 638 46 S. marcescens
Mare 305 48 S. marcescens
Mare 630 84 S. marcescens
Mare 10 120 S. marcescens

100 g/day × 10 days* 
Mare 637 280 Streptococcus spp
Mare 619 326 Actinobacillus spp
Mare 172 567 Streptococcus spp
Mare 628 Did not abort†

Mare 351 Did not abort†

Mare BUC Did not abort†

*Irradiated caterpillars.
†As of submission of this report for publication.
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had not aborted by the end of the data collec-
tion period were considered censored observa-
tions. A log-normal AFT model has been used
to fit the ETC data. That is, if T represents the
time at which abortion occurs, log T is as-
sumed to have a normal distribution, and thus
T has a log-normal distribution. The model
also assumes that the error term is normally
distributed. The model used here assumes that
the probability of an abortion event remains
close to zero for a period after the first admin-
istration, which is dependent on the dose ad-
ministered. This model takes the form:

Ti = exp(β0 + β1xi1 + … + βkxik + σεi)

where T is time, x is a variable that might affect
abortion time (i.e., dose of ETCs), β0, β1, etc
are coefficients that estimate the effect of the x
variables (i.e., abortion time), ε is an error term
that is assumed to be normally distributed, and
σ is a scale parameter for the error term.

A likelihood ratio test of the fitted AFT
model versus a null model (with no explanato-
ry variables) yields a chi-square statistic of 27.9
with 2 degrees of freedom. This statistic is sig-
nificant at the P ≤ .0001 level, which indicates
that the model with parameters ETC dose and
irradiation is a significant improvement over
the null model for predicting time until abor-
tion. The individual chi-square tests for these
effects are also highly significant (P ≤ .01),
which indicates both variables are important to
the model. The model differs from the Cox re-
gression model in that it assumes an underly-
ing distribution for the data (log-normal, in
this case), whereas the Cox regression model
does not require such an assumption.

Based on the AFT analysis, time courses of
abortion responses were projected for various
doses ranging from 5 to 500 g of ETC/day.
The AFT model and this family of dose re-
sponse curves allow dose and time response in-

terpretation of any ETC-related sequence of
abortions in terms of the dosage unit used in
these experiments, which have been defined as
“intubated ETC equivalents.”

A constraint in this model is that none of the
ETC dosings continued beyond 10 days,
whereas AFT analysis assumes that dosing or
exposure to the caterpillars is continuous. Be-
cause of this, the mathematical fit of the AFT
model to the data is presumably more accurate
at the higher doses rather than at the doses
used with irradiated ETCs, which exhibited an
apparently much lower abortigenic activity. A
further constraint is that the duration of field
exposure to dispersing ETCs at any given loca-
tion is rarely longer than 20 days.

n RESULTS
Linear Regression Analysis

In the first experimental reproduction of the
LFL syndrome (2002), all mares given 50 g of
ETCs/day for 10 days aborted rapidly (within
14 days). The first abortions occurred within
72 hours (Table 1). In the 2003 study, mares
receiving 100 g of nonirradiated ETCs/day
began aborting within 32 hours and all had
aborted by Day 5 (Table 1). In contrast, only
three of the six mares receiving irradiated
ETCs had aborted by the time of this writing
(70 days after the initial dosing), and these
mares did not begin aborting until Day 12, 2
days after the last dose of ETCs (Table 1). Fur-
thermore, the most recent abortion from the
group given irradiated ETCs was observed 24
days after the initial exposure to ETC, which
was 14 days after the last administration. Re-
gressions for each dose/abortion time data set
were then calculated (Figure 1).

The abortion curves for each of these studies
were similar in shape and were apparently re-
lated (Figure 1). The curve for 100 g/day was
shifted to the left compared with that for 50
g/day, suggesting a dose-response effect. Clas-
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sic dose-response curves show parallel slopes,
but the slopes of these curves were markedly
different, with the steeper slope of the curve for
100 g/day, presumably relating to the higher
dose of ETCs administered. Interestingly, each
fitted curve appeared to intersect the x-axis at
well-defined time points (approximately 20,
37, and 193 hours, for 100, 50, and 100 irra-
diated g/day, respectively), which invited fur-
ther analysis. These x-axis intercepts (lag times)
also appeared to be dose related.

