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Serum amyloid A (SAA), the only major acute-phase protein 
in horses, is a highly sensitive and frequently used marker of 
inflammation in equine practice.16,23,35 Although systemic 
SAA in healthy horses is commonly reported as <0.5–
20 mg/L,17,26,28 dramatic increases of up to 1,000-fold from 
baseline reflect inflammatory or infectious processes in dis-
eased horses.4,5 In addition, its rapid increase over 6–12 h and 
short half-life of 30–120 min31 renders SAA a valuable bio-
marker to closely track disease severity.7 Different patient-
side point-of-care (POC) assays22,29,30 and turbidimetric 
immunoassays (TIAs) for laboratory use17,18 have been vali-
dated for equine SAA measurement.

Although there is no gold standard for measurement of 
equine SAA,22 a TIA designed for measurement of human 
SAA concentrations (LZ-SAA, Eiken Chemical; hereafter 
TIA-Hum) has served as the reference method in several 
validation studies of equine SAA assays.17,22,29 Although 
TIA-Hum has proved reliable for equine SAA measure-
ment,17 its drawback is the combination of monoclonal rat 
anti-human SAA1 antibody and polyclonal rabbit anti-
human SAA1 antibody, which provide a high potential for 
batch-to-batch variation.17,18 Furthermore, TIA-Hum is lin-
ear only in a limited concentration range, making several 
dilutions and repeated analyses necessary to obtain a final 
SAA concentration.17,18

A novel TIA (VET-SAA, Eiken Chemical; hereafter TIA-
Vet), designed for veterinary use and measurement of the 
wide SAA concentration ranges frequently encountered in 
horses, is available on the European market. TIA-Vet is 
based on the sole use of monoclonal rat anti-human SAA1 
antibody, and has an acceptable reliability in measurement  
of extreme SAA concentrations.18 Contrary to TIAs, POC 
assays can be used stall-side, are user-friendly,22,29 and pro-
vide SAA results quickly and without the need for shipment 
of samples to a reference laboratory.30 To our knowledge, 
there are 3 POC assays available for equine SAA measure-
ment22,29,30 based on the use of anti-human SAA antibody.22 
A study describing the TIA-Hum (Eiken LZ-SAA) and POC 
assay (formerly Stablelab, Epona Biotech; now Stablelab, 
Zoetis) found the assay results unsuitable for comparison.29 
There is no validation study comparing POC performance to 
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Abstract. Rapid, accurate detection of serum amyloid A (SAA) is needed in equine practice. We validated a patient-side 
point-of-care (POC) assay (Stablelab; Zoetis) compared to the turbidimetric immunoassays LZ-SAA (TIA-Hum) and VET-
SAA (TIA-Vet; both Eiken Chemical). Analytical performance was assessed at 3 different concentration ranges and with 
interferences. Inter-method comparison using 49 equine serum samples revealed a significant difference between median 
SAA results (p < 0.0001), with the strongest bias between the POC and TIA-Vet (median 1,093 vs. 578 mg/L). The median 
SAA value obtained with the TIA-Hum method was 752 mg/L. Correlation between POC/TIA-Hum and between POC/TIA-
Vet was fair (rs = 0.77 and 0.69) and excellent between both TIAs (rs = 0.93). Bias between POC/TIA-Hum, POC/TIA-Vet, 
and TIA-Hum/TIA-Vet was −56.7%, –80.9%, and −28.2%, respectively. POC intra- and inter-assay CVs (16.1–30% and 
19.8–35.5%) were higher than TIA CVs (generally <12%). Bilirubin and hemoglobin had a negative bias on POC and TIA-
Vet results (−16.6 to −45.6%); addition of intralipid yielded a positive bias (35.9–77.4%). The POC had good linearity of SAA 
concentrations up to 10,312 mg/L (R2 = 0.92). A hook effect was present at SAA >3,000 mg/L for the POC assay. Equine serum 
SAA was stable over a median period of 2.5 y when stored at −80°C. Overall, there was excellent-to-moderate correlation 
between tests, but imprecision and hook effect of the POC, as well as bias between the methods, must be considered.
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the TIA-Vet assay. Furthermore, studies on the impact of 
interferences on POC SAA results are lacking.

Our study aims were 1) to conduct an inter-method com-
parison between the POC Stablelab EQ1 handheld reader 
with Stablelab SAA test cartridges and both previously vali-
dated TIAs (TIA-Hum and TIA-Vet) including determina-
tion of bias between methods and CVs to calculate the total 
observed error (TEobs), with the TIA-Hum assay serving as a 
reference method; and 2) to perform an intra-method com-
parison including determination of the impact of interfer-
ences, linearity, recovery, and hook effect, as well as the 
impact of storage.

Our hypotheses were, that 1) there is a significant bias 
between POC and TIA-Hum measurements and an even 
stronger bias between POC and TIA-Vet measurements, and 
2) that equine serum SAA is stable over 2.5 y of storage at 
−80°C.

Materials and methods

Inter-method comparison

Study design. Study design was developed using the Ameri-
can Society for Veterinary Clinical Pathology (ASVCP) 
guidelines for quality assurance and method comparison.8 
Our prospective study was performed March–December 
2018 (validation POC assay vs. TIA-Hum) and January–
February 2021 (validation POC assay vs. TIA-Vet). Our 
study was performed in accordance with the German Animal 
Welfare Act (Article 8). Ethical approval to use surplus sam-
ple volume from equine serum samples submitted for routine 
testing was given (Regierungspraesidium Giessen, Wetzlar, 
Germany, ethics committee: JLU_kTV_02_2021).

