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Abstract

Background: Serum amyloid A (SAA) has been reported to hold promise as diagnostic

and prognostic marker in foals. This has not been investigated thoroughly.

Objectives: Evaluate admission SAA concentrations as predictor of sepsis and outcome.

Animals: Five hundred and ninety hospitalized foals <14 days old.

Methods: Retrospective multicenter study. Foals were scored with sepsis and survival

scores, grouped according to health category (septic, sick but nonseptic, uncertain sepsis

status) and outcome; septic foals were further categorized according to severity (normal

sepsis, severe sepsis, and septic shock). SAA was compared between groups using Mann-

Whitney test and Kruskal-Wallis test. Receiver operating characteristic curves identified

optimal SAA cut off values for detecting sepsis and predicting outcome.

Results: Admission SAA concentrations differed significantly between sick nonseptic

foals (312.1 ± 685.4 mg/L) and septic foals (1079.7 ± 1254.5 mg/L) and increased

with increasing sepsis score. SAA did not differ between sepsis severity groups. The

optimal cut off for sepsis detection was 1050 mg/L (sensitivity 30.2%, specificity

90.7%). Admission SAA concentrations were lower in surviving (435.0 ± 723.6 mg/L)

Abbreviations: ANOVA, analysis of variance; CARS, compensatory anti-inflammatory response syndrome; IgG, immunoglobulin G; MODS, multi organ dysfunction syndrome; ROC, receiver

operating characteristic; SAA, serum amyloid A; SIRS, systemic inflammatory response syndrome; WBC, white blood cell.
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compared to nonsurviving foals (1062.7 ± 1440.1 mg/L) and decreased with increas-

ing survival score. The optimal cut off for nonsurvival prediction was 1250 mg/L (sen-

sitivity 22.1%, specificity 90.8%).

Conclusions and Clinical Importance: SAA concentration was higher in septic foals

and nonsurviving foals. Even though optimal cut offs for SAA to detect sepsis and

predict outcome had low sensitivity, they had good specificity. SAA can therefore be

used as a marker to rule out sepsis and nonsurvival.

K E YWORD S

biomarker, equine, prognosis

1 | INTRODUCTION

Sepsis in neonatal foals has a high case fatality rate and a large economic

impact.1,2 The diagnosis of sepsis can be challenging as it has nonpathog-

nomonic clinical, hematological and biochemical signs.3,4 The diagnostic

methods currently used, sepsis scores and blood cultures, are limited by

variable sensitivity and specificity.5-7 The sepsis scores have a sensitivity

ranging from 52% to 94% and specificity of 73.4% to 86%.7-10 With blood

cultures, a minimum of 48 hours are needed to get the final result and

false negative results occur frequently.5 Sepsis is a condition that requires

immediate action and early treatment with antibiotics to improve out-

come, and a method with good screening test characteristics (fast, conve-

nient, high sensitivity) is therefore desirable.1,11,12 Predicting outcome

early in the disease process is valuable, as treatment can be expensive.6

Serum amyloid A (SAA), a major acute phase protein in horses, is

used to identify inflammatory and infectious conditions. SAA

increases within few hours after the onset of inflammatory conditions,

it has low concentrations in the healthy individual, a wide dynamic

range with several thousand-fold concentration increases, and its con-

centration decreases rapidly once inflammation subsides.13,14

Foals are capable of producing SAA.15 Healthy neonatal foals have

SAA concentrations slightly above reference range for at least 72 hours,

most likely because of an inflammatory response originating from the partu-

rition.16 However, SAA remains generally below 100 mg/L in healthy

equine neonates.17 In human neonates, SAA has a high sensitivity and spec-

ificity as a diagnostic tool for sepsis and SAA concentrations are inversely

related to sepsis-related death.18-22 Few studies have investigated SAA in

sick foals. Based on small numbers of animals, foals with sepsis or a focal

infection have higher SAA concentration compared to healthy foals and that

foals suffering from a bacterial infection have higher SAA levels compared

to foals suffering from a nonbacterial infection.17,23,24 SAA could be useful

in the diagnosis of sepsis in foals.25 Cut off values of 100 mg/L SAA are

suggested for diagnosing infection17 including sepsis in foals.25 The prog-

nostic ability of SAA has only been studied in 1 study that evaluated SAA in

relation to outcome of sepsis in 34 neonatal foals, and found concentrations

of SAA not to be different between surviving and nonsurviving foals.24

As there is currently limited information on the use of SAA in

foals, the objectives of this study were to evaluate whether admission

concentrations of SAA are useful to detect sepsis and predict out-

come in hospitalized neonatal foals.

