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ABSTRACT

Background: Sepsis has been defined in humans as the concurrent proven or suspected presence of microbial infection and
the systemic inflammatory response syndrome (SIRS). Sepsis is the leading cause of morbidity and mortality in neonatal foals.
The clinical utility of using SIRS or its individual components to predict infection and mortality in critically ill foals is currently
unknown.

Objectives: Assess the ability of history and signalment, clinical findings, laboratory results, and SIRS-related indices to predict
infection and mortality in critically ill foals.

Animals: Retrospective, multi-center, cross-sectional study using a convenience sample of 1068 critically ill foals < 3 days of age
admitted to 16 veterinary referral hospitals in 4 countries.

Methods: Data were retrieved from medical records. Infection was defined as the presence of bacteremia (positive blood culture)
or clinical identification of an infected focus on admission. Univariate non-parametric and categorical methods, multivariate
logistic regression, and classification tree methods were used for statistical analysis.

Abbreviations: AG, anion gap; AUC, area under the curve; ROC, receiving operating characteristic; SID ,, measured strong ion difference; SIG, strong ion gap; SIRS, systemic inflammatory
response syndrome; USI, unmeasured strong ions.
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Results: Foal age at admission and presence of toxic neutrophils were independent predictors of infection, whereas SIRS-related

indices were not predictive of infection. In-hospital mortality was 24%. Independent predictors for mortality were hypokinetic

pulses, cold extremities, presence of seizures, blood L-lactate concentration >6.0mmol/L, and increased serum potassium and

total bilirubin concentrations.

Conclusions and Clinical Importance: The presence of infection in critically ill newborn foals was not predicted by SIRS
indices. Cardiovascular dysfunction was strongly associated with mortality, suggesting that maintaining adequate perfusion and

pulse pressure should be important treatment goals.

1 | Introduction

The systemic inflammatory response syndrome (SIRS) is a gen-
eralized inflammatory state that is identified using selected
physical examination findings and the results of laboratory
analysis [1, 2]. Sepsis in foals has been defined as the concur-
rent identified or suspected presence of microbial infection and
SIRS,* and is a common cause of morbidity and mortality in
newborn and neonatal foals [1-3]. Treatment of sepsis requires
an intensive approach that includes prompt administration of
antimicrobial drugs, IV administration of fluids and vasopres-
sor agents to ensure adequate oxygen delivery and mean arte-
rial blood pressure, ancillary treatments for inflammation and
coagulopathy, and frequent monitoring of organ function [3, 4].
Sepsis in newborn foals frequently is accompanied by failure
of transfer of passive immunity, and newborn foals with clin-
ical signs of omphalophlebitis, meningoencephalitis, arthritis,
pneumonia, or enterocolitis often are assumed to have sepsis [4].
Isolation of bacteria from a blood culture without concurrent
presence of systemic inflammation does not meet the current
definition of sepsis in foals?.

The definition of SIRS in adult humans originally was based on
the presence of 2 or more of the following: abnormal tempera-
ture, tachycardia, tachypnea, or abnormal leukocyte count [5].
Studies in calves [6], dogs, cats [7], and foals [8-10], have em-
ployed SIRS-related indices with species and age adjusted cut-
points for the reference range, but, to our knowledge, the clinical
utility of the SIRS construct in domestic animals has not been
proven. We hypothesized that infection and the likelihood of
mortality in newborn foals could be predicted on admission to
veterinary referral hospitals, based on history, signalment, phys-
ical examination findings, laboratory results, and SIRS-related
indices. With this information, we intended to develop a defi-
nition of SIRS in newborn foals that would be validated using
prospectively collected data.

2 | Materials and Methods
2.1 | Animals

The study population was a convenience sample of new-
born foals (n=1068) <3days of age admitted to 16 veteri-
nary referral hospitals in 2016 and 2017 (Table S1). Thirteen
of the hospitals were in the United States, with 1 each in
Australia, England, and Italy. At least 40 breeds of horses
were represented, with Thoroughbreds, Quarter Horses, and
Standardbreds accounting for 603 (56%) of the study popula-
tion (Table S2). Ponies and other Equidae were excluded from

the study. Newborn colt foals comprised 59% of total newborn
admissions.

2.2 | Review of Medical Records and Calculation
of SIRS Indices

Information retrieved from the medical records included sig-
nalment (age, sex, breed), dam age and parity, whether the
current and previous parturitions were normal or abnormal, if
the foal was premature based on its gestation length, whether
the dam had produced an abnormal foal in previous pregnan-
cies, and the duration of hospitalization. Medical record data
was anonymized and approval to analyze the data in the med-
ical record was obtained. The following physical examination
findings were recorded for each foal at admission, when avail-
able: rectal temperature, heart rate, arterial pulse characteris-
tics (normal or hypokinetic if the pulse was present but pulse
pressure was decreased), respiratory rate, muscle tone (nor-
mal or decreased), mental state (normal or depressed), and
the presence or absence of seizures, petechiae, musculoskele-
tal deformity, >1 infected sites, and cold extremities. Results
from the following laboratory analyses were recorded for each
foal at admission, when available: venous blood culture, he-
matologic analysis, serum biochemical analysis, and venous
or arterial blood gas analysis. Blood cultures were obtained
from foals by aseptic preparation of the skin over the jugular
or cephalic vein, aseptic collection of at least 5SmL of blood
through a needle or IV catheter into a blood culture tube and
immediate aerobic culture at 37°C for at least 24 h. Larger col-
lection volumes and additional culture methods were used at
some hospitals.

Blood culture results were recorded as positive (>1 bacterial
species isolated) or negative, but information related to bacte-
rial identification was not retrieved from the medical record.
Blood pO, results were not recorded because of insufficient
information in most records as to whether a venous or arterial
sample had been obtained and whether the foal was receiving
intranasal O, or other respiratory support at the time of sam-
pling. Actual bicarbonate concentration (cHCO,"), base ex-
cess, and anion gap (AG) were calculated as described [6]. The
simplified quantitative physicochemical strong ion approach
[11, 12] also was used to allow a more comprehensive assess-
ment of the acid-base status of the foals. Measured strong ion
difference (SID,, mmol/L) was calculated from the plasma
concentrations of 4 strong ions (sodium, chloride, potassium,
L-Lactate) such that:

SID, =cNa*t +¢K* —cCl™ —c¢(L-lactate™) (1)
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An estimate of the unmeasured strong ion concentration was
obtained by calculating the strong ion gap (SIG, mmol/L), de-
fined as the difference between the plasma concentration of
unmeasured strong cations and unmeasured strong anions [12],
such that:

SIG = {2.24 x (total protein, g/dL)/(1+10¢%PH) 1 —AG (2)

Strong ion gap was corrected for measured plasma L-lactate
concentration to obtain an estimate of the concentration of un-
identified strong ions (USI, mmol/L) which represented the un-

measured strong ion difference (SID, , mmol/L), such that:

USI = SID,,,, = SIG + ¢(L — lactate™) 3)

A diagnosis of SIRS was made on admission using recommen-
dations from the 2018 Dorothy Russel Havemeyer SIRS and
Sepsis in Foals Working Group.? For newborn foals, SIRS was
defined as being present if 2 or more of the following criteria
were fulfilled on admission: presence of an abnormal leukocyte
count (i.e., leukopenia or leukocytosis; reference interval, 7000
to 14400cells/uL, or >5% band neutrophils), abnormal rec-
tal temperature (reference interval, 99.0 to 102.5°F), abnormal
heart rate (i.e., tachycardia or bradycardia; reference interval,
60 to 115 beats per minute), abnormal respiratory rate (reference
interval, 30 to 56 breaths per minute), provided that at least 1 of
the criteria was abnormal rectal temperature or abnormal leu-
kocyte count. A modified sepsis score for critically ill foals, as
proposed previously [13], was not calculated because 1 or more
components were not available for most foals.