SAA measurement. Analyses were performed on equine 
serum samples submitted for SAA analyses to the Depart-
ment of Veterinary Clinical Sciences, Clinical Pathology and 
Clinical Pathophysiology, Justus-Liebig-University Giessen, 
Germany. Samples were analyzed immediately (<1 h after 
blood collection) with the TIA-Hum test run on a clinical 
chemistry analyzer (Pentra 400; Horiba). The SAA results 
obtained during initial routine testing (subsequently TIA-
Hum1) served as a reference value to assign the samples to  
1 of 3 concentration ranges: SAA 0–300 mg/L (SAALow), 
301–1,000 mg/L (SAAMed), and 1,001–3,000 mg/L (SAAHigh). 
The 3 categories were only formed for validation purposes 
to assess the assay performance in different concentration 
ranges and do not directly correspond to the SAA RI for 
healthy horses, which is reported to be <20 mg/L.35

Samples were stored in aliquots ≥0.5 mL at −80°C until 
comparison with the POC assay (subsequently named 
POC1). TIA-Hum was performed a second time (subse-
quently TIA-Hum2) at the same time as POC1 and TIA-Vet 
results were obtained. The use of reagents, samples, and 
measurements of the POC assay were performed by a single 

trained person. The TIA assay was performed by trained lab-
oratory technicians. If SAA concentrations exceeded the 
original working ranges of the TIA-Hum and TIA-Vet assays 
of 5–500 mg/L and 5–200 mg/L, respectively, automatic 1:6 
preanalytical dilutions of 0.005 mL (TIA-Hum) and 0.002 mL 
(TIA-Vet) of samples were made according to the manufac-
turer’s instrument settings provided for the Pentra 400 ana-
lyzer. Given the extremely high SAA concentrations possible 
in horses, automatic sample dilution was followed by manual 
reflex 1:10 or 1:50 dilutions using 0.9% NaCl as required.

Internal quality control (QC) was performed once daily 
with QC material at 2 different concentrations for both  
TIA tests run on the Pentra 400 analyzer (TIA-Hum-SAA-
QC-low and TIA-Hum-SAA-QC-high for TIA-Hum;  
VET-SAA-QC-low and VET-SAA-QC-high for TIA-Vet). 
Concentrations of QC material for TIA-Hum-SAA-QC-low 
and TIA-Hum-SAA-QC-high were 30.3 mg/L (range: 25.8–
34.9 mg/L; 23.7% CV, 6.1 mg/L total bias) and 101.4 mg/L 
(range: 86.2–116.6 mg/L; 8.9% CV, 11.4 mg/L total bias), 
respectively. QC target values for VET-SAA-QC-low and 
VET-SAA-QC-high material were 10.2 mg/L (range: 7.7–
12.8 mg/L; 8.3% CV, –1.9 mg/L total bias) and 52.3 mg/L 
(range: 39.2–65.4 mg/L; 7.1% CV, –6.9 mg/L total bias), 
respectively. Test calibration was performed using the cali-
bration standards based on human recombinant SAA pro-
vided by the manufacturer (LZ-SAA standard Q for 
TIA-Hum, and VET-SAA calibrator set for TIA-Vet; Eiken 
Chemical). Although recommended for POC assays,8 POC 
QC was not possible because QC material was not provided 
by the manufacturer.

We processed 67 equine serum samples in the described 
fashion; 49 of 67 sera were used for determination of bias 
and correlation between methods. The remaining 18 of 67 
sera were used for assessment of intra- and inter-assay CVs 
and the second part of the study, the intra-method compari-
son.

Inter-method comparison. We analyzed 49 equine serum 
samples spanning the concentration ranges SAALow, SAAMed, 
and SAAHigh with the POC, TIA-Hum, and TIA-Vet tests. 
After a median storage of 2.5 y (0.3–4.8 y) following initial 
TIA-Hum1 measurements during routine testing, POC1 and 
TIA-Hum2 measurements were conducted simultaneously in 
March–December 2018. TIA-Vet measurements were per-
formed in January–February 2021 (median 2.5 y [range: 
2.0–3.8 y] later, when the species-specific TIA-Vet test kits 
were available). In addition to the mentioned storage time 
difference, SAA measurements also differ by an additional 
freeze–thaw cycle performed after the comparison between 
POC1 and TIA-Hum2.

For statistical analysis, statistical software programs 
(v.17.8.6, MedCalc Software; Prism 6, GraphPad Software) 
were used. A p-value ≤ 0.05 was considered significant.  
For the inter-method comparison, POC1, TIA-Hum2, and 
TIA-Vet results were used. Bland–Altman analysis was  
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performed, and both mean percent bias and mean absolute 
bias were calculated. Calculation of Spearman rank correla-
tion coefficient was performed, interpreting correlations  
as “excellent” for Spearman rho (rs) = 0.93–0.99, “good”  
for rs = 0.80–0.92, “fair” for rs = 0.59–0.79, and “poor” for  
rs < 0.59, respectively.20,27 Additionally, Passing–Bablok 
analysis was performed. Before analysis, the data were visu-
ally inspected for adequate distribution over the investigated 
analyte range.

Precision. Intra- and inter-assay precision was assessed for 
each of the 3 assays at 3 SAA concentrations (i.e., SAALow, 
SAAMed, and SAAHigh). Intra-assay variation was determined 
by analyzing 10 replicates of each concentration range on the 
same day; for calculation of the inter-assay variation, 1 repli-
cate was run at each test level over 10 consecutive days, 
using a different single aliquot thawed every day. Intra-  
and inter-assay CVs, SAA mean (M), and SD were calcu-
lated for POC, TIA-Hum, and TIA-Vet assays from replicate 
measurements.