2 | METHOD AND MATERIALS

The study was designed as a multicentric, retrospective study per-

formed with clinical data from 5 referral hospitals in Scandinavia

(Table S1). The foals were hospitalized between 2007 and 2017.

Regardless of the reason for hospitalization, foals with the following

criteria were included: (1) blood analysis, including SAA, performed on

admission or within the first 24 hours following admission, and

(2) maximum 14 days of age. Recorded variables from the case files

included signalment, history, clinical variables on admission, admission

blood results, response to therapeutics, blood culture results, outcome

and necropsy findings.

2.1 | Laboratory analysis

The participating hospitals used different methods and machines for

analyzing SAA (Table S1). Two of the hospitals did not fully dilute SAA

concentrations but reported values of SAA as continuous until a cer-

tain value or being above that value (dichotomous data). Foals

(n = 181) with not fully diluted (dichotomous) results were excluded

from statistical analysis but were included in the descriptive part of

this study. Foals (n = 409) with fully diluted SAA values (continuous

data) were used for the statistical and descriptive analysis.

2.2 | Scores

2.2.1 | Sepsis score

The sepsis score used for this study was the original sepsis score cre-

ated by Koterba et al. (Table S2).8 The variables “long transport of the

mare” and “basophilic cytoplasm” were excluded and “Zink sulphate

turbidity test” was replaced by the SNAP foal test. All foals received a

total maximum sepsis score and a total minimum sepsis score; this

was done by giving them for each individual sepsis score variable with

missing data (1) a maximum score (variable with missing data scored

as high as possible based on the additional clinical data) and (2) a

minimum score (variable with missing data scored at 0). Per foal, the

sum of all complete data variable scores together with the missing

2246 HOEBERG ET AL.
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variable maximum scores resulted in the total maximum sepsis score, and

the sum of all complete data variable scores together with the missing

variable minimum scores resulted in the total minimum sepsis score.

2.2.2 | Survival score

A survival score using presence of prematurity, cold extremities, 2 or

more infectious or inflammatory sites, white blood cell counts and

blood glucose concentration was used to predict survival in all foals

(Table S3).6 The score has been validated under Scandinavian circum-

stances and with slightly older foals (until 14 days of age) than the

original American sample and found to perform reasonably well.26 A

high survival score indicates a high chance for survival.

2.3 | Groups

2.3.1 | SIRS classification

All foals were classified as having or not having systemic inflammatory

response syndrome (SIRS) using SIRS criteria (Table S4).27

2.3.2 | Sepsis classification

The foals were divided into groups of: septic, sick nonseptic, healthy,

and uncertain sepsis status.

Foals classified as septic fulfilled 1 or more of the following criteria:

• positive blood culture;

• necropsy findings indicating sepsis;

• systemic inflammatory response (SIRS) in combination with a site

of infection; and

• maximum and minimum total sepsis score both above 11.

The septic foals were further subdivided according to sepsis

severity into normal sepsis, severe sepsis and septic shock (definitions

are provided in Table S5).

Foals classified as sick nonseptic were diseased but did not fulfill

any of the sepsis criteria mentioned above. Their minimal and maximal

sepsis score were both 11 or below.

Foals classified as healthy were foals that had no disease and

were not classified as having SIRS; they were typically hospitalized

because of disease in the mare.

In absence of other variables indicating sepsis, foals with a maxi-

mum score above 11, yet a minimum score of 11 or lower were classi-

fied as uncertain sepsis status.

2.3.3 | Outcome

Foals were divided according to outcome into survivors or nonsurvi-

vors. Foals surviving were foals discharged from the hospital.

Nonsurviving foals either died or were euthanized during hospitaliza-

tion. Foals euthanized because of financial restrictions were identified

and excluded from the outcome part of the study.

2.4 | Data analysis

2.4.1 | Descriptive analysis

For numerical variables median and range were calculated and for

quantitative variables response rate (n) and prevalence (N) were calcu-

lated. Admission SAA concentrations of all foals (including not fully

diluted dichotomous results) were grouped in the ranges low

(<300 mg/L), intermediate (300-900 mg/L) and high (>900 mg/L) and

were described according to sepsis status, sepsis severity and out-

come. The levels of SAA for the low, intermediate and high category

were set based on the authors' own experience with SAA.