2.3 | Statistical Analyses

The final data set used for analysis was developed by aggregat-
ing 16 separate data sets and standardizing the units for continu-
ous variables and responses for categorical variables. Data entry
errors were identified when physiologically implausible (e.g.,
cNa* of 4.1 mmol/L) and assigned as missing data. Software pro-
grams (PROC MIXED, PROC REG; SAS 9.4, SAS Inc., Cary NC;
MedCalc Statistical Software version 15.11.4, MedCalc Software
bvba, Ostend, Belgium; and the rpart package in R) were used
for statistical analyses. A p <0.01 was considered significant be-
cause of the large numbers of foals in the dataset and the num-
ber of predictors evaluated.

The primary purpose of our retrospective study was to iden-
tify variables that were predictive of the presence of infection
and in-hospital mortality, with the intention being that highly
predictive variables would be studied in more detail in a future
prospective multi-center study. As such, the data set was not
separated into training and test samples. The initial statistical
analysis was confined to identifying predictors and associations
for newborn foals on admission. Newborn foals were defined as
those <72h of age. This age range was selected for analysis be-
cause of the distinct age-related and maturational physiological
differences over the first few weeks of life in foals [14],* and age-
specific ranges for diagnosing SIRS have been recommended for
use in humans [15]. Categorical data were presented as percent-
ages and proportions and compared using the Chi-square test.
Continuous data were presented as medians and ranges because

most of the data were not normally distributed as indicated by
the Shapiro-Wilk W test and visual examination of QQ-plots.
The Mann Whitney U-test was used for comparison of contin-
uous variables.

The first outcome variable of interest was the identification of
infection, defined as the presence of bacteremia (positive blood
culture) or clinical identification of an infected focus on admis-
sion. The study population for this analysis was newborn foals
that had at least 1 blood culture performed on admission to 16
veterinary referral hospitals in 2016 and 2017. The second out-
come variable of interest was in-hospital mortality, defined as
newborn foals that died or were euthanized during their hospi-
tal stay. The study population for this analysis was all newborn
foals admitted to 16 veterinary referral hospitals in 2016 and
2017. Binomial logistic regression and classification tree meth-
ods were used to characterize the associations between various
factors and the presence of bacteremia or an infected focus on
admission and in-hospital mortality.

A stepwise forward binomial logistic regression model was
developed to determine the relationship between in-hospital
mortality and selected independent categorical or continuous
variables of interest that had a p value for predicting infection
or mortality <0.05 for entry into the model. Based on the study
factors of interest, 3 logistic regression models were built: the
first model used all potentially useful predictors that could be
obtained rapidly before or on admission (history, signalment,
and physical examination model); the second model was
based exclusively on laboratory findings (laboratory model);
and the third model utilized all available data. Variables were
selected for inclusion in the stepwise logistic regression pro-
cedure if they were biologically relevant based on evidence of
being predictive of outcome in previous studies. Moreover, to
minimize the effects of collinearity, when 2 continuous vari-
ables were closely correlated (r,>10.601), only the variable that
had the lowest p value for the outcome of interest was entered
into the model. The relative importance of included variables
was assessed by the order of entry into the model. Interaction
terms were not investigated for each significant predictor in
the multivariate model because interaction terms make it
difficult to interpret coefficient values [16]. The fit of each
final logistic regression model was evaluated by means of the
Hosmer-Lemeshow goodness-of-fit test. The area under the
receiver operating characteristic (ROC) curve was calculated
and used as a global index of test performance. Area under the
curve (AUC) values for ROC curves > 0.9 typically indicate a
highly accurate test, whereas AUC values of 0.7-0.9 indicate
moderate accuracy, 0.5-0.7 low accuracy, and 0.5 a chance re-
sult [17]. Sensitivity (Se) and specificity (Sp) were calculated at
the optimal cut-point of the ROC determined by the Youden
index (the cut-point where the following expression has its
maximum value: Se + Sp=1), which equally weights Se and
Sp. The overall accuracy (percent of correct predictions) also
was calculated.

Classification tree analysis was performed using surrogate vari-
ables for foals with missing data for 1 or more factors. The Gini
splitting criterion was used to initially identify the variable and
split pattern that optimally partitioned the node, provided that
each node contained >10% of the study population. The fitted
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tree then was pruned by using the complexity parameter value
associated with the lowest cross-validated error obtained from
10-fold cross validation. The latter method minimizes overfit-
ting of the model by randomly splitting the data set into 10 parts
and averages the results for 10 classification trees obtained by
leaving out 1 of the 10 parts in turn.

3 | Results
3.1 | Foals With an Identified Infection

Blood cultures were obtained from 496 foals (46.4% of 1068
foals), with 134 (27.0%) being positive (Table 1). The presence
or absence of infections at non-blood sites was stated in the
medical records of 605 foals, of which 455 foals had a blood
culture performed. Forty-five of the 455 foals (9.9%) had an
infection identified at a non-blood site by physical examina-
tion or laboratory methods such as cytology or culture of an
aspirate or tissue sample; 15 of these foals were also bacte-
remic. The data set that was analyzed therefore contained 455
newborn foals with an infection identified (n =164 =134+ 30;
36.0%) or no infection detected (n=291; 64.0%). Table 2 con-
tains SIRS-related indices, signalment, history, physical ex-
amination findings and laboratory results of foals with and
without an identified infection.

The 2018 Havemeyer definition for SIRS? could be determined
for 431 foals, which represented 94.7% of the study population
of foals with or without an identified infection. The overall
prevalence of SIRS was high (69.6%), and the percentage of
foals with an infection identified on admission that had SIRS
(73.1%) was not different from the percentage of foals that did
not appear to have an infection (71.3%). Univariate analysis
indicated that foals with an identified infection were older on
admission (Table 2). Most of the significant differences were
for laboratory results. Foals with an identified infection at ad-
mission had decreased leukocyte, neutrophil, lymphocyte, and
monocyte counts, and a higher proportion of foals had band
neutrophils and toxic neutrophils present. Foals with an iden-
tified infection had lower serum GGT activity and serum urea
nitrogen concentration and higher fibrinogen concentration
on admission.