Imprecision was calculated based on M and SD for both 
intra- and inter-assay results:

CV %
SD

M
[ ] = ×100%

Given that no quality requirements are available on the 
desired CV for equine SAA assays, the observed (analytical) 
CV (CVa) was compared to quality requirements derived 
from biologic variation (i.e., the intra-individual CV [CVi] of 
25% as described for human SAA measurement).21 Quality 
requirements were fulfilled if:

CV % <0.5 CV ; i.e., CV <12.5%a i
34

a[ ] ×

Total observed error. TEobs was calculated from intra-assay 
CV and percent bias (TEobs = bias% +  [2 × CV%]) for the 
comparisons POC1/TIA-Hum2, POC1/TIA-Vet, and TIA-
Hum2/TIA-Vet. Given the absence of veterinary quality 
requirements for SAA, TEobs was compared to the total 
allowable error (TEa) of 37% established for human SAA 
based on biologic variation.6

Intra-method comparison

Interferences. To investigate possible interferences, aliquots 
of a pooled equine serum sample with a mean SAA concen-
tration of ~1,650 mg/L, as assessed with the TIA-Hum test, 
were used. For assessment of the effect of bilirubinemia, 
20 mg of bilirubin (bilirubin ≥ 98% powder; MilliporeSigma) 
was dissolved in 1 mL of 0.1 M NaOH to obtain a stock solu-
tion of 20 g/L. Subsequently, 0.01 mL of the product was 
added to 0.24 mL of a non-spiked serum sample to achieve  
a bilirubin concentration of 0.8 g/L. To assess the effect  
of hemoglobinemia, a stock solution containing 100 g/L of 

hemoglobin (hemoglobin from bovine blood, lyophilized 
powder; MilliporeSigma) was prepared by diluting 30 mg of 
lyophilized bovine hemoglobin in 0.3 mL of 0.9% NaCl. 
Then, 0.01 mL of the solution was added to 0.24 mL of non-
spiked serum sample resulting in a hemoglobin concentra-
tion of 4 g/L. To investigate a possible interference of lipemia 
on results, 0.01 mL of intralipid (Lipovenoes 20%; Fresenius 
Kabi) was added to 0.24 mL of serum sample to obtain a con-
centration of soybean oil of 8 g/L.

As reported previously,12 control samples were spiked 
with the same volume and carrier substance as the interfer-
ent to avoid a matrix effect resulting from different sample 
material. The spiked samples were analyzed in comparison 
to control samples, namely serum aliquots spiked with 
equal volumes of either 100 mM NaOH (bilirubin), 0.9% 
NaCl (hemoglobin), or pure double-distilled water (intra-
lipid). All spiked sera and control samples were measured 
in triplicate with the POC and TIA-Vet tests and then ana-
lyzed statistically.

Percent bias between the mean of the test and the control 
samples was used to calculate the percent observed interfer-
ence effect (dobs%):

d %
mean mean

meanobs
test control

control

=
−

×100%

The dobs% between test and control sample was considered 
acceptable if it was within ±10%, as described for equine 
SAA assays.18

Linearity. Linearity was evaluated for the POC, TIA-Hum, 
and TIA-Vet assays by manual stepwise dilution of equine 
serum samples with increased SAA concentrations based on 
initial TIA-Hum results of SAALow ~190 mg/L and SAAHigh 
~15,300 mg/L for POC measurements, of SAALow ~190 mg/L 
and SAAHigh ~1,600 mg/L for TIA-Hum measurements, and 
of SAALow ~180 mg/L and SAAHigh ~1,900 mg/L for TIA-Vet 
measurements. We performed 2 experiments to assess lin-
earity. First, we assessed linearity within the lower concen-
tration range covering the reportable range of each assay; 
second, we evaluated linearity within the high concentration 
range to investigate if linearity is present at high SAA con-
centrations, for which dilution of an equine SAA sample 
would be required. Additionally, we chose 2 experiments to 
minimize dilution error in long dilution series. To assess 
POC SAAHigh linearity, the manufacturer’s dilution protocol 
for SAA samples with a concentration >3,000 mg/L was 
used. To assess linearity of all 3 assays, serial dilution 
resulted in specimens with 1, 0.8, 0.6, 0.4, 0.2, and 0 of the 
original SAA concentration using the POC manufacturer’s 
buffer solution for investigation of POC linearity, and 0.9% 
NaCl for linearity assessment of TIA-Hum and TIA-Vet 
tests. All diluted aliquots were analyzed in triplicate.

Recovery. Linearity under dilution was investigated by 
visual inspection of the correlation of observed SAA values 
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plotted against a calculated (expected) SAA concentration. 
Percent recovery rate (RR) was calculated using the differ-
ence between actual and theoretical SAA concentration, as 
described for canine C-reactive protein (CRP)14:

RR %
measured concentration

expected concentration
[ ] = ×100

Linear regression analysis was used to assess correlation 
between expected and measured results. The range of 80–
120% was set as a quality goal for recovery after dilution, as 
described previously for immunoassay validation.1,21

Hook effect. To investigate a possible hook (prozone) effect 
for the POC assay, a serum sample with a remarkably high 
SAA concentration of ~15,300 mg/L based on TIA-Hum 
analysis after dilution was used. In case of a hook effect, 
stepwise dilution of the sample was performed to assess the 
SAA concentration at which a correct detection of high val-
ues without a hook effect was possible. Potential dilution 
steps were 1, 0.8, 0.6, 0.4, 0.2, 0.1, and 0.05 of the original 
SAA concentration. Each dilution step was measured in 
triplicate.