Survival Analysis
Evaluation of the data using the Cox regres-

sion analysis (PHREG procedure; SAS version
8, SAS Institute), yielded an unsatisfactory

data fit (data not shown). However, appli-
cation of the data points to AFT analysis 
(LIFEREG procedure; SAS version 8, SAS In-
stitute) produced a very satisfactory fit. Cumu-
lative distribution functions for each group, or
cumulative abortion curves, based on the mod-
el are presented in Figure 2. The AFT analysis
assumes that the data points are log-normally
distributed and also reflects the fact that the
probability of an abortion remains close to zero
for a dose-dependent period of time after dos-
ing begins (the apparent lag time). The AFT
model was then used to estimate the time after
dosing that abortion occurred. Using the data
presented above, AFT regression yielded the
following model:

Figure 1. Time course of abortions following intubation of mares with 50 and 100 (nonirradiated or irradiated) g
of Eastern tent caterpillars (ETCs)/day for 10 days. The solid lines are the best-fit regressions for the data points. The
calculated x-axis intecepts (apparent lag times) are 20 (100 g), 37 (50 g), and 193 hours (100 g irradiated) after
the first dose of ETCs.
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abortions per day and peaked at 66 abortions
per day (May 4).

The data can also be used to estimate the
time of first exposure to the ETCs. Assuming
that any abortion would have occurred the day
before the accession is recorded in the LDDC,
and that the first abortions were due to low-
level ETC exposure producing a lag time of
about 50 hours for the group given 5 g
ETCs/day (Table 2), the first exposure to abor-
tigenic ETCs in the 2001 outbreak was esti-
mated to have occurred on April 26 or 27. In-
spection of the cumulative abortion curve also
shows a further increase in the rate of abortions
on May 4 (Figure 3).

To estimate the level of exposure to ETCs
necessary to produce the abortion rates ob-
served during the 2001 MRLS outbreak, the
cumulative time course of MRLS–related abor-
tions (Figure 3) was converted to a percentage
of abortions and compared with the AFT–cal-
culated abortion rates following exposure to 5

Figure 2. Actual abortion rates following dosing with Eastern tent caterpillars (ETCs) at 50 and 100 (nonirradi-
ated and irradiated) g/day for 10 days and predicted abortion rates by the accelerated failure time model for doses of
5, 50, 100 (nonirradiated and irradiated), 200, and 300 g ETCs/day. The estimated lag times for the actual ETC
doses administered are 10 (100 g), 20 (50 g), and 80 (100 g irradiated) hours.
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where dosei is the dose of caterpillars for indi-
vidual i, and irradiatedi equals 1 if individual i
was fed irradiated and 0 if not. The coefficients
indicate that the time until abortion decreased
with increasing dose and increased if the ETCs
were irradiated. All coefficients were highly sig-
nificant (P ≤ .01) in the model.

The estimated lag times were 10, 20, and 80
hours for 100, 50, and 100 irradiated g/day, re-
spectively (Table 2). Because of the excellent fit
of the data to the AFT model, cumulative dis-
tribution curves based on the model were plot-
ted for several doses of caterpillars (Figure 2).