Multivariate logistic regression using signalment, history,
and physical examination data available for >50% of the foals
(>227) identified foal age as a predictor for identified infection
(Table 3). The ROC curve for the model had an AUC of 0.62
(Figure 1, left panel). The predicted probability of infection in-
creased almost linearly with time since birth (Figure 1, right
panel). Multivariate logistic regression using laboratory data
that was available for > 50% of the foals and based on 12 poten-
tial predictors with p <0.05 (n =270) identified toxic neutrophils
as a predictor for identified infection (Table 3). The ROC curve
for the model had an AUC of 0.64 (Figure 2) and Se=0.57 and
Sp=0.68. Multivariate logistic regression using all data avail-
able for > 50% of the foals and based on 13 potential predictors
identified 2 predictors for identified infection: foal age and pres-
ence of toxic neutrophils (Table 3). The ROC curve for the final
2 factor model had an AUC of 0.81 (Figure 3). Classification tree
analysis for identified infection on admission based on all data

available from 455 foals and the 13 predictor variables used for
logistic regression (270 foals) did not produce a reliable predic-
tive model.

3.2 | In-Hospital Mortality

The number of bacteremic and infected foals, SIRS-related in-
dices, signalment and history, physical examination findings,
and laboratory results on admission for survivors and non-
survivors are summarized in Table 1. In-hospital mortality rate
was 23.8%, with 814 foals surviving and 254 foals not surviving
until discharge. Of the 254 foals, 86 (33.9%) died spontaneously,
whereas 168 (66.1%) were euthanized.

The number of foals in different clinical categories and the re-
spective proportion of non-surviving foals are summarized in
Table 1. Blood cultures were obtained at admission in 46.4% of
the foals and were obtained in a higher proportion in foals that
did not survive (61.4%) than foals that survived (41.8%). The per-
centage of blood cultures that were positive for survivors (29.4%)
was similar to that for foals that did not survive (21.8%).

The 2018 Havemeyer definition for SIRS? could be determined
for 653 foals, representing 61.1% of the study population. The
overall prevalence of SIRS was high (64.9%), and the prevalence
of SIRS was higher in non-survivors (81.3%) than survivors
(60.5%). The 2018 Havemeyer definition of SIRS? was predictive
of in-hospital mortality in the univariate analysis. Chi-square
analysis indicated that of the four 2018 Havemeyer SIRS-related
indices?, abnormal rectal temperature and leukocyte count were
predictive of in-hospital mortality, whereas abnormal heart rate
or respiratory rate were not predictive of outcome.

Univariate analysis indicated that rectal temperature was lower,
capillary refill time longer, and foal age at admission lower in
non-survivors (Table 1). Chi-square analysis indicated that
abnormal parturition, prematurity of the foal, and presence
of decreased muscle tone, depressed mental status, seizures,
cold extremities, hypokinetic pulses, hyperemic mucous mem-
branes, petechiae, musculoskeletal deformity, and an infected
site other than the intravascular compartment (e. g., septic ar-
thritis, omphalophlebitis, pneumonia, uveitis) were predictive of
in-hospital mortality.

Univariate analysis identified significant differences between
survivors and non-survivors for many clinical pathology an-
alytes (Table 1). Compared with survivors, non-survivors had
lower blood pH, cHCO,™, and base excess, and higher blood L-
lactate concentration and AG on admission. Unmeasured strong
ion concentration (SID ) was similar and low for survivors
(=2.0mmol/L) and non-survivors (—2.3mmol/L). Total protein
and IgG concentrations were lower in non-survivors, whereas
albumin concentrations were similar. Non-survivors also had
lower glucose concentrations, higher potassium, phosphate,
and creatinine concentrations, and higher creatine kinase ac-
tivity than survivors on admission. Consistent differences in
leukocyte numbers were observed between the 2 groups, with
non-survivors having lower numbers of leukocytes, neutrophils,
monocytes, and platelets than survivors on admission, as well
as lower neutrophil to lymphocyte ratios. Despite lower overall
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TABLE1

findings, and laboratory values on admission of 1068 newborn foals < 3 days of age.

| Association of in-hospital mortality with identification of infection, SIRS-related indices, signalment and history, physical examination

Survivors Non-survivors
Identification of infection N n number (%) n number (%) 4]
Blood culture performed (% total) 496 340 41.8% (340/814) 156 61.4% (156/254) <0.0001
Blood culture positive (% cultured) 134 100 29.4% (100/340) 34 21.8% (34/156) 0.08
Non-blood infected site identified 605 483 6.0% (29/483) 122 13.1% (16/122) 0.01
Infection identified 455 349 34.1% (119/349) 106 42.5% (45/106) 0.12
Survivors Non-survivors
SIRS-related indices N n number (%) n number (%) 4
Abnormal temperature (%) 988 776 21.7% (168/776) 212 43.9% (93/212) <0.0001
Abnormal heart rate (%) 1007 788 42.3% (333/788) 219 51.1% (112/219) 0.02
Abnormal respiratory rate (%) 987 776 48.1% (373/776) 211 54.5% (115/211) 0.10
Abnormal leukocyte count (%) 693 541 56.4% (305/541) 152 73.0% (111/152) 0.0002
SIRS present-2018 Havemeyer 653 514 62.5% (321/514) 139 81.3% (113/139) <0.0001
definition (%)
Signalment and Survivors % or median Non-survivors % or
history N n and (range) n median and (range) p
Parturition abnormal 891 682 36.7% (250/682) 209 54.1% (113/209) <0.0001
Premature foal 874 677 5.9% (40/677) 197 15.2% (30/197) <0.0001
Gestation length (days) 696 537 340 (281-425) 159 340 (298-402) 0.01
Foal age (hours) 970 742 12 (0-72) 228 5(0-72) 0.0002
Dam age (years) 588 458 9(3-25) 130 10 (4-23) 0.62
Dam parity 455 356 2(1-11) 99 2(1-13) 0.45
Dam had abnormal foal 458 363 25.1% (91/363) 95 27.4% (26/95) 0.65
previously
Filly foal 986 770 40.7% (313/770) 216 39.4% (85/216) 0.73
Placed on intranasal O, 582 457 21.1% (96/457) 125 60.8% (76/125) <0.0001
Duration of 1038 798 5(1-92) 240 2 (0-40) <0.0001
hospitalization (days)
Physical examination Survivors % or median Non-survivors % or
findings N n and (range) n median and range P
Rectal temperature (°F) 988 776 100.5 (91.9-105.8) 212 99.6 (90.2-104.8) <0.0001
Heart rate (beats/min) 1007 788 104 (50-205) 219 106 (32-200) 0.28
Respiratory rate 987 776 32 (4-140) 211 32 (4-120) 0.88
(breaths/min)
Decreased muscle tone 725 564 31.0% (175/564) 161 66.5% (107/161) <0.0001
Depressed 736 559 30.2% (171/569) 167 63.5% (106/167) <0.0001
Seizures present 1023 804 3.9% (31/804) 219 18.7% (41/219) <0.0001
Cold extremities 968 762 19.4% (148/762) 206 54.9% (113/206) <0.0001
Hypokinetic pulses 962 755 14.0% (106/755) 207 50.2% (104/207) <0.0001
Hyperemic mucous 938 741 19.2% (142/741) 197 41.1% (81/197) <0.0001
membranes
(Continues)
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TABLE1 | (Continued)