2.4.2 | Statistical analysis

For the statistical analysis of SAA, only foals with fully diluted values of

SAA (continuous results) were included. Foals euthanized because of

financial restrictions were excluded from all statistical analysis concerning

outcome. A P value of .05 was considered statistically significant.

• Groups:

For values without normal distribution, a Kruskal-Wallis test or

Mann-Whitney test was performed to calculate differences in admis-

sion SAA concentrations between the different health groups and sur-

vivors and nonsurvivors, respectively.

• Receiver operating characteristic (ROC) curves:

Receiver operating characteristic (ROC) curves were used to

identify optimal SAA cut off values for predicting sepsis and nonsur-

vival. For the ROC curve regarding health status, septic vs nonseptic

and healthy foals were used. For the ROC curve regarding outcome,

survivors vs nonsurvivors were used. Statistical analysis was per-

formed using a statistical software Rstudio 3.4.0 (PBC 250 Boston,

Massachusetts) and STATA/SE Acad. 14.2 (Stata Corp., College Sta-

tion, Texas).

3 | RESULTS

3.1 | Study sample data

A total of 590 foals were included in the study. An overview of their

signalment is provided in Table 1. Foals presented for a variety of rea-

sons, most commonly because they were suspected to suffer from

sepsis (20.5%, n = 121), meconium impaction (16.9%, n = 100) and

weakness (12.0%, n = 71).

HOEBERG ET AL. 2247
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A fully diluted SAA concentration (continuous data) was available

for 452 foals. For the dichotomous data, SAA concentrations were

available for 138 foals. Of the 138 foals with dichotomous data, 4 foals

had SAA concentrations of >800 mg/L; therefore they could not be

grouped in the intermediate (300-900 mg/L) or the high (>900 mg/L)

SAA category and were omitted from all analyses.

3.2 | Scores

3.2.1 | Sepsis score

There was an acceptable level of missing data on the sepsis score: an

average of 11.1 out of the 14 variables of the sepsis score was

obtained, and 508 foals had data available on ≥10 sepsis score vari-

ables. Overall, the foals had an average (± SD) sepsis score of 7.2

± 4.8, ranging from 0 to 24. Low SAA concentrations (<300 mg/L)

were mainly seen in foals with lower sepsis scores, and the median

SAA concentration per sepsis score increased with increasing scores

(Table 2). There were however foals with high SAA concentrations

that scored low in the sepsis score, and the other way around.

3.2.2 | Survival score

There were few foals with missing data on the survival score: an aver-

age of 5.8 out of the 6 variables of the survival score was obtained,

and 576 foals had data available on ≥5 survival score variables. Over-

all, the foals had an average (± SD) survival score of 5.8 ± 1.4 ranging

from 1 to 7. Low SAA concentrations (<300 mg/L) were mainly seen

in foals with a high survival score, and the median SAA concentration

decreased with increasing scores (Table 3). There were however foals

with high SAA concentrations that scored high in the survival score,

and the other way around.

3.3 | Groups

3.3.1 | Sepsis status

Dividing foals according to sepsis status resulted in 40.3% (n = 236)

of the foals being classified as sick nonseptic, 32.4% (n = 190) as hav-

ing an uncertain sepsis status, 26.6% (n = 156) as being septic and

0.7% (n = 4) as healthy. Out of the 156 foals classified as septic,

90 foals had a sepsis score >11, 30 foals had a positive blood culture,

13 foals had SIRS in combination with a site of infection, 13 foals had

a sepsis score >11 in combination with positive blood culture, 6 foals

a necropsy finding indicating sepsis and 4 foals with sepsis score >11

in combination with necropsy finding indicating sepsis. The septic

foals were further divided into the sepsis severity subgroups of nor-

mal sepsis (60.4%, n = 89), severe sepsis (13.9%, n = 33) and septic

shock (25.7%, n = 34). The 4 healthy foals had low SAA concentra-

tions (58.2 ± 91.9 mg/L; range, 0-193.5 mg/L). They were excluded

from further analysis because of the low number.