The presence of a hook effect was investigated by visual 
inspection of the observed SAA values as a function of the 
calculated (expected) SAA concentration. Linear regression 
analysis was used to assess correlation between expected and 
measured results. Percent RR over all concentration steps 
was calculated as described above, and the range of 80–120% 
was set as the quality goal.1,21

Storage. Given that the duration of storage ranged from 
0.3 y at the beginning of the study in March 2018 to 7.3 y at 
the end of the study in January 2021, the impact of a variable 
length of storage at −80°C as well as of 2 freeze–thaw cycles 
on equine serum SAA were investigated at the time of TIA-
Vet measurements. The same 10 equine serum samples were 
re-analyzed a second time with the POC method in January 
2021 (subsequently POC2) and with the TIA-Hum a third 
time (subsequently TIA-Hum3) and compared to previous 
(TIA-Hum1, TIA-Hum2, and POC1) results. To assess the 
impact of the variable length of storage on the equine serum 
SAA samples, POC1, POC2, TIA-Hum1, TIA-Hum2, and 
TIA-Hum3 results were used. The same 10 equine SAA sera 
were compared at each time. A Wilcoxon signed-rank test 
was used to assess differences between POC1 and POC2 
measurements. A nonparametric Friedmann test and a Dunn 
multiple comparison post-test were used for comparison of 
TIA-Hum1, TIA-Hum2, and TIA-Hum3 results.

Results

Inter-method comparison

There was a significant difference between median SAA 
measurements obtained with all analyzers (p < 0.0001). 

Highest SAA results were obtained with the POC method; 
lowest SAA results were analyzed with the TIA-Vet assay. 
Median (minimum to maximum) values obtained were 
1,093 mg/L (4–3,000 mg/L), 752 mg/L (0–2,682 mg/L), and 
578 mg/L (0.5–2,255 mg/L) for the POC, TIA-Hum2, and 
TIA-Vet assays, respectively. The dataset used for method 
comparison covered the complete range of interest with 
homogeneous data distribution. The correlation between the 
POC and TIA-Hum assays (Fig. 1A1–C1) as well as between 
the POC and TIA-Vet assays (Fig. 1A2–C2) was fair, with 
rs = 0.77 and 0.69, respectively. Furthermore, Passing–
Bablok regression analysis revealed both constant and pro-
portional bias for the comparison of the POC and TIA-Hum 
assays as well as between the POC and TIA-Vet assays (Fig. 
1A1, 1A2). Contrary to this bias, correlation between SAA 
measurements obtained with TIA-Hum and TIA-Vet tests 
was excellent, with rs = 0.93 and only a small constant and 
proportional bias. All 3 assays had a growing absolute bias 
with increasing SAA concentration (Fig. 1B1–B3). Bland–
Altman analysis revealed a proportional bias of −56.7% and 
−80.9% between SAA measurements obtained with the POC 
assay and TIA-Hum and TIA-Vet assays, respectively (Fig. 
1C1, 1C2). A bias of −28.2% was observed when both TIAs 
were compared (Fig. 1C3). Percent bias was highest when 
POC and TIA-Vet tests were compared (Fig. 1A2–C2), and 
lowest between both TIAs (Fig. 1A3–C3).

Precision. POC intra- and inter-assay CVs mainly exceeded 
quality requirements for human SAA, except for the intra-
assay CV within the medium SAA concentration of 301–
1,000 mg/L. TIA-Hum and TIA-Vet assays mainly fulfilled 
quality requirements (CVa < 12.5%) for all 3 concentrations; 
the only exception was the TIA-Hum inter-assay CV of the 
SAAHigh measurement. A broad range of intra-assay CVs was 
observed for the TIA-Hum test, which spanned from 3.1% in 
group SAAMed to 40.2% in group SAAHigh (Table 1).

Total observed error. TEobs of the assay comparisons POC1 
versus TIA-Hum2 and POC1 versus TIA-Vet exceeded the 
TEa of 37% established for human SAA assays.6 TEobs was 
highest for the comparison of POC1 versus TIA-Vet for all 
investigated concentration ranges. The lowest TEobs were 
observed for the comparison TIA-Hum2 versus TIA-Vet, 
which met the quality requirements of <37% (Table 2).

Intra-method comparison

Interferences. The addition of 0.8 g/L bilirubin, 4 g/L hemo-
globin, and 8 g/L intralipid resulted in detectable interferences 
on POC and TIA-Vet SAA results. The percent biasobs 
exceeded the published criteria of acceptability of ±10%18 in 
all cases. Hemoglobin and bilirubin had a negative bias on 
SAA results measured by both POC and TIA-Vet assays; 
intralipid had a positive bias on SAA in both cases. The stron-
gest biasobs of 77.4% was seen when a serum sample spiked 
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with intralipid was measured with the POC assay. A bias close 
to the limit of acceptance was detected for the TIA-Vet assay 
under hemoglobin influence (biasobs = –10.6%; Table 3).