Physical examination

Survivors % or median

Non-survivors % or

findings N n and (range) n median and range P
Capillary refill time 303 243 2(1-4) 60 2(1-5) 0.001
(seconds)
Petechiae 996 781 3.1% (24/781) 215 8.4% (18/215) 0.01
Musculoskeletal 1000 779 15.2% (118/779) 221 24.9% (55/221) 0.01
deformity
Survivors median Non-survivors
Laboratory values N n (range) n median (range) P
Venous blood pH 196 138 7.38 (6.86-7.50) 58 7.30 (6.90-7.48) <0.0001
pCO, (mm Hg) 302 224 39 (12-113) 78 45 (16-134) 0.04
HCO, (mmol/L) 192 135 26.8 (10.8-42.1) 57 23.6 (10.8-37.1) 0.01
Base excess (mmol/L) 192 135 1.8 (-15.9-17.5) 57 —2.6 (-17.8-10.7) 0.01
Na (mmol/L) 770 609 137 (115-165) 161 137 (112-154) 0.63
K (mmol/L) 722 557 3.8(1.1-11.8) 165 4.2(2.0-7.5) <0.0001
Total Ca (mg/dL) 685 535 11.2 (3.9-19.7) 150 11.5(6.4-20.2) 0.04
Ca-ionized (mmol/L) 188 141 1.46 (0.73-2.25) 47 1.48 (0.81-2.20) 0.12
Mg-ionized (mmol/L) 187 148 0.68 (0.22-1.19) 39 0.58 (0.24-1.20) 0.08
Cl (mmol/L) 772 601 96 (69-123) 171 96 (71-124) 0.67
P (mg/dL) 624 491 5.4 (2.4-19.8) 133 5.8 (3.4-14.3) 0.01
L-lactate (mmol/L) 607 454 3.5(0.6-23.0) 153 7.0 (0.9-23.0) <0.0001
Anion gap (mmol/L) 217 128 15.1 (—=9.0-46.6) 49 19.0 (6.8-29.0) 0.01
SID, (mmol/L) 537 404 39.8 (12.9-56.6) 133 37.4(17.3-52.0) 0.01
Strong ion gap 170 124 —6.0 (—41.4-17.5) 46 —8.7 (=21.5-2.9) 0.02
(mmol/L)
SID,_ (mmol/L) 162 118 —2.0 (~19.6-20.3) 44 -2.3(-13.8-8.0) 0.89
GGT (U/L) 410 321 29 (7-1347) 89 25 (7-79) 0.02
AST (U/L) 473 375 170 (39-2316) 98 173 (24-3476) 0.83
CK (U/L) 472 376 479 (27-55020) 96 764 (41-22000) 0.003
Glucose (mg/dL) 811 629 126 (10-306) 182 96 (3-375) <0.0001
Total bilirubin (mg/ 696 551 3.7(0.1-27.7) 145 4.0(0.1-16.7) 0.01
dL)
Creatinine (mg/dL) 849 663 2.2(0.5-31.9) 186 3.3(0.7-28.8) <0.0001
SUN (mg/dL) 657 520 25 (2-167) 137 33(5-577) 0.01
PCV (vol %) 705 550 39 (10-54) 155 39 (8-70) 0.97
Total protein (g/dL) 926 732 4.8(2.9-8.4) 194 4.4(2.3-8.2) 0.002
Albumin (g/dL) 744 583 2.5(1.4-4.3) 161 2.6 (1.4-3.6) 0.96
Globulin (g/dL) 724 566 2.2(0.2-6.0) 158 1.9 (0.0-5.6) 0.02
IgG (mg/dL) 533 44 800 (2-5000) 92 498 (0-2333) <0.0001
Serum amyloid A (mg/ 106 85 67 (0.5-1996) 21 242 (1.5-825) 0.28
dL)
(Continues)
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TABLE1 | (Continued)

Survivors median

Non-survivors

Laboratory values N n (range) n median (range) P
Fibrinogen (mg/dL) 614 488 300 (100-1200) 126 365 (50-1320) 0.08
Leukocytes (cells/uL) 693 541 7400 (780-94400) 152 4990 (550-23560) <0.0001
Neutrophils (cells/uL) 666 526 5800 (70-84960) 140 3170 (20-18850) <0.0001
Band neutrophils 359 286 0 (0-10400) 73 0(0-36000) <0.0001
(cells/uL)

Band neutrophils (% of 359 285 0(0-99.0) 73 0(0-99.8) <0.0001
total)

Band neutrophils 359 286 32.2% (92/286) 73 41.1% (30/73) 0.15
present

Toxic neutrophils 477 382 33.8% (129/382) 95 49.5% (47/95) 0.005
present

Lymphocytes (cells/ 667 526 1287 (170-8500) 141 1170 (48-4600) 0.16
uL)

Neutrophil to 662 523 4.6 (0.1-92.0) 139 2.4 (0.1-46.0) <0.0001
lymphocyte ratio

Monocytes (cells/uL) 660 524 190 (0-1700) 136 108 (0-1890) 0.0003
Eosinophils (cells/pL) 656 523 0 (0-600) 133 0 (0-300) 0.88
Basophils (cells/uL) 642 511 0 (0-384) 130 0 (0-50) 0.21
Platelets (cells/uL) 347 274 190000 (4000-463 000) 73 161000 (12000-420000) 0.003

Note: Data were obtained from the medical records of 16 referral veterinary hospitals over 2years. The number of survivors and non-survivors were 814 (76.2%) and
254 (23.8%), respectively. N is the total number of foals with data available for the study variable; n is the number of foals with data available that survived or did not

survive.

Abbreviations: AST =aspartate aminotransferase activity, CK =creatine kinase activity, GGT =gamma glutamyltransferase activity, IgG =Immunoglobulin G
concentration, PCV =packed cell volume, SIRS =systemic inflammatory response syndrome, SUN =serum urea nitrogen. Variables and thier associated p values that

are significantly (p <0.01) associated with infection are presented in bold font.

neutrophil numbers, non-survivors had higher percentages of
toxic neutrophils.