Daily and cumulative time courses of abort-
ed foals submitted to the LDDC from March
1 through May 12, 2001 are shown in Figure
1. In March and April (before administration
of ETCs was initiated), the abortion rate was
approximately nine per day. The increased
slope and divergence from the prediction line
began around April 30 and represents abor-
tions due to MRLS, which averaged around 42
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TABLE 2. Estimated Time Until 0%, 50%, and 100% of Abortions Occur in Pregnant
Mares Following Oral Administration of Doses (g/day) of Eastern Tent Caterpillars for
10 Consecutive Days

Estimated Time to Abortion (hr) at Given Dose of Eastern Tent Caterpillars (g)

Predicted % 100
to Abort (irradiated) 1 5 50 100 200 300

0 80 55 50 20 10 2 0.3

50 470 285 266 124 53 9.8 1.8

100 4,900 3,000 2,800 1,300 550 100 19

and 30 g/day (Figure 4). The first part of the
cumulative curve coincides with the curve for 5
g/day; however, the last portion of the cumula-
tive curve overlays the curve for 30 g/day when
it is shifted to the right by 80 hours.

The calculations assume that no abortions oc-
curred due to caterpillar ingestion prior to April
25 and that 100% of the mares exposed to cater-
pillars eventually aborted. It also assumes that
approximately 50 abortions were yet to occur
between May 12 and May 19. The analysis sug-
gests that exposure to ETCs during the MRLS
outbreak of 2001 likely started at the equivalent
of approximately 5 g of intubated ETCs/day in
late April and then increased to around 30 g/day
around May 4, the peak of the outbreak.

The model was also used to explore the rela-
tionships between dose of ETCs and daily
abortion rate. Daily abortion rates following
various ETC doses based on the AFT model
are shown in Figure 5. The graph assumes
there are 600 mares in each treated group and
that all treated mares will eventually abort. The
analysis demonstrates that exposure to 100 g of
ETCs/day rapidly causes abortions that peak 3
to 4 days after exposure, and essentially all of
the exposed mares will abort by Day 10. At a
dose of 30 g/day, abortions peak approximate-
ly 6 days after exposure and are complete with-
in approximately 18 days. If the abortigenic
dose of caterpillars is reduced to an amount

equivalent to that present in the irradiated dose
(100 g/day), the first abortions do not begin to
appear until about Day 8, and the abortions
will not peak until Day 20.

A proposed schematic of the AFT model of
MRLS is presented in Figure 6. In this model,
continuous exposure to ETCs commencing at
Time 0 is followed by a dose-dependent lag
time, after which abortions occur. The dura-
tion of the lag time, the initial maximal rate at
which the abortions occur, and the time until
100% of the exposed mares abort are all di-
rectly related to the dose of ETCs and presum-
ably to the rate of ETC exposure.

The bacteria isolated from the aborted fetus-
es were Serratia marcescens, Enterococcus spp,
and Enterobacter spp for the mares given 50 g
of ETCs/day, S. marcescens for those given 100
g/day, and Streptococcus and Actinobacillus spp
in the irradiated study (Table 1).

n DISCUSSION
The data sets were initially approached as

clinical data, and the time course of each se-
quence of abortions as plotted. Inspection of
the data and the apparent fit to the linear re-
gression model drew attention to the fact that
the curves were members of a family of curves
that appeared to commence at a time signifi-
cantly different from zero. Additionally, the
differences from Time 0 and the maximal slope



of the curves appeared to vary with dose. These
observations, therefore, led to the more de-
tailed analysis. Because the AFT survival analy-
sis is appropriate for constructing models that
relate an event to the time at which it occurs,
it was the model selected to fit these data
points, and all coefficients were statistically sig-
nificant. The model was then used to estimate
dose × abortion time curves for a series of dos-
es ranging from 5 to 500 g/day. The very good