Through nonstatistical observation of the data, the proportion of

foals with a low SAA (<300 mg/L) was found to be larger (80.9%) in

the sick nonseptic group compared to the uncertain sepsis status

group (67.4%), and larger in the uncertain sepsis status group com-

pared to the septic group (40%; Figure 1A). Concentrations of SAA

were statistically different between groups (P < .001) with median

concentrations being 52 mg/L (0-4220 mg/L) in sick nonseptic foals,

123 mg/L (0-3232 mg/L) in foals with an uncertain sepsis status and

718 mg/L (0-5604 mg/L) in septic foals (Figure 1B).

Through non-statistical observation of the data, a larger propor-

tion of foals with severe sepsis and septic shock was found to have

low SAA concentrations (< 300 mg/L) (54.5% and 41.2% respectively)

than foals with normal sepsis (34.8%; Figure 2). Concentrations of

SAA in the 3 sepsis severity groups (normal sepsis, severe sepsis,

septic shock) were not significantly different (P = .5) with median

concentrations being 887 mg/L (0-5604) in sepsis foals, 577 mg/L

(0-2869 mg/L) in severe sepsis and 566 (0-2632) in septic shock.

The optimal cut off value for SAA to predict sepsis was

1050 mg/L (sensitivity 30.2%, specificity 90.7%; Figure 3A). Following

this cut off value, 273 out of 374 foals were correctly classified

according to their sepsis status, but 110 out of 157 foals that were

classified as septic had SAA concentrations lower than 1050 mg/L.

3.3.2 | Outcome

The outcome was recorded for 586 foals: 477 were survivors and

109 nonsurvivors. Out of the 109 nonsurvivors, 82 foals were

euthanized, 17 foals died, and 10 foals were euthanized because of

financial restrictions. Through nonstatistical observation of the data,

the survival group had more foals with low SAA (<300 mg/L) than

the nonsurvivor group (69% and 52%, respectively), and the nonsur-

vivor group had more foals in the high SAA range than the survivor

group (31% and 17%, respectively; Figure 4A). Statistical analysis

showed a significant difference between survivors and nonsurvivors

TABLE 1 Signalment of the hospitalized neonatal foals included in
this study

Response rate Prevalence

n % N %

Sex Filly 570 96.6 233 40.9

Colt 570 96.6 337 59.1

Breed Pony 577 97.8 37 6.4

Trotter 577 97.8 151 26.2

Thoroughbred 577 97.8 17 2.9

Warmblood 577 97.8 278 48.2

Other 577 97.8 94 16.3

Median (range)

Age (days) 2 (1-14)

Note: n = response rate; N = prevalence. Response rate indicates the

number of foals where this information was available, and prevalence

indicates the number of foals fulfilling these specific characteristics.

2248 HOEBERG ET AL.
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(P < .001) with median SAA concentrations being 191 mg/L

(0-5604 mg/L) in nonsurvivors and 93 mg/L (0-4220 mg/L) in survi-

vors (Figure 4B).

The optimal cut off value for SAA to predict nonsurvival was

1250 mg/L (sensitivity 22.2%, specificity 98%; classifying 455 out of

586 foals correctly; Figure 3A).

4 | DISCUSSION

This study evaluates SAA concentrations and its diagnostic and prog-

nostic use in a large Scandinavian group of hospitalized neonatal foals.

Concentrations of SAA on admission were significantly higher in sep-

tic foals than in nonseptic foals, and SAA concentrations increased

TABLE 2 Admission serum amyloid A
concentrations in hospitalized neonatal
foals per sepsis score (continuous data)

Sepsis score Serum amyloid A concentration (mg/L)

Score No. of foals % of foals Median (range) No. of foals with SAA >300

0 13 3.4 55.0 (0.3-1675) 4 (30.8%)

1 24 6.3 86.5 (5.0-907) 5 (20.8%)

2 22 5.8 77.5 (0.0-1539) 5 (22.7%)

3 36 9.5 60.0 (4.0-2856) 6 (16.7%)

4 26 6.9 119.9 (0.1-2027) 6 (23.1%)

5 21 5.5 41.0 (0.5-5997) 4 (19.0%)

6 31 8.2 72.0 (0.1-3077) 3 (9.7%)

7 28 7.4 155.8 (0.1-2256) 11 (39.3%)

8 28 7.4 371.5 (5.0-4220) 15 (53.6%)

9 33 8.7 231.0 (0.2-2597) 16 (48.5%)

10 20 5.3 197.5 (9.0-2194) 7 (35.0%)

11 21 5.5 181.6 (5.0-3232) 8 (38.1%)