Multivariate logistic regression using signalment, history, and
physical examination data available for > 50% of the foals (> 534)
and based on 13 potential predictors with p <0.05 identified 2
predictors for in-hospital mortality: hypokinetic pulses and cold
extremities (Table 2). The ROC curve for the final 2-factor model
had an AUC of 0.77 (Figure 3). Logistic regression using labora-
tory data that was available for > 50% of the foals and, based on
14 potential predictors with p <0.05, identified 2 predictors for
in-hospital mortality (Table 4): increased blood L-lactate con-
centration and increased plasma or serum potassium concentra-
tion (Table 2). The ROC curve for the final 2-factor model had
an AUC of 0.76 (Figure 3). Logistic regression using all data that
was available for >50% of the foals and based on 27 potential
predictors identified 2 predictors for in-hospital mortality: hypo-
kinetic pulses and increased serum total bilirubin concentration
(Table 2). The ROC curve for the final 2-factor logistic regression
model had an AUC of 0.81 (Figure 3).

Classification tree analysis for observed foal mortality based
on all data available is presented in Figure 4. The analysis in-
dicated that in-hospital mortality was associated with 2 physi-
cal examination abnormalities (hypokinetic pulses, presence of
seizures) and 1 laboratory abnormality (L-lactate concentration

> 6.0mmol/L). The most significant factor in predicting mortal-
ity was hypokinetic pulses, followed by the presence of seizures
and increased blood L-lactate concentration. Overall diagnostic
performance of the classification tree analysis was Se=0.33,
Sp=0.93, and accuracy of 78.7%.

4 | Discussion

The driving force for our study was the urgent need to identify
rapid, practical, and sufficiently accurate diagnostic tests for in-
fection in newborn foals. Contrary to our hypothesis, we found
that the ability to predict infection in critically ill newborn foals
using history, signalment, physical examination findings, labo-
ratory results, and SIRS-related indices was poor to fair. Indices
related to SIRS, such as abnormal rectal temperature, heart rate,
respiratory rate, and leukocyte count, were not predictive of in-
fection in newborn foals.

Characterization of the leukocyte profile was the most infor-
mative predictor of the presence of infection. Categorical and
non-parametric analyses indicated that the presence of toxic
neutrophils; decreased leukocyte, neutrophil, lymphocyte, and
monocyte counts; and, increased band neutrophil counts and
plasma fibrinogen concentration were associated with the pres-
ence of infection. Logistic regression analysis indicated that the
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TABLE 2 | Association of SIRS-related indices, signalment and history, physical examination findings, and laboratory values of 455 newborn
foals without (n =291, 64.0%) or with (n =164, 36.0%) infection.

SIRS-related indices N n No infection % n Infection % P
Abnormal rectal temperature 445 283 29.7% (84/283) 162 30.9% (50/162) 0.79
Abnormal heart rate 447 284 37.7% (107/284) 163 36.1% (64/163) 0.74
Abnormal respiratory rate 442 280 52.9% (148/280) 162 59.3% (96/162) 0.19
Abnormal leukocyte count 442 284 64.4% (183/284) 158 69.0% (109/158) 0.33
SIRS present-2018 Havemeyer 431 275 72.4% (199/275) 156 75.6% (118/156) 0.46
definition?® (%)
No infection % or Infection % or
Signalment and history N n median and range n median and range P
Parturition abnormal 365 243 45.7% (111/243) 122 40.2% (49/108) 0.32
Premature foal 359 231 11.3% (26/231) 128 6.3% (8/114) 0.12
Gestation length (days) 271 187 339 (311-425) 84 340 (300-361) 0.21
Foal age (hours) 406 259 9 (0-72) 147 24 (0-72) <0.0001
Dam age (years) 353 226 9(3-24) 127 9 (3-25) 0.87
Dam parity 289 208 2(1-13) 81 2 (1-11) 0.35
Previous abnormal foal 283 190 27.4% (52/190) 93 26.9% (25/93) 0.93
Filly foal 440 278 41.7% (116/278) 162 40.1% (65/162) 0.74
No infection % or Infection % or
Physical examination findings N n median and range n median and range P
Rectal temperature (°F) 445 283 100.4 (91.9-105.8) 162 100.2 (92.8-104.8) 0.84
Heart rate (beats/min) 447 284 100 (50-200) 163 100 (40-200) 0.44
Respiratory rate (breaths/min) 442 280 32 (4-94) 162 32 (4-120) 0.27
Decreased muscle tone 440 286 44.4% (127/286) 154 45.5% (70/154) 0.83
Depressed 441 285 45.3% (129/285) 156 48.2% (69/156) 0.83
Seizures present 452 290 7.6% (22/290) 162 9.3% (15/162) 0.53
Cold extremities 433 285 32.6% (93/285) 145 39.2% (58/145) 0.17
Hypokinetic pulses 432 286 30.1% (86/286) 146 32.2% (47/146) 0.65
Hyperemic mucous membranes 398 248 40.3% (100/248) 150 39.3% (59/150) 0.85
Capillary refill time (seconds) 174 94 2(1-4) 80 2 (1-5) 0.05
Petechiae 44 286 3.9% (11/286) 155 5.8% (9/155) 0.34
Musculoskeletal deformity 435 275 14.6% (40/275) 160 15.0% (24/160) 0.90
Placed on intranasal O, 173 81 35.8% (29/81) 92 35.9% (33/92) 0.99
No infection % or Infection % or
Laboratory values N n median and range n median and range 4
Venous blood pH 122 67 7.36 (6.99-7.46) 55 7.34 (6.86-7.48) 0.53
pCO, (mm Hg) 126 68 49 (30-88) 58 45 (24-134) 0.21
HCO, (mmol/L) 122 67 25.9 (12.8-37.0) 55 24.4(11.2-38.7) 0.11
Base excess (mmol/L) 122 67 1.4 (-15.3-10.9) 55 —0.6 (=15.9-16.3) 0.15
Na (mmol/L) 433 277 136 (115-165) 156 138 (117-156) 0.03
(Continues)
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TABLE 2 | (Continued)