fit of the ETC dose × abortion time data by the
AFT model provides a solid statistical basis for
integration and interpretation of experimental
and field MRLS data. These results and inter-
pretations are best summarized in the schemat-
ic AFT model of ETC–induced abortions in
mares presented in Figure 6. Early in the expo-
sure period, the lag time represents the period
during which the likelihood of an abortion oc-
curring remains close to zero. Following the lag
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Figure 3. Daily and cumulative number of abortions submitted to the Livestock Disease Diagnostic Center in Lex-
ington, Kentucky between March 1 and May 12, 2001. The increased slope of the cumulative abortion line (May
1 to May 12) is due to MRLS onset, peaking at about 66 MRLS abortions per day on May 4. From these curves,
the first MRLS abortions started on approximately April 30, 2001. 
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Figure 4. The cumulative actual percentage of abortions that occurred between April 25 and May 12, 2001 (tak-
en from data shown in Figure 3) plotted with the predicted curves for the cumulative percentage of abortions that
would have occurred following doses of 5 and 30 g of Eastern tent caterpillars per day. The cumulative abortion curve
for 30 g/day is shifted to the right by 80 hours, showing that the last 60% of the 2001 abortions essentially over-
lapped that dose. The figure implies that the dose of caterpillars ingested by the mares in 2001 likely started at around
5 g/day in late April and was related to abortions in approximately 30% of the exposed mares. In the second phase
of abortions in early May, the apparent dose increased to around 30 g/day, with approximately 60% of the exposed
mares aborting around that time. The entire sequence of events, from initial exposure to abortion of 90% of the ex-
posed mares, took no more than 3 weeks. 
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time, the rate at which abortions occur acceler-
ates to the peak abortion rate. The abortions
then proceed until either all of the exposed
mares abort or until some time (currently un-
known) after which exposure to ETCs has
ceased. In studies with small numbers of hors-
es (i.e., six), as presented in Figure 2, the fine
detail of the abortion rate transformation from
zero in the lag-time phase to the maximal abor-
tion rate is inevitably lost.

This analysis makes clear that the rate at
which abortions occur (rather than the absolute
number of abortions) determines the relative
abortigenic efficacy of any ETC treatment. The
AFT model predicts that ETC doses between 5
and 500 g/day will, if maintained, sooner or lat-
er abort 100% of the exposed mares.

The decreased rate of abortions for irradiat-
ed ETCs suggests that the efficacy of the ETC

abortion–inducing factor was substantially re-
duced by irradiation or something associated
with this treatment, since the first abortion did
not occur until 12 days after the first ETC ad-
ministration. The abortions then proceeded
slowly and, according to AFT analysis, the
time to the last abortion (100%) will be about
206 days, assuming continuous dosing. Based
on the AFT model, the apparent efficacy of the
abortigenic factor in irradiated ETCs is less
than 1 g of untreated ETCs/day, for an appar-
ent loss of >99% of the ETC–related aborti-
genic activity.

Loss of such a substantial fraction of the
abortigenic activity in the irradiated ETCs is
surprising but not inconsistent with recent ex-
perimental results. Earlier research,18 which
was later confirmed by Webb and McDowell,19

has shown that the abortigenic factor is asso-



bHenning J: Personal communication, Department
of Agronomy, University of Kentucky, Lexington,
KY, 2001.
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ciated with the cuticle of ETCs. While frac-
tionating the ETC integument in a series of
deductive approaches to identifying the ETC
abortigenic factor, Webb and McDowell read-
ily lost a substantial fraction of the ETC–
related abortigenic activity, which may suggest
significant fragility of the abortigenic factor or
factors closely associated with it.

The mathematical relationships described by
the AFT model explain many aspects of the
epidemiology and clinical presentations of
MRLS. If the exposure to ETCs is high, all sus-
ceptible exposed mares are likely to abort with-
in a relatively short period. In this regard,
transformation of the cumulative fetal loss
curve for 30 g/day (Figure 2) into a daily “rate
of abortion” curve (Figure 5) closely follows
the general shape of the accessions curve to the
LDDC around May 6, 2001. Of critical im-
portance during the 2001 investigation of

MRLS, when the dose of ETCs is high and the
abortions occur rapidly, there will be an obvi-
ous temporal relationship between the pres-
ence of caterpillars and the abortions, as oc-
curred during 2001. In fact, it was the close
spatial and temporal relationships between the
presence of the ETCs and the appearance of
MRLS,b as well as the lack of any other con-
vincing hypothesis, that led to the early con-
clusion that ETCs were most likely associated
with MRLS.