12 19 5.0 635.0 (86.0-5604) 14 (73.7%)

13 15 4.0 567.4 (0.0-2820) 8 (53.3%)

14 5 1.3 677.0 (514.9-2632) 5 (100%)

15 7 1.8 606.2 (0.0-1595) 4 (57.1%)

16 12 3.2 1105.0 (17.0-4871) 9 (75.0%)

17 11 2.9 521.0 (13.0-2460) 9 (81.8%)

18 1 0.3 528.0 (�) 1 (100%)

19 3 0.8 784.9 (259.0-995) 2 (66.7%)

20 1 0.3 2369.0 (�) 1 (100%)

22 1 0.3 904.0 (�) 1 (100%)

24 1 0.3 21.0 (�) 0 (0.0%)

Note: n = 379. The minimum sepsis score was used, where 0 was attributed for an unknown variable.

Foals with <10/14 known variables for the sepsis score were excluded from this table. Only foals with

fully diluted (continuous) serum amyloid A concentrations were included.

TABLE 3 Admission serum amyloid A
concentrations in hospitalized neonatal
foals per survival score (continuous data)

Survival score Serum amyloid A concentration (mg/L)

Score No. of foals % of foals Median (range) No. of foals with SAA >300

1 5 1.1 390.5 (21.0-2363) 4 (80.0%)

2 11 2.5 635.0 (0.0-4871) 9 (81.8)

3 17 3.8 166.0 (2.0-2134) 5 (29.4%)

4 30 6.8 236.5 (0.2-2597) 14 (46.7%)

5 74 16.7 183.3 (0.0-5604) 27 (36.5%)

6 134 30.2 236.5 (0.0-3795) 59 (44.0%)

7 172 38.8 129.9 (0.0-5997) 50 (29.1%)

Note: n = 443. Foals with <5/6 known variables of the survival score (n = 10) were excluded from this

table. Only foals with fully diluted (continuous) serum amyloid A concentrations were included. A high

survival score indicates a high chance for survival.

HOEBERG ET AL. 2249
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with the sepsis score. Concentrations of SAA were inversely related

to a survival prediction score and differed between survivors and non-

survivors. Diagnostic and prognostic sensitivities of SAA were low,

while specificity was high.

Clinical signs of sepsis might be subtle and nonspecific, making it

difficult to differentiate foals with sepsis from foals suffering from

noninfectious diseases such as neonatal maladjustment syndrome. On

1 hand, this might lead to clinicians overtreating and starting empirical

antimicrobial treatment in all foals with disease—an undesirable prac-

tice, that exposes the foal to unnecessary adverse drug effects and

nosocomial complications, and that might lead to emergence of resis-

tant bacterial strains. On the other hand, there are fewer negative

consequences of unnecessarily treating an uninfected foal than not

instigating treatment early in an infected one. Therefore for early
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F IGURE 1 Admission serum amyloid A concentrations in
hospitalized neonatal foals based on their sepsis status.

(A) Continuous and dichotomous data. n = 586. Four foals were
excluded because they had serum amyloid A values >800 mg/L and
could therefore not be categorized as intermediate or high. White
columns represent SAA <300 mg/L, gray columns represent SAA
300 to 900 mg/L and black columns represent SAA >900 mg/L.
H = healthy (n = 4); SNS = sick-nonseptic (n = 236); USS = uncertain
sepsis status (n = 190), S = sepsis (n = 156). (B) Continuous data.
n = 406. Box plot characteristics: upper line of box = Q3 (75th
percentile); middle line in box = median; lower line in box = Q1 (25th
percentile)
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F IGURE 2 Admission serum amyloid A concentrations in septic

hospitalized neonatal foals by severity of sepsis (normal sepsis, severe
sepsis or septic shock). Continuous and dichotomous data. n = 156.
Three foals were excluded because they had serum amyloid A
concentrations >800 mg/L and could therefore not be categorized as
intermediate or high. White columns represent SAA <300 mg/L, gray
columns represent SAA 300-900 mg/L and black columns represent
SAA >900 mg/L