No infection % or

Infection % or

Laboratory values N n median and range n median and range 4
K (mmol/L) 422 272 3.9 (2.0-7.5) 150 3.8 (1.1-6.4) 0.53
Total Ca (mg/dL) 407 266 11.3 (5.9-19.7) 141 11.2 (7.8-14.8) 0.02
Ca-Tonized (mmol/L) 96 48 1.48 (0.73-1.80) 48 1.45 (0.79-2.25) 0.13
Mg-Ionized (mmol/L) 107 60 0.44 (0.24-0.70) 47 0.42 (0.29-0.78) 0.40
Cl (mmol/L) 422 271 96 (69-123) 151 97 (77-124) 0.08
P (mg/dL) 394 260 5.4(2.6-19.8) 134 5.8(2.8-13.1) 0.14
L-lactate (mmol/L) 405 256 4.0 (0.8-23.0) 149 4.7 (0.6-21.7) 0.34
Anion Gap (mmol/L) 111 64 16.0 (2.1-39.0) 47 16.3 (5.4-34.6) 0.77
SID, (mmol/L) 367 236 39.2(26.5-56.6) 131 38.6 (21-7 - 52.8) 0.31
Strong ion gap (mmol/L) 106 60 —6.2(—41.4-6.8) 46 —7.4 (=23.5-3.0) 0.47
SID,,_ (mmol/L) 104 58 -1.5(=19.6-8.0) 46 —2.7(012.0-7.5) 0.55
GGT (U/L) 222 124 29 (7-88) 98 24 (7-1347) 0.01
AST (U/L) 223 124 195 (50-2110) 99 191 (33-3476) 0.77
CK (U/L) 234 136 581 (41-55020) 98 535 (77-23346) 0.87
Glucose (mg/dL) 27 266 116 (6-375) 161 121 (3-306) 0.93
Total Bilirubin (mg/dL) 414 278 3.6 (1.0-15.2) 136 4.3(0.1-13.9) 0.01
Creatinine (mg/dL) 435 284 2.3(0.5-30.2) 151 1.9 (0.7-30.3) 0.06
SUN (mg/dL) 384 244 38 (4-122) 140 28 (2-167) 0.0003
PCV (vol %) 445 285 39.0 (15.0-56.0) 160 38.5(17-58) 0.65
Total Protein (g/dL) 438 281 4.7(2.3-8.2) 157 5.0 (3.0-8.4) 0.02
Albumin (g/dL) 418 277 2.4(1.4-4.3) 141 2.5(1.4-3.8) 0.01
Globulin (g/dL) 410 270 2.2 (0-5.6) 140 2.2(0.7-6.0) 0.26
IgG (mg/dL) 257 149 800 (0-3135) 108 708 (2-2813) 0.74
Serum Amyloid A (mg/dL) 65 38 74 (1-1996) 27 227 (3-1534) 0.22
Fibrinogen (mg/dL) 383 253 300 (100-1320) 130 400 (100-1016) 0.0003
Leukocytes (cells/uL) 442 284 6850 (550-94 400) 158 5600 (800-31980) 0.001
Neutrophils (cells/uL) 430 283 5180 (20-84960) 147 4260 (40-28 142) 0.009
Band neutrophils (cells/uL) 225 134 0(0-21000) 91 1 (0-2000) 0.01
Band neutrophils (% of total) 224 133 0(0-99.8) 91 0(0-75.1) 0.03
Band neutrophils present 225 134 30.6% (41/134) 91 49.5% (45/91) 0.01
Toxic neutrophils present 330 224 31.7% (71/224) 106 55.6% (60/106) <0.0001
Lymphocytes (cells/uL) 432 284 1310 (48-8500) 148 1094 (200-8000) 0.001
Neutrophil to lymphocyte ratio 429 283 3.9 (0.1-46.0) 139 4.0 (0.1-23.6) 0.64
Monocytes (cells/uL) 324 276 200 (0-1770) 148 152 (0-1890) 0.001
Eosinophils (cells/uL) 424 277 0 (0-600) 147 0(0-524) 0.79
Basophils (cells/uL) 414 269 0 (0-140) 145 0(0-167) 0.66
(Continues)
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TABLE 2 | (Continued)
No infection % or Infection % or
Laboratory values N n median and range n median and range 4
Platelets (cells/uL) 219 139 186000 (15600-463000) 80 166500 (12000 0.02
- 426000)
Duration of hospitalization (days) 447 288 5(0-40) 159 5(0-41) 0.86
Died/Euthanized 455 291 21.0% (61/291) 164 27.4% (45/164) 0.12

Note: Infection was defined as the presence of bacteremia (positive blood culture) or clinical identification of an infected focus at a non-blood site on admission. Data
were obtained from the medical records of 16 referral veterinary hospitals over 2years. N is the total number of foals with data available for the study variable; n is the
number of foals with data available that did not have evidence of infection or had an infection identified on admission. Variables and their associated p values that are

significantly (p <0.01) associated with infection are presented in bold font.

TABLE 3 | Multivariate logistic regression models for identifying associations of study variables with infection for 455 critically ill newborn foals
<3days of age.
Variable Coefficient +SE OR 95% CI for OR P
Signalment, history, and physical examination model®
Intercept -1.01 0.15 <0.0001
Foal age (hours) 0.022 0.005 1.02 1.01-1.03 <0.0001
Laboratory analysis model®
Intercept -1.39 0.20
Presence of toxic neutrophils 1.12 0.28 3.08 1.79-5.28 <0.0001
All data model®
Intercept -1.67 0.23 <0.0001
Foal age (hours) 0.020 0.007 1.02 1.01-1.03 <0.0001
Presence of toxic neutrophils 0.88 0.29 2.41 1.37-4.26 <0.0001

Note: Infection was defined as the presence of bacteremia (positive blood culture) or clinical identification of an infected focus at a non-blood site on admission.

2Hosmer-Lemeshow goodness-of-fit y?=4.74, df =8, p=0.79. AUC=0.62.
YHosmer-Lemeshow goodness-of-fit indices not able to be calculated. AUC =0.64.
“Hosmer-Lemeshow goodness-of-fit y*=5.84, df=9, p=0.76. AUC=0.69.

best laboratory predictor of infection was the presence of toxic
neutrophils. This finding was similar to that in a study of neo-
natal calves with diarrhea that identified toxic neutrophils as
a predictor of sepsis [18]. Developing a standardized practical
method for defining the presence of toxic neutrophils in foals
would appear to be a useful clinical goal.

A positive blood culture provides valuable clinical information
to formulate an optimal treatment plan for critically ill foals.
Nevertheless, blood cultures are expensive to collect and ana-
lyze, with results not being available for 2 or more days. Our
blood culture positivity rate of 27% was similar to that reported
elsewhere over the last 6years for foals admitted to referral hos-
pitals, with positivity rates of 23% in foals <7days of age [19],
33% in foals <14days of age [20], and 41% in foals <30days
of age [21], but lower than that in another study (64%) in foals
< 3days of age [21]. Most prior studies have considered positive
blood culture as the reference (‘gold standard”’) method for iden-
tifying a foal with systemic infection. False negative assignment
in our study (negative blood culture in foals with infection) could
have resulted from the collection of an inadequate blood volume
for culture or inappropriate culture methodology [22, 23]. False
positive assignment in our study (positive blood culture in foals
without infection) could reflect contamination during collection

[22]. For example, the overall contamination rate in critically ill
calves recently was estimated to be 15% [23]. Bacteremia also
could originate from placentitis [24] or be the result of nonspe-
cific pinocytosis of pathogenic and non-pathogenic bacteria
associated with the active transport of colostral immunoglob-
ulins, as demonstrated in neonatal calves [25] and suspected
to occur in some foals [26]. A novel finding of our study was
that the probability of infection (predominantly reflecting bac-
teremia) increased in an approximately linear manner over the
first 3days of life. We speculate that this finding could reflect
sustained translocation of bacteria from the small intestinal
lumen into the blood stream and subsequent multiplication to
a sufficient number of colony-forming units per millileter to be
detected using standard blood culture methods.