Significant objections were raised to the hy-
pothesis that the ETCs were involved in the
pathogenesis of MRLS. Beyond entomologic
and common experience that ETCs were
“known to be harmless,” the question was
raised as to why the syndrome had never been

Figure 5. Effect of dose on daily abortion rates as a function of daily exposure to Eastern tent caterpillars (ETCs)
for 600 mares. At 100 g of ETCs/day, the abortions occur rapidly, peaking approximately 3 to 4 days after exposure,
and virtually all susceptible mares exposed will abort by Day 10. At 30 g/day, the abortions peak about 6 days after
exposure and are largely complete within approximately 18 days. If the abortigenic dose of caterpillars is reduced to
an amount equivalent to that present in the irradiated caterpillars, the first abortions do not begin to appear until
about Day 8, and the abortions will not peak until Day 20. The model assumes that there are 600 mares in each
group and that all mares dosed with ETC will eventually abort.
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identified previously in Kentucky, since ETC
infestations are not uncommon. However, the
analysis presented here shows that if the expo-
sure to caterpillars is less intense, the lag time
is longer and the abortions will tend to be
spread out over time and occur out of phase
with ETC exposure. For example, data from
the irradiation experiment indicates that at low
doses the first abortions may not occur until
after ETC exposure has ceased, and the vast
majority of the statistically predicted abortions
may occur at a time distant from the presence
of ETC.

Another factor that probably limits the abor-
tigenic efficacy of low doses of ETCs is the rel-
atively short time mares are field exposed to
the caterpillars. Field exposure to ETCs is not
continuous but is limited by the relatively brief
ETC dispersal period as they wander about
during the day for not more than 2 weeks in
total as the sixth and final instars search for
food and suitable pupation sites. Exposure to

high concentrations of ETCs during this brief
dispersion time will rapidly abort most, if not
all, of the exposed mares, as indicated by the
experimental data and the clinical picture in
central Kentucky during the 2001 outbreak. In
the intense exposure scenario, the full abortifa-
cient potential of the high dosage of ETCs is
inevitably expressed.

Conversely, while the AFT model predicts
that continuous exposure to low doses of ETCs
will eventually abort all exposed susceptible
mares, this is not likely to happen in the field,
where exposure is transient. Once ETC expo-
sure stops, the abortion process eventually
ceases, and the full abortion potential of a low
dose is never achieved. As such, with lower
doses of ETCs, the lag time is longer, and the
actual fraction of possible abortions likely to
occur is smaller.

In such low-exposure circumstances, the
ETCs are less likely to be associated with the
abortion events, which will be more diffuse

Figure 6. Proposed schematic accelerated failure time model for MRLS. Continuing exposure to Eastern tent cater-
pillars (ETCs) commencing at Time 0 is followed by a dose-dependent lag time, indicated by the solid horizontal
bar, after which the abortions commence. The duration of the lag time, the initial maximal rate at which the abor-
tions occur, and the time to abort 100% of the exposed mares are all directly related to the dose of ETCs and, pre-
sumably to the rate of ETC exposure.
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and will tend to meld into the normal back-
ground rate of fetal loss, and will draw little
clinical attention. In this regard, careful review
of clinical records from the previous year by
equine practitioners in central Kentucky has
retrospectively identified cases of MRLS occur-
ring during the 2000 ETC season, before
MRLS had ever been described.c

In retrospect, it is easy to see how previous
episodes of what is now recognized as MRLS in
central Kentucky during the 1980 and 1981
breeding seasons were never linked to the cater-
pillars. Ultrasound technology was not available
in the 1980s, so EFL was not recognized until
spring-bred mares were checked for pregnancy
in the fall, following 1980s management prac-
tices. As such, the critical physical association of
ETCs with the abortion events was missed.