Linearity. The POC test was linear (R2 = 0.87) when SAALow 
samples of 0–562 mg/L were analyzed (Table 4; Fig. 2A). 
POC linearity was superior (R2 = 0.92) when SAAHigh 
concentrations of 0–10,312 mg/L were measured (Table 4; 
Fig. 2B). POC SAA results were highly variable within 
SAALow and SAAHigh triplicates (Table 4; Figs. 2A, 2B). For 
example, POC results were 4,904–10,312 mg/L when the 

concentration of 0.8 was measured (Fig. 2B). Both the TIA-
Hum and TIA-Vet tests had excellent linearity (R2 = 0.99 
each) when SAALow samples of 0–198 mg/L and 1–115 mg/L, 
respectively, were measured (Table 4; Figs. 2C, 2E). TIA-
Hum and TIA-Vet tests had good linearity (R2 = 0.95 each) 
for measurement of SAAHigh samples of 0–1,593 mg/L (TIA-
Hum) and 0–969 mg/L (TIA-Vet; Table 4, Fig. 2D, 2F). 
When the SAAHigh sample was measured with the TIA-Vet 
test and the dilution factors 0.4 and 0.6 were applied, no 
relevant difference in mean SAA results of 379 and 
388 mg/L, respectively, was noted (Table 4; Fig. 2F).

Figure 1. Method comparison. The point-of-care analyzer was compared to 2 turbidimetric immunoassays run on an automated large 
bench top analyzer (Pentra 400; ABX Horiba). A1–3. Passing–Bablok regression analysis with 95% CIs of serum amyloid A (SAA) 
measurements performed with the 3 tests. B1–3. Bland–Altman difference plot demonstrating the absolute bias between SAA measurements 
obtained with the 3 assays. C1–3. Bland–Altman difference plot demonstrating mean percent biasobs with its 95% CI and its 1.96-fold 
SD indicative of its limits of agreement. Sample stability proven to be >2.5 y. POC1 = point-of-care assay, measured in 2018 (Stablelab; 
Zoetis); TIA-Hum2 = turbidimetric immunoassay-human, measured in 2018 (LZ-SAA assay; Eiken); TIA-Vet = turbidimetric immunoassay-
veterinary (VET-SAA assay; Eiken).
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Recovery. RR did not fulfill the quality criteria of 80–120% 
reported for immunoassays,1,21 especially regarding POC 
assay performance in both SAALow and SAAHigh concentra-
tion ranges and almost every dilution step (Table 4). The RR 
of the TIA-Hum assay fulfilled quality criteria in almost all 
dilution steps of SAALow and SAAHigh measurements, except 
when the dilutions 0.2 and 0.4 of the original SAALow 
concentration were measured. The TIA-Vet test performed 

below the expected RR quality goals when dilution steps 0.2 
and 0.6 of the SAAHigh sample were analyzed.

Hook effect. A hook effect was observed at SAA concentra-
tions >3,000 mg/L, which exceeded the original working 
range of the POC assay. A hook effect occurred from dilution 
step 0.4 of the original SAA concentration (Fig. 3). There 
was extensive variation of SAA results (minimum to 

Table 1. Intra- and inter-assay CVs obtained from replicate serum amyloid A (SAA) measurements with POC, TIA-Hum, and  
TIA-Vet assays.

SAA concentration 
range

Intra-assay CV Inter-assay CV

Mean (mg/L) SD (mg/L) CV (%) Mean (mg/L) SD (mg/L) CV (%)

POC
  0–300 mg/L 118 19 16* 86 19 22*
  301–1,000 mg/L 740 56 8 249 49 20*
  1,001–3,000 mg/L 1,532 460 30* 1,534 550 36*
TIA-Hum
  0–300 mg/L 34 1 5 74 6 9
  301–1,000 mg/L 332 13 4 235 7 3
  1,001–3,000 mg/L 1,073 17 2 2,136 860 40*
TIA-Vet
  0–300 mg/L 94 3 3 42 2 5
  301–1,000 mg/L 560 14 2 127 11 8
  1,001–3,000 mg/L 865 31 3 1,206 140 12

POC = point-of-care assay (Stablelab; Zoetis); TIA-Hum = turbidimetric immunoassay-human (LZ-SAA assay; Eiken); TIA-Vet = turbidimetric immunoassay-veterinary (VET-
SAA assay; Eiken).
*  CVs exceeding the published quality requirements for human SAA of 12.5%.

Table 2. Total observed error (%) for comparison of the assays POC, TIA-Hum, and TIA-Vet in the 3 investigated concentration 
ranges.

TEobs TIA-Hum2 vs. POC1 TIA-Vet vs. POC1 TIA-Hum2 vs. TIA-Vet

SAALow 66.3* 87.5* 34.8
SAAMed 64.3* 85.9* 33.2
SAAHigh 59.9* 87.9* 35.2

POC1 = point-of-care assay, measured in 2018 (Stablelab; Zoetis); SAAHigh = group of high serum amyloid A (SAA) concentrations; SAALow = group of low SAA concentrations; 
SAAMed = group of intermediate SAA concentrations; TEobs = total observed error; TIA-Hum2 = turbidimetric immunoassay-human, measured in 2018 (LZ-SAA assay; Eiken); 
TIA-Vet = turbidimetric immunoassay-veterinary (VET-SAA assay; Eiken).
*  TEobs exceeding the published TEa for human SAA of 37%.6

Table 3. Observed interference effects of bilirubin, hemoglobin, and intralipid on triplicate serum amyloid A (SAA) measurement 
with the POC and TIA-Vet assays.