The 1991 [5] and 2001 [27] sepsis consensus conferences devel-
oped and then re-evaluated the definition of sepsis in people as
the presence of infection coupled with the patient fulfilling two
or more of four SIRS criteria. As a result, SIRS became central
to identifying sepsis in critically ill foals [8, 28, 29]. However,
in 2016, the third international consensus definitions for sepsis
and septic shock (Sepsis-3) redefined sepsis as life-threatening
organ dysfunction caused by a dysregulated host response to in-
fection [30]. A key change in that consensus meeting was that
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FIGURE1 | Receiver operating characteristic (ROC) curve for predicting infection in 455 critically ill newborn foals. Infection was defined as
the presence of bacteremia (positive blood culture) or clinical identification of an infected focus at a non-blood site on admission. The left panel is
the ROC curve for the logistic regression model obtained using history, signalment and physical examination data when available for > 50% of foals
(n=406; ROC=0.62; red diagonal line indicates a test of no predictive value). At the optimal cut point (foal age >55h), Se=0.52, Sp=0.68, and ac-
curacy =0.62. The probability of infection increased almost linearly with age over the first 3days (right panel; the blue shaded area represents the

95% confidence interval for prediction; open circles indicate the age of the foal on admission).
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FIGURE 2 | Receiver operating characteristic (ROC) curves for predicting infection in 455 critically ill newborn foals. Infection was defined as

the presence of bacteremia (positive blood culture) or clinical identification of an infected focus at a non-blood site on admission. The left panel is the
ROC curve for the logistic regression model obtained using laboratory data when available for > 50% of foals (n =270; ROC =0.64; red diagonal line
indicates a test of no predictive value). At the optimal cut point (toxic neutrophils present), Se=0.62, Sp=0.66, and accuracy =0.64. The right panel
is the ROC curve for the logistic regression model obtained using all the data when available for > 50% of foals (n =270; ROC =0.69). At the optimal

cutpoint (toxic neutrophils present and foal age > 55h), Se=0.67, Sp=0.61, and accuracy =0.63.

the previous definition of sepsis had an excessive focus on in-
flammation and inadequate Sp and Se related to SIRS criteria.
Hence, the participants in Sepsis-3 unanimously considered the
use of SIRS criteria to be unhelpful and its use has been elim-
inated in critical care in human medicine. The participants
stated that sepsis involves organ dysfunction, and the pathobi-
ology was more complex than infection plus an accompanying

inflammatory response alone [30]. Veterinarians historically
have used the SIRS criteria as part of the definition of sepsis
[6-10], but based on our results, we suggest that the SIRS crite-
ria should not be used as part of the definition of sepsis in foals
for the same reason as that noted in people [30] (i. e., low Se and
Sp). Moreover, because we cannot rapidly predict the presence of
infection in an individual foal with sufficient accuracy, it may be

11 of 16



1.00
0.7%
-
2
‘> 0.50 -
c
]
w
0.25
0.00
0.00 0.25 050 075 1.00
1 - Specificity
1.00

0.75
2
2
B 050
3

0.25

0.00

0.00 0.25

1.00

0.75
£
£
% 050
<
b

025~

000

0.00 025 0.50 078 1.00

1 - Specificity

0.50 075 1.00

1 - Specificity

FIGURE 3 | Receiver operating characteristic (ROC) curves for predicting in-hospital mortality of critically ill newborn foals. The left panel is
the ROC curve for the logistic regression model obtained using history, signalment and physical examination data when available for > 50% of foals
(n=420; ROC=0.77; predictors are hypokinetic pulses and cold extremities). The right panel is the ROC curve for the logistic regression model ob-
tained using laboratory data when available for > 50% of foals (n =384; ROC =0.76; predictors are increased blood L-lactate concentration and potas-
sium concentration). The bottom panel is the ROC curve for the logistic regression model obtained using all data when available for > 50% of foals
(n=264; ROC =0.81; predictors are hypokinetic pulses and increased total bilirubin concentration).

most appropriate to routinely implement parenteral antimicro-
bial treatment in critically ill newborn foals on welfare grounds.
This recommendation is based on an approximate prevalence
of bacteremia in critically ill foals of 30% and an in-hospital
mortality rate of approximately 20%. This has been the recom-
mended approach for decades in treating critically ill neonatal
foals [3, 4] and neonatal calves with diarrhea, where the preva-
lence of bacteremia also approximates 30% [31]. This treatment
approach needs to be balanced by an overarching concern for
antimicrobial stewardship.

The overall survival rate (76%) was high in our study relative to
earlier studies [4, 32], but similar to that in recently published

studies (72%-83%) [9, 10, 19, 20], suggesting implementation of
effective diagnostic and treatment protocols or earlier admission
of sick foals. The presence of hypokinetic pulses was the stron-
gest predictor of in-hospital mortality in our study; a weak or
absent peripheral pulse previously was reported to be predictive
of non-survival in foals <7days of age [33]. Hypokinetic pulses
were suspected to reflect the presence of decreased systemic
vascular tone, which is the hallmark of sepsis [15]. Hypokinetic
pulses also can result from inadequate cardiac output because
of decreased heart rate or the presence of cardiac arrhythmias,
decreased venous return secondary to hypovolemia and dehy-
dration, impaired myocardial contractility, incompetent heart
valves, or a congenital cardiac defect. In contrast, a localized
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TABLE 4 | Multivariate logistic regression models for identifying associations of study variables with in-hospital mortality in 1068 critically ill

newborn foals.

Variable Coefficient +SE OR 95% CI for OR P
Signalment, history, and physical examination model?
Intercept —2.53 0.23 <0.0001
Hypokinetic pulses 1.19 0.44 3.28 (1.38-7.82) 0.01
Cold extremities 1.28 0.46 3.59 (1.47-8.80) 0.01
Laboratory analysis model®
Intercept —4.69 0.75 <0.0001
L-lactate concentration (mmol/L) 0.16 0.03 1.17 (1.10-1.24) <0.0001
Potassium concentration (mmol/L) 0.60 0.17 1.83 (1.31-2.57) 0.01
All data model®
Intercept —-3.55 0.46 <0.0001
Hypokinetic pulses 2.33 0.37 10.23 (4.92-21.26) <0.0001
Total bilirubin concentration (mg/dL) 0.22 0.07 1.25 (1.10-1.42) 0.001

Note: Variables considered in each logistic regression model were p <0.05 on univariate and categorical analysis, with data being available for > 50% of foals. Because
of missing data, the final logistic regression models included 420 foals (signalment, history, and physical examination model), 384 foals (laboratory analysis model),

and 264 foals (all data model).