In contrast, the critical factor in the identifi-
cation of MRLS with ETCs in 2001 was the
high concentration of pregnancies closely
monitored first via ultrasound by highly skilled
practitioners, and shortly thereafter by skilled
pathologists and veterinary scientists. EFL was
recognized within hours of its first appearance;
infectious causes were very rapidly ruled out;
and the syndrome was defined and described
within weeks. The caterpillars were rapidly
pinpointed as the likely cause, and an intensive
search for a caterpillar-associated toxin or fac-
tor was underway by Week 3.

During the 2003 season, there have been at
least two other substantial caterpillar infesta-
tions distant from Kentucky, one in New York
involving ETCs, and one in Washington in-
volving Western tent caterpillars. However,
these areas do not have a sufficient number of
pregnant broodmares nor have they been mon-
itored adequately to establish whether MRLS
or another caterpillar-related syndrome was
present. To date, MRLS has not been reported

outside of Kentucky and its adjacent states.
The direct relationship between ETC expo-

sure and the abortion rate suggested that it
should be possible to estimate the rate of ETC
exposure occurring during the 2001 MRLS
outbreak. In performing this analysis, it should
be understood that not all horses in central
Kentucky were exposed to ETCs. As such, it is
not possible to estimate the overall exposure
rates to ETCs throughout the area, but the lev-
els of ETC exposure needed to produce the ac-
tual abortion rates observed as accessions to the
LDDC during the 2001 MRLS outbreak can
be estimated.

To perform this analysis, the daily abortion
accessions rates to the LDDC were trans-
formed into a cumulative abortion curve,
showing that they follow the same general pat-
terns as produced by the AFT analysis (Figure
4). Based on this analysis, it appears that the
initial rate of ETC exposure, as set forth by the
first one-third of field abortions in 2001, was
equivalent to a dose of about 5 g/day, which is
equivalent to approximately 15 ETCs/day.
Thereafter, the abortion rate accelerated, con-
sistent with a rate equivalent to approximately
30 g/day for the last two-thirds of the field
abortions.

The potential intensity of exposure to ETCs
during the 2001 MRLS outbreak is illustrated
by the number of ETCs on a water bucket at a
central Kentucky horse farm (Figure 7). With
regard to the temporal relationship between
the presence of the caterpillars and the onset of
LFL during the 2001 MRLS outbreak, at ap-
proximately 2 PM on Wednesday, May 2, an
epidemiologist from the University of Ken-
tucky visited a Kentucky farm in response to
an outbreak of LFL. He stepped out of his car
in the office driveway onto dispersing ETCs,
unavoidably stepping on huge numbers of
caterpillars underfoot as he proceeded to the
farm office. Later that afternoon, he and an as-

cHolder R: Personal communication, Hagyard-
Davidson-McGee Associates, Lexington, KY, 2003.
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sociate were called to another thoroughbred
farm for assistance with an epidemic of EFL.d

The week before the 2001 Kentucky Derby,
unparalleled numbers of ETCs were dispersing
in central Kentucky, and EFL and LFL were
approaching their peaks (Figure 3).

Finally, this analysis must be put into per-
spective. The MRLS initially consisted of four
distinct syndromes, EFL, LFL, pericarditis,
and unilateral endophthalmitis. Nevertheless,
two other disorders also occurred in association
with exposure to ETCs that have not been in-
cluded in the official definition of MRLS but
must be incorporated in any analysis of the ba-
sic mechanisms of the syndrome. These in-
clude the birth of a significant number of late-
term weak foals20 with up to 50% mortality,
and the more recently identified small number
of cases of Actinobacillus encephalitis also asso-
ciated with the 2001 ETC season.21 As such,
MRLS encompasses at least six different clini-
cal presentations, and this analysis only ad-

dresses LFL syndrome in depth
and is based primarily on acute
high-dose exposures to ETCs.

An unusual aspect of MRLS is
the very wide spectrum of bacteri-
al species isolated from aborted
foals.22 The close fit of the experi-
mental data to the AFT model
may suggest that the role of differ-
ent bacterial species in the abor-
tion events is not a critical deter-
minant of the time to abortion, or
of the fundamental mechanism
that drives this syndrome.