F IGURE 3 Receiver operating characteristic (ROC) curve for
admission serum amyloid A concentrations in hospitalized neonatal
foals to detect sepsis and predict nonsurvival. (A) ROC curve for
sepsis prediction. N = 374. Only foals with fully diluted (continuous)
serum amyloid A concentrations were included. Points are the
observed values. The ROC curve is plotted with true positive results
denoted as Sensitivity (Y-axis) against the false positive results
denoted as 1-specificity (X-axis). (B) ROC curve for nonsurvival
prediction. N = 551. Only foals with fully diluted (continuous) serum
amyloid A concentrations were included. Foals euthanized because of
financial restrictions were excluded. Points are the observed values.
The ROC curve is plotted with true positive results denoted as
Sensitivity (Y-axis) against the false positive results denoted as
1-specificity (X-axis)
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diagnosis of sepsis, high sensitivity of a biomarker is more important

than high specificity, which was unfortunately not what was found in

the current study. Several technical (eg, detection limit of the assay

used) or study-related factors (a-posteriori selected cutoff points,

patient characteristics, inclusion criteria, sepsis definitions, etc.) might

influence the sensitivity of a marker, but also its response characteris-

tics are of great importance. Concentrations of SAA take 6-12 hours

to change significantly in response to inflammatory stimuli and might

not peak until 48 hours,28 which can result in low sensitivity in early

phases of sepsis. The current study only included SAA concentrations

measured on admission, and even though the time span between

onset of disease and admission was unknown, many foals could have

been in an early phase of disease. The low sensitivity found in our

study for sepsis diagnosis (30.2%) was lower than the sensitivity

found in a recent study about foals with sepsis (52.9%).25 Further-

more that study suggested a much lower cut off value as indicator for

sepsis (100 mg/L).25 These differences in sensitivity and cut off values

could be related to a different sample (the other study included foals

from a breeding farm and a referral hospital; the current study only

included foals from referral hospitals) with a different percentage of

septic foals (40% in the current study vs 9% in the other study), differ-

ent age groups (up to 14 days old in the current study vs less than

36 hours old in the other study), and possible different SAA assays

and dilution techniques.25 These low sensitivities in foals stand in con-

trast to SAA's high sensitivity as marker of human neonatal sep-

sis.19-21 There was poor sensitivity in early stages of infection in

human studies that used C-reactive protein (CRP, another important

acute phase protein) for diagnosing sepsis in infants.29 Similar to CRP

in sepsis in infants,29 SAA in foals had a high specificity. A high speci-

ficity makes a biomarker useful to rule out disease; in this case, SAA

can be used to rule out sepsis. Furthermore, combining SAA measure-

ments with other biomarkers that have a fast response could result in

a biomarker panel with both high sensitivity and high specificity. Inter-

esting fast reaction markers include leukocytes, cytokines, and procal-

citonin, with the latter being widely used in diagnosis of sepsis in

humans. Procalcitonin in septic foals has a high sensitivity and

specificity,30 but more knowledge and relevant assay systems are

needed before it can be used routinely in equine medicine. Further-

more, repeated assessment of SAA concentrations could result in

improved sensitivity. In sepsis in infants, repeated assessment of CRP

within the first 24 to 48 hours of hospitalization improved sensitivity

markedly.31 Another way to increase SAA's sensitivity is to apply

lower concentration cutoff points. Foals will then most likely be iden-

tified earlier during the inflammatory response, but this will be at the

expense of its specificity. While a low clinical cutoff is appropriate in

adult horses, the higher basal SAA in neonatal foals must be taken into

consideration. SAA concentrations in foals and newborn donkeys

undergo a physiological rise for at least 72 hours after birth.15,32

These physiologic dynamics, as well as certain maternal and perinatal

factors, might affect interpretation of what constitutes a “normal”
SAA value in healthy neonates. Adopting a too low cutoff point could

lead to misclassification of healthy foals as septic (or as nonsurvivor).

Further assessments of SAA reference levels in neonatal and young

foals are required to determine a clinically relevant cutoff.