*Hosmer-Lemeshow goodness-of-fit y?=0.44, df=1, p=0.51. AUC =0.77.
"Hosmer-Lemeshow goodness-of-fit y?=8.27, df=8, p=0.41. AUC=0.76.
“Hosmer-Lemeshow goodness-of-fit y*=5.59, df=8, p=0.69. AUC=0.81.
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850 foals
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FIGURE 4 | Classification tree-derived decision tree for in-hospital mortality in 1068 critically ill newborn foals. Each node includes the total
number of foals and the number of foals with in-hospital mortality, expressed as a percentage. Branches to the left in a split reflect a lower probability

of mortality, whereas branches to the right (gray shading) reflect a higher probability of mortality. Rectangles represent subgroups that are not able

to be further subdivided. The presence of hypokinetic pulses was the strongest predictor of in-hospital mortality, with increased mortality associated

with hyperlactatemia (blood L-lactate concentration >6.0mmol/L). In contrast, in foals with normal arterial pulse pressures as assessed by palpa-

tion, the presence of seizures was also predictive of in-hospital mortality.

hypokinetic pulse indicates inadequate blood flow because of
regional arterial pathology, such as vascular trauma causedby a
fracture, or vascular occlusion caused by thrombosis. The clin-
ical importance of systemic hypotension in septic humans has

been emphasized [15] and documented in critically ill foals [34]
and neonatal calves [35], and the presence of systemic hypoten-
sion most likely reflects the progression of sepsis to septic shock
or an inadequate clinical response to IV fluid administration.
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The presence of cold extremities was also a strong predictor of
non-survival in our study and 2 earlier foal studies [33, 34] and
most likely reflects inadequate cardiac output, and perhaps sep-
tic shock, in foals with core temperatures below the reference
range. Fetlock temperature and core-peripheral temperature
difference were linearly related to cardiac output in dehydrated
calves when cardiac output was <65% of healthy euhydrated
calves housed in a temperature-controlled environment [36].
Our findings therefore raise the question as to whether foal sur-
vival rates can be further improved with goal-directed treatment
related to the optimal use of IV fluids and vasopressor agents
[37, 38].

Hyperlactatemia is well-established as a biomarker for tissue hy-
poxia, disease severity, and mortality in human and veterinary
medicine [39, 40]. Increased blood or plasma L-lactate concen-
trations are clinically useful indicators of non-survival in criti-
cally ill neonatal foals admitted to intensive care units (ICU) for
treatment of prematurity, perinatal asphyxia, bacteremia, or en-
teritis [28, 41, 42]. Our classification tree analysis identified that
blood L-lactate concentration >6.0mmol/L was the most im-
portant laboratory finding associated with in-hospital mortality.
Serial L-lactate measurements were of more prognostic value in
septic children than a single measurement of L-lactate on ad-
mission [43]. Similar findings have been reported for critically
ill foals [42, 44, 45] where delayed normalization or persistent
L-lactatemia represents a more reliable indicator of non-survival
than admission L-lactate concentration. It is therefore likely that
serial measurements of blood or plasma L-lactate concentrations
in critically ill newborn foals will provide more accurate prog-
nostic information than a single measurement obtained before
the initiation of treatment.

Hypoglycemia has been associated with sepsis and a low sur-
vival rate in neonatal foals and calves [46, 47]. This finding also
was noted in our study in which non-surviving foals had lower
blood glucose concentrations compared with foals that survived.
Hypoglycemia can result from various causes in septic patients
including increased utilization of peripheral glucose, depletion
of glycogen reserves, decreased gluconeogenesis, or compara-
tively decreased nutrient supply [48-50]. Increased potassium
and total bilirubin concentrations were identified as indepen-
dent predictors of in-hospital mortality on logistic regression.
Critically ill hyperkalemic humans with severe sepsis or septic
shock had a higher ICU mortality rate and incidence of ventric-
ular arrhythmias than patients with normal plasma potassium
concentrations [51]. Hyperkalemia in neonatal calves [52], and
presumably neonatal foals, can result from actual or relative hy-
povolemia, decreased glomerular filtration rate, and acid-base
disturbances. Increased plasma potassium concentrations also
can result from movement of intracellular potassium to the ex-
tracellular fluid compartment through ATP-sensitive potassium
(K opp) channels, and excessive activation of K,., channels is
recognized as a major cause of hypotension and vascular hypo-
responsiveness to catecholamines in septic shock [53].

Increased serum total bilirubin concentration was an inde-
pendent predictor of in-hospital mortality in foals in our study.
Physiologic hyperbilirubinemia is common in healthy newborn
and neonatal foals and is considered a physiologic phenomenon
thatis caused, in part, by post-natal removal of fetal erythrocytes

[54]. Hyperbilirubinemia could have been associated with de-
creased feed intake, which was not evaluated as a predictor in
our study, because fasting induces hyperbilirubinemia in adult
horses [55]. However, we could not identify any studies that doc-
umented whether or not fasting-induced hyperbilirubinemia
also occurs in foals. Hepatic dysfunction is common in septic
humans [56] where it has been attributed to persistent micro-
circulatory failure and overactivation of the systemic response
[57]. Hepatic injury is common in septic foals but was not pre-
dictive of in-hospital mortality in a previous study [58] and did
not appear to contribute to mortality in foals in our study be-
cause serum aspartate aminotransferase and gamma glutam-
yltransferase activities were similar or lower, respectively, in
non-surviving foals relative to survivors. Non-surviving foals in
our study also had higher serum phosphate and creatinine con-
centrations, and increased serum creatine kinase activity than
survivors on admission; similar findings have been reported
previously [59]. These changes were likely the result of prerenal
azotemia secondary to sepsis and septic shock, as well as pro-
longed recumbency in sick foals.

In our study, critically ill colt foals comprised 59% of total new-
born admissions. Interestingly, a similar sex bias (59% to 61%
colts) in admissions has been reported in at least 3 previous
studies of critically ill foals [10, 19, 33]. The reason for this sex
predilection is not fully known, but referral bias towards colt
foals, sex differences in the immune system, or the impact of sex
steroids may be contributing factors [21]. A notable sex dimor-
phism in terms of response to trauma, shock and sepsis has been
well documented [60].

Our study had many strengths, including a large and diverse
study population from 16 referral hospitals in 4 countries
over 2 consecutive years, and the application of univariate
and categorical comparison methods, logistic regression, and
classification tree analysis. Limitations of the study include
its retrospective nature, small group sizes for some study vari-
ables, use of in-hospital mortality as an outcome index when
foals can be euthanized on welfare or financial grounds, and
the subjective nature of identifying the presence of hypokinetic
pulses and cold extremities. We do not consider our inability
to calculate a sepsis score as proposed previously [13] to be a
weakness. Almost all clinical scoring systems developed from
two or more ordinal predictors are statistically invalid in that
they incorrectly assume independence of predictors and equal
weighting for all predictors. Statistical methods such as logis-
tic regression and classification tree analysis can identify in-
dependent predictors and appropriately weight the predictors.
Accordingly, we propose that logistic regression and classifi-
cation tree analysis methods should replace clinical score sys-
tems when predicting clinical outcomes such as the likelihood
of sepsis.

In conclusion, and contrary to our hypothesis, commonly ap-
plied SIRS indices such as abnormal rectal temperature, heart
rate, respiratory rate, or leukocyte count were not predictive
of infection in critically ill newborn foals in our study. In con-
trast, we identified many predictors of in-hospital mortality.
Cardiovascular dysfunction, manifested by hypokinetic pulses,
cold extremities, and hyperlactatemia, was strongly associated
with in-hospital mortality of newborn foals.
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