POC TIA-Vet

Interferent
Mean SAAcontrol 
(mg/L ± SD)

Mean SAAtest 
(mg/L ± SD)

Biasobs 
(%)

Mean SAAcontrol 
(mg/L ± SD)

Mean SAAtest 
(mg/L ± SD)

Biasobs  
(%)

Bilirubin, 0.8 g/L 1,321 ± 504 1,106 ± 100 –16* 959 ± 55 710 ± 18 –26*
Hemoglobin, 4 g/L 2,224 ± 940 1,211 ± 281 –46* 730 ± 10 653 ± 12 –11*
Intralipid, 8 g/L 1,054 ± 179 1,870 ± 404 77* 768 ± 18 1,043 ± 65 36*

POC = point-of-care assay (Stablelab; Zoetis); TIA-Vet = turbidimetric immunoassay-veterinary (VET-SAA assay; Eiken).
*  Results of the observed bias for the interfering substance exceeding 10%.18
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Figure 2. Linearity of diluted equine serum samples measured with the POC, TIA-Hum, and TIA-Vet assays for A. POC measurement 
of a sample originally containing 190 mg/L serum amyloid A (SAA), B. POC measurement of a sample originally containing 15,300 mg/L 
SAA, C. TIA-Hum measurement of a sample originally containing 190 mg/L SAA, D. TIA-Hum measurement of a sample originally 
containing 1,600 mg/L SAA, E. TIA-Vet measurement of a sample originally containing 180 mg/L SAA, and F. TIA-Vet measurement of  
a sample originally containing 1,900 mg/L SAA. A serial dilution was performed in all cases to achieve 6 different SAA concentrations 
(i.e., 1, 0.8, 0.6, 0.4, 0.2, 0 parts of the original concentration). Original SAA concentrations were assessed with the TIA-Hum 
method. POC = point-of-care assay (Stablelab; Zoetis); TIA-Hum = turbidimetric immunoassay-human (LZ-SAA assay; Eiken); TIA-
Vet = turbidimetric immunoassay-veterinary (VET-SAA assay; Eiken).
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maximum) within triplicate measurements of the dilution 
steps 0.2 (855–1,921 mg/L), 0.4 (1,433 to >3,000 mg/L), 0.6 
(1,143–2,573 mg/L), and 0.8 (2,033 to >3,000 mg/L) of the 
original SAA concentration. The POC assay correctly 
reported SAA values of “>3,000 mg/L” only in 2 of 12 mea-
surements, where expected SAA concentrations exceeded 
3,000 mg/L. Total RR calculated over all dilution steps was 
39%, which was significantly below the quality goal for 
immunoassays of 80–120%.1,21

Storage. The impact of storage on equine serum SAA results 
was measured with the POC and TIA-Hum tests. Median 
(minimum to maximum) SAA results obtained were 
1,080 mg/L (11–2,430 mg/L) and 925 mg/L (0–3,000 mg/L) 
when POC1 and POC2 results were compared. As such, no 
significant impact of storage was observed (p = 0.19; Fig. 
4A). For TIA-Hum1, TIA-Hum2, and TIA-Hum3 measure-
ments, median (minimum to maximum) values obtained 
were 778 mg/L (5–2,775 mg/L), 744 mg/L (1–2,682 mg/L), 
and 975 mg/L (9–2,637 mg/L), respectively. Although there 
was no significant difference between TIA-Hum1 and TIA-
Hum2 values, TIA-Hum2 results were significantly lower 
than TIA-Hum3 results (p = 0.0034; Fig. 4B).

Discussion

POC, TIA-Hum, and TIA-Vet results cannot be used inter-
changeably because of significant proportional biasobs of 
−56.7, −80.9, and −28.8% for comparison of POC/TIA-
Hum, POC/TIA-Vet, and TIA-Hum/TIA-Vet results, respec-

tively, with general overestimation of POC results compared 
to the reference method. Biases between different test meth-
ods and overestimation of POC results in comparison to TIA 
results have been described: an overestimation of Stablelab 
POC results in comparison to TIA-Hum results was 
reported,29 and a proportional biasobs of 19.7% was detected 
when POC and TIA methods for canine CRP measurement 
were compared.14

Several factors contribute to biases between different 
assay types, such as user-dependent errors (dilution and 
pipetting errors),14 inter-batch imprecision,29 use of different 
analyzers,13,14,19 and “hardware errors” caused by biochemi-
cal assay background reactions.14 Given that trained person-
nel performed all measurements in our study, user-dependent 
errors were minimized.14 The Pentra 400 analyzer was used 
for all TIA measurements to exclude performance variations 
caused by the use of different analyzers. Furthermore, varia-
tion of antibody cross-reactivity can be observed between 
different assay types17 and between different batches of the 
same assay,24 which is a known problem in immunologic 
acute-phase protein analysis.9,29 POC, TIA-Hum, and TIA-
Vet assays use heterologous anti-human SAA1 antibody to 
detect equine SAA.17,18,29 However, human TIA antibody 
cross-reactivity might vary24 or even be insufficient for 
detection of animal blood analytes, as shown for measure-
ment of canine CRP with a TIA based on anti-human CRP 
antibody.9 Additionally, heterologous calibration of the TIAs 
based on recombinant human SAA results in expression of 
equine SAA concentrations in human equivalents and hence 
different concentration read-outs.4,18 Affinity of anti-human 
SAA antibody toward equine SAA might vary between dif-
ferent assays,17 with higher affinity translating into a higher 
SAA concentration read from the calibration curve.18

Our results call for the awareness of clinical pathologists 
and practitioners working with heterologous immunoassays. 
Even long-established assays may develop variances in 
cross-reactivity15 and in test performance and reliability, 
which is a well-known problem in veterinary laboratories.3 
Especially in assays with known species-dependent batch-to-
batch variances, brief validations of every assay batch are 
recommended.3 In assays generally known to give reliable 
results, as in our case, the laboratory may take assay valida-
tion studies including 20–40 samples into account if implau-
sible results occur after a new batch has been obtained. 
Future research should be aimed at improvement of species-
specific assays, as in our study.