The conclusions drawn from
this analysis are valid for LFL and
throw much light on the epidemi-
ology and clinical presentation of

the 2001 MRLS outbreak. The analysis also
carries some clear messages for further work.
The first thing to consider for any attempts to
quantitatively relate experimental ETC expo-
sure to abortion responses is that the database
must include abortions of all exposed mares.
This is because it is difficult to estimate the
rates of abortion if only a small fraction of the
exposed mares have aborted and, as this analy-
sis shows, it is the rate at which the abortions
occur that relates directly to the dose of ETC
abortigenic activity. It is acknowledged that
there is a possibility of different results if a
larger population of animals (and additional
doses of ETCs) were included in the AFT
analysis; however, the data evaluated by the
model were highly suggestive of the conclu-
sions drawn.

The second factor, and the one that is not ad-
dressed in this analysis, is the apparent ability of
horses and late-term fetuses in utero to resist
the mechanism of ETC–induced abortions and
the other syndromes associated with MRLS.
The birth of a large number of weak foals with
high mortality during the 2001 ETC season is

dPowell D: Personal communication, University of
Kentucky, Gluck Equine Research Center, Lexing-
ton, KY, 2001.

Figure 7. Water bucket on a Kentucky horse farm demonstrating the in-
tensity of exposure of horses to Eastern tent caterpillars during spring of
2001. (Photo courtesy of Henry Q. Murphy).
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consistent with an MRLS–related subclinical
disease that failed to produce “dead foal” cases
of LFL. These cases and the small number of
pericarditis and uveitis cases illustrate a sub-
stantial resistance to the pathogenic mechanism
of MRLS in late-term fetuses and in horses in
general, which needs to be taken into account
in any model of the pathogenesis of MRLS.

The quantitative aspects of the interactions
between ETCs and late-term pregnant mares
set forth in this communication are unusual
and suggest a rate-limiting, quantal, irreversible
step in the pathophysiology of the MRLS.

Reviewing the unique spectrum of clinical
syndromes that comprise MRLS, the authors
have suggested that the fundamental underly-
ing pathophysiologic mechanism of MRLS is
the ability of barbed ETC setal fragments to
penetrate moving tissues, thereby mechanically
facilitating entry of miscellaneous bacteria
(“bacterial hitchhikers”) carried on (or in) such
septic penetrating setal fragments.

Following oral exposure to ETCs, these sep-
tic setal fragments penetrate the gastrointesti-
nal tract and intestinal blood vessels, through
which septic materials distribute to distant tis-
sues following cardiac output. The redistribut-
ing septic materials may be bacteria, bacterial
emboli, or small, septic setal fragments. In
most tissues, such septic materials are readily
handled by the immune system. In tissues con-
taining a significant volume of extracellular
fluid, bacterial proliferation may be less well
controlled. Entry of septic materials into the
fetal fluids results in rapid bacterial prolifera-
tion, followed by the EFL and LFL syndromes.
Distribution to one eye of a quantum of septic
materials yields the low incidence of unilateral
uveitis that is virtually unique to MRLS. The
pericarditis lesions reflect the central role of the
heart in the circulatory system and its unusual-
ly high exposure to circulating septic materials.

This mechanism is quantal in nature, and

the effect on the early fetus, once penetration
of the fetal membranes has occurred, is essen-
tially irreversible. The hypothesis, which has
previously been presented,18,23,24 explains the
unusual quantitative aspects of MRLS present-
ed here, as well as the unusually broad spec-
trum of bacterial pathogens involved in
MRLS. It is also consistent with the historical
ability of setal fragments to penetrate moving
tissues and the more recent identification of
large numbers of setal fragments encased in
microgranulomas reported in the intestinal
tracts of ETC treated pigs.25 This hypothesis
has been set forth in detail, and is the basis of
a forthcoming publication.26
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