In cattle and humans, SAA concentration has been suggested to

reflect extent/severity of underlying inflammation.28,33 Concentra-

tions of SAA were not able to distinguish the sepsis severity groups,

and many foals classified with severe sepsis (54.5%) or septic shock

(41.2%) had low serum SAA concentration (<300 mg/L). This can be

explained by the sometimes peracute nature of severe sepsis and sep-

tic shock, where disease progresses so fast and overwhelmingly that

the foal deteriorates before significant hepatic SAA synthesis takes

place. Additional explanations for low blood concentrations of SAA on

admission with increasing severity of sepsis could be related to organ

failure and decreased organ perfusion that are both typically seen in

severe sepsis and septic shock and could potentially affect hepatic

synthesis and release of SAA in the bloodstream.3

Using biomarkers to predict prognosis is highly desirable for sev-

eral reasons, not least from an animal welfare point-of-view (sparing

the animal the ongoing suffering when prognosis is hopeless) and for

financial reasons (avoiding costly treatments for foals with grave prog-

nosis). Our results suggest that SAA can be included in decision-
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F IGURE 4 Admission serum amyloid A concentrations in
hospitalized neonatal foals dependent on outcome. (A) Continuous
and dichotomous data. n = 572. Foals euthanized because of financial
restrictions (n = 10) or foals with values >800 mg/L without fully
diluted values of serum amyloid A (n = 4) were excluded. White
columns represent SAA <300 mg/L, gray columns represent SAA
300-900 mg/L and black columns represent SAA >900 mg/L.
(B) Continuous data. n = 404. Foals euthanized because of financial
restrictions (n = 7) were excluded. Box plot characteristics: upper line
of box = Q3 (75th percentile); middle line in box = median; lower line

in box = Q1 (25th percentile)
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making, as concentrations differed between survivors and nonsurvi-

vors and were inversely associated with a survival score (lower SAA

concentrations with higher prediction of survival). Its high specificity

indicates that it can be used to rule out nonsurvival, and the cutoff

point for SAA as a predictor for nonsurvival was 1250 mg/L, which

lead to correct classification of 77.6% of foals. However, its low sensi-

tivity, its moderate concentration difference between survivors

(median 93 mg/L) and nonsurvivors (median 191 mg/L) and the over-

lap between outcome categories highlight the fact that assessment of

SAA at the time of admission cannot be used as a stand-alone prog-

nostic marker. These prognostic limitations of SAA in foals can par-

tially be explained by the fact that noninfectious conditions (without

stimulation of SAA production) can have major effects on owner deci-

sions on outcome, for example musculoskeletal abnormalities leading

to poor sport prognosis. In addition, as opposed to SIRS, some

severely sick foals might be suffering from compensatory anti-

inflammatory response syndrome (CARS) with lower SAA

concentrations.

A major limitation of this study was the lack of a reliable gold

standard for classifying foals as truly septic to compare SAA against. It

is well documented that both sepsis scores7-9,34 and blood culture

results15 suffer from poor sensitivity. These low sensitivities highlight

the difficulty of diagnosing sepsis in neonatal foals, and misclassifica-

tion of foals might thus have affected the assessment of diagnostic

accuracy of SAA in our study. Furthermore, to make the sepsis diag-

nosis as solid as possible for this study, multiple diagnostic criteria

were included, among which the sepsis score. Since the sepsis score

played a critical role for case definition in this study, it was not possi-

ble to evaluate the sepsis score combined with SAA at the same time

as a diagnostic test. Nonetheless, it would be interesting to test new

sepsis scores that include SAA, as has been suggested in earlier publi-

cations.17,23 Another limitation was the retrospective nature of the

study. Retrospective studies have inherent drawbacks, for example,

missing values and changes in management over time. However, a

large portion of variables and information needed for the study was

available from the files, with relatively few missing data. Using the

same assay and laboratory for measurements of SAA concentrations

would have strengthened the study, as SAA concentrations can differ

between different assays and analysis approaches.28 To obtain the

largest possible study group, the study was conducted as a multicen-

ter study, and the authors feel that the drawbacks (differences in

patient management and SAA analyses) were outweighed by the

advantages (larger patient number, conclusions more generalizable).

In conclusion, concentrations of SAA increased with increasing

sepsis score and differed between septic and nonseptic foals, and sur-

vivors and nonsurvivors. With its low sensitivity and high specificity,

SAA was most useful for ruling out sepsis at the determined cutoff of

1050 mg/L and ruling out nonsurvival at the determined cutoff of

1250 mg/L. When combined with other available diagnostic and prog-

nostication tools for neonatal foals and keeping the kinetics of the

SAA response in mind, SAA might be useful to assess this patient

group.

In future studies, diagnostic accuracy might be improved by com-

bining SAA with infection markers that increase early in the course of

infection, or as an integral part of the sepsis score. Studies assessing

use of repeated measurements to increase sensitivity are also war-

ranted, as are studies directed at elucidating dynamic and age-

dependent reference values.
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