Both TIA tests had excellent agreement (rs = 0.93), but the 
TIA-Vet method yielded 28.2% lower results compared to 
the TIA-Hum test in the method comparison study (p ≤ 0.01). 
Even though TIA-Vet is designed for measurement of espe-
cially high SAA concentrations, 8% lower SAA results have 
been described for this method when compared to the TIA-
Hum method.18 These findings can be the result of inter-
batch and antibody cross-reactivity variations.17,18 Hence, 
follow-up examinations of the patient should be made based 

Figure 3. A hook effect was present in POC (point-of-care; 
Stablelab, Zoetis) assay measurements when serum amyloid A 
(SAA) values >3,000 mg/L exceeded the original working range 
of the assay. Linearity under dilution of an equine serum sample 
originally containing 15,300 mg/L SAA as determined by the TIA-
Hum (turbidimetric immunoassay-human; LZ-SAA assay, Eiken) 
method is shown. The gray box marks the original concentration 
range of the assay. SAA values reported by the POC assay as 
“>3,000 mg/L” are replaced with 3,500 mg/L. A serial dilution was 
performed to achieve 7 different SAA concentrations (i.e., 1, 0.8, 
0.6, 0.4, 0.2, 0.1, 0.05 parts of the original concentration).
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on the same SAA assay type. Furthermore, the narrower 
reported working range of the TIA-Vet test (5–200 mg/L) 
compared to the TIA-Hum assay (5–500 mg/L) might be 
explained by the fact that the TIA-Vet assay exclusively uses 
monoclonal rat anti-human SAA1 antibody, whereas the 
TIA-Hum test is based on a combination of monoclonal rat 
anti-human SAA1 antibody and polyclonal rabbit anti-
human SAA1 antibody.17,18

Although POC intra-assay CVs were mainly >12.5%, 
except in the concentration group SAAMed (7.6%), TIA-Hum 
and TIA-Vet intra-assay CVs (1.6–4.8% and 2.5–3.5%, 
respectively) fulfilled the quality specifications of 
CVa < 12.5% when compared to CVi described for human 
SAA.21 Intra-assay CVs of 13–18% were published for the 
Stablelab POC assay for SAA concentrations, consistent 
with the low and medium concentrations of our study, and 
are comparable to the CVs that we obtained for the same 
SAA concentration range.29 We observed a markedly higher 
intra-assay CV of 30% for SAA concentrations in the high 
concentration range of the POC; however, a comparably high 
concentration was not assessed in the previous study.29

Previously obtained TIA-Vet intra-assay CVs of 3–5.2%18 
are in agreement with our results and confirm its good intra-
assay repeatability in our study.

In agreement with our findings, a high inter-assay CV of 
up to 45.5% was reported previously for the POC assay and 
was considered to be the result of the use of different sample 
types (serum and plasma) and batch-to-batch differences.29 
Impact of sample type and of batch, however, was excluded 
in our study because we used only serum samples and test 
cartridges of the same batch.

For high SAA concentrations (>500 mg/L), the TIA-Hum 
inter-assay CV of 40.2% markedly exceeded suggested qual-
ity requirements for human SAA. When SAA concentrations 
exceeded 500 mg/L, automatic dilution steps were performed 
by the analyzer during each analysis. Thus, errors caused by 
additional dilution steps contribute to imprecision and are 
considered the most likely reason for the high inter-assay CV 
observed for high SAA concentrations that exceed the origi-
nal working range of the test.

In contrast to the POC, TIA-Vet inter-assay CVs were 
<12.5% and fulfilled human SAA quality requirements for 
measurement of high SAA concentrations, which is in agree-
ment with the previous study.18

Only TEobs of the comparison of TIA-Hum2 versus TIA-
Vet was less than the TEa of 37% based on biologic variation 
established for human SAA assays.6 To date, there are no 
published data on analytical quality requirements for equine 
SAA,29 hence comparison to TEa for human SAA, as well as 
comparison of CVa to human CVi, can only serve as a rough 
guideline.

The addition of the interferents hemoglobin, bilirubin, 
and intralipid resulted in a bias on POC and TIA-Vet results 
exceeding the accepted deviation of ±10%.18 Investigation of 
the impact of interferences was warranted given that the 
POC methodology relies on a color change, and conditions 
such as hemolysis, hyperbilirubinemia, and lipemia can 
affect results.29 Although there was no interference effect on 
TIA-Vet results under the influence of 10 g/L hemoglobin 
and 5 g/L intralipid in a previous study,18 the addition of 4 g/L 
hemoglobin, 8 g/L intralipid, and 0.8 g/L bilirubin had a posi-
tive percent biasobs on POC and TIA-Vet results in the case of 

Figure 4. Impact of storage on equine serum amyloid A (SAA) samples demonstrated with POC assay results and TIA-Hum results 
obtained at different times after storage. TIA-Hum1 represents the original measurement during routine testing in 2013–2017; TIA-Hum2 and 
POC1 the measurement in 2018 after a median storage of 2.5 y (range: 0.3–4.8 y); TIA-Hum3 and POC2 results were obtained January 2021 
(i.e., a median of 2.5 y after the previous measurement). Box-and-whisker diagram demonstrates median range of the SAA measurements 
obtained with the 2 analyzers at different times. The horizontal line in the boxes is the median, the whiskers indicate the range, and the box 
represents the 25th–75th percentile. The asterisks indicate the strength of the p-value; **p ≤ 0.01. A. TIA-Hum results at 3 different times 
(1–3) were compared. B. POC results at 2 different times (1–2) were compared. POC1–POC2 = point-of-care assay, measured in 2018 and 
2021, respectively (Stablelab; Zoetis); TIA-Hum1–TIA-Hum3 = turbidimetric immunoassay-human (LZ-SAA assay; Eiken), measured in 
2013–2017, 2018, and 2021, respectively.
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intralipid, and a negative percent biasobs in the cases of hemo-
globin and bilirubin. The different results of our study com-
pared to the reference study may be explained by different 
spike protocols used by the researchers. Impact of the inter-
ferents hemoglobin, bilirubin, and intralipid on equine serum 
SAA results must be considered when analyzing samples of 
horses with relevant clinical conditions.

POC linearity was good (R2 = 0.92) from 0–10,312 mg/L, 
and inferior (R2 = 0.87) from 0–562 mg/L, with fair agree-
ment between measured and expected results. This is in con-
trast to a previous publication that describes an acceptable 
POC linearity up to 1,000 mg/L and less precise results 
>1,000 mg/L, with POC overestimation of samples 
>3,000 mg/L compared to TIA-Hum (Eiken LZ-SAA) 
results.29 The dilution protocol provided by the manufacturer 
of the POC was considered inadequate to obtain linear results 
by the authors of the previous method validation study.29 In 
contrast, the manufacturer’s dilution protocol for the POC 
led to good linearity up to the highest measured SAA con-
centrations in our study. The manufacturer’s dilution proto-
cols might have been revised since publication of the 
previous study.

TIA-Hum and TIA-Vet assays were linear up to SAA con-
centrations of 1,593 and 969 mg/L, respectively, with overall 
good agreement of measured and expected results. Minor 
signs of inaccuracy consisted of slight underestimation of 
TIA-Hum and TIA-Vet results in the SAAHigh group. A pos-
sible explanation for this observed underestimation is the 
heterologous calibration of SAA assays reporting equine 
SAA results as human equivalents.18

When the SAAHigh sample was measured with the TIA-
Vet test in dilution steps 0.4 and 0.6, respectively, no differ-
ence between expected and measured mean SAA results was 
noted despite the different degree of dilution. The fact that no 
difference between expected and measured mean SAA 
results was noted could be explained by a dilution error dur-
ing preparation of dilution step 0.6 given that all other results 
closely met the expected values. Clustering of original TIA-
Hum results of ~400 mg/L was observed in a previous study 
when dilutions recommended for human SAA measurement 
were applied29; a 1:6 dilution was suggested for TIA-Hum 
SAA measurements >250 mg/L.17,29 In accordance with the 
previous recommendation, clustering of SAA values was not 
observed for both TIA-Hum and TIA-Vet in our study in 
which an automated TIA-Hum 1:6 dilution was made for 
SAA exceeding the upper measuring range of the test, sug-
gesting appropriate dilution protocols for measurement of 
equine SAA on the Pentra 400.

RR for the POC, TIA-Hum, and TIA-Vet tests were 47–
110%, 53–116%, and 69–107%, respectively, and therefore 
partially diverged from the quality goals of 80–120% pub-
lished for immunoassays.1,21 Low RR occurred especially 
within the higher concentration range of the linearity experi-
ment; pipetting errors could have been introduced by the 
need for extensive dilution.10

A hook effect was observed at SAA concentrations 
>3,000 mg/L, exceeding the original working range of the 
POC assay. This finding is in accordance with the manu-
facturer’s information. SAA concentrations >3,000 mg/L 
are frequently encountered in horses.18,33 Relevant changes 
at very high SAA concentrations cannot be tracked reliably 
with the present POC assay. However, good linearity 
(R2 = 0.92) was achieved for the same SAAHigh sample 
when the manufacturer’s dilution protocol was applied in 
the linearity study. Based on our results, it is advisable to 
perform repeat SAA measurements using the manufactur-
er’s dilution protocol when clinical appearance of a horse 
and SAA results do not correlate and hence may represent 
falsely low concentrations secondary to a possible hook 
effect.

A major limitation of our study is that it was conducted 
over the course of several years, hence making 2 freeze–
thaw cycles necessary to obtain separate aliquots. However, 
the median sample age difference of 2.5 y had no impact on 
equine serum SAA stability in our study. Although previous 
studies show that equine serum SAA is stable over 17 d when 
stored at room temperature and refrigerated at 4°C,11 our 
study suggests that equine serum SAA is stable for much lon-
ger when stored at −80°C. TIA-Hum3 results that were 
obtained after a median of 2.5 y after TIA-Hum2 results were 
significantly higher than TIA-Hum2 results (p ≤ 0.01). This 
is in contrast to other studies that report a general decrease of 
stored blood analytes.25,32 Furthermore, it has been reported 
that samples may be degraded by repeated freeze–thaw 
cycles.2 Given that different TIA-Hum batches were used for 
TIA-Hum2 and TIA-Hum3 measurements, it is most likely 
that the spurious SAA increase after storage and repeated 
freeze–thaw cycles was the result of an inter-batch impreci-
sion with different antibody cross-reactivity of TIA-Hum 
anti-human SAA antibody to equine SAA, as reported previ-
ously.17,18
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