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Abstract

Cardiac troponin | (cTnl) is a cardiac specific biomarker of myocardial damage in
humans, dogs, and cats. The ADVIA Centaur XP High-Sensitivity Troponin | assay
(AC-cTnl-HS) has been validated for use in humans and dogs, but not for use in cats.
The study objective was to analytically validate the AC-cTnl-HS assay for use in cats
and to evaluate cTnl measurements in healthy cats compared to those with cardiac
disease to assess the clinical utility of this assay. Surplus serum samples from cats
were used for analytical validation. Intra- and inter-assay variability, dilutional paral-
lelism, and spiking recovery were assessed. Serum samples from 106 client-owned
cats were evaluated. This group was comprised of 51 clinically healthy cats (struc-
turally normal echocardiogram, normal systemic blood pressure, and unremarkable
complete blood count and biochemistry profile), 25 cats with stage B1 hypertrophic
cardiomyopathy, 7 with stage B2 hypertrophic cardiomyopathy, 7 with stage C cardio-
myopathy of any type, 8 with congenital heart disease, and 8 cats with transient myo-
cardial thickening and/or suspected to have myocarditis. Inter-assay and intra-assay
coefficients of variation were between 2.7-8.3% and 1.5-4.0%, respectively. The
mean + standard deviation observed to expected ratios for dilutional parallelism and
spiking recovery were 124.3+42.8% and 92.9+£6.2%, respectively. Healthy cats had
significantly lower cTnl concentrations than cats with hypertrophic cardiomyopathy
stage B1 (P=0.012), stage B2 (P=0.004), or any cardiomyopathy ACVIM stage C
(P=0.002). The AC-cTnI-HS assay is precise, reproducible, linear, and accurate for
measurement of cTnl concentrations in serum from cats. This study confirms that
measurement of serum cTnl holds promise to have clinical utility as it was able to
detect differences in serum cTnl concentrations between healthy cats and those with
cardiac disease.
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Introduction

Cardiac troponin | (cTnl) is a sensitive and specific cardiac biomarker, which is
released quickly and persistently from cardiomyocytes into the blood stream in the
face of myocardial damage [1]. Increased serum cTnl concentrations have been
reported in cats with primary myocardial disease [2—11], as well as in cats with a vari-
ety of other abnormalities including transient myocardial thickening (TMT) [12—-16],
anemia [17], hyperthyroidism [18,19], renal disease [20—22], systemic hypertension
[22], systemic inflammatory response syndrome [23], various critical illnesses [24],
arrhythmias [25], and/or secondary to anesthetic events or drugs [26,27]. In cats
with hypertrophic cardiomyopathy (HCM), multiple studies have shown that cTnl
concentrations increase as disease severity increases [2,6—9], with two studies also
demonstrating negative prognostic significance associated with elevated cTnl con-
centrations in cats with HCM [4,5].

Until recently, the ultrasensitive ADVIA Centaur Tnl-Ultra assay was commonly
utilized for the measurement of cTnl in dogs and cats, having been validated for
use in both species [28,29]. This assay has since been replaced by the ADVIA
Centaur XP High-Sensitivity Troponin | (AC-cTnI-HS) assay, which has superior
diagnostic utility in humans compared to the previous generation assay [30] and
improved analytical performance [31]. The specific qualifications that must be met
for an assay to be termed “highly sensitive” include detection of cTnl precisely
(with a coefficient of variation (CV) <10%) at or below the 99™ percentile upper
reference limit in at least half the population [32]. The AC-cTnl-HS assay meets
these criteria in humans, with a defined limit of quantification between 2.5-25,000
pg/mL (ng/L) [31]. The AC-cTnI-HS assay has also been validated for use in dogs,
however the lowest cTnl concentration with a repeatable intra- and inter-assay
CV<10% in that species was>20 pg/mL, suggesting worse analytical performance
in dogs than in humans [33].

The study objective of this study was to analytically validate the AC-cTnl-HS assay
for use in cats and to evaluate cTnl measurements in healthy cats compared to those
with cardiac disease to assess the clinical utility of this assay in cats.

Materials and methods
Analytical validation

Left-over serum from diagnostic samples submitted to the Gastrointestinal Laboratory
at Texas A&M University were pooled to create samples with AC-cTnl-HS concentra-
tions of approximately 10, 20, 50, 100, 250, and 1,000 pg/mL. Intra-assay variability
was assessed by measuring aliquots of these six serum pools ten times in the same
assay run. Inter-assay variability was determined by measuring aliquots from the
same six serum pools over ten consecutive days. The mean AC-cTnl-HS concen-
trations for the pools were 8, 21, 46, 96, 240, and 1,044 pg/mL. Aliquots of the three
pools with the highest cTnl concentrations (96, 240, and 1,044 pg/mL) were serially
diluted (1:2, 1:4, 1:8, and 1:16) with manufacturer provided sample diluent. Observed
to expected (O/E) ratios were determined from these results. Spiking recovery
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accuracy was determined by mixing equal volumes of all six pools in all possible combinations (A+B, A+C, A+D etc.),
with O/E ratios calculated from these results.

Clinical evaluation

Cats were recruited for the clinical evaluation portion of the study from Texas A&M University Veterinary Medical
Teaching Hospital faculty, student, and staff-owned cats as well as client-owned cats presenting to the cardiology
service at the Veterinary Medical Teaching Hospital of Texas A&M University or the University of lllinois at Urbana-
Champaign. Informed written consent was obtained from the owners of prospectively enrolled cats of studies that had
been approved by the Institutional Animal Care and Use Committee of each university (Texas A&M University: IACUC
2023-0155 CA and IACUC 2020-0193 CA; University of lllinois: IACUC 19258). A small number of cats with cardiac
disease evaluated by the cardiology service at Texas A&M University that had a cTnl concentration assessed by the
AC-cTnl-HS assay as part of their diagnostic evaluation within the year prior to the start of the study were also identi-
fied and retrospectively enrolled.

Enrolled cats were allowed to receive gabapentin or trazodone the night prior to their evaluation and the morning
of their evaluation at the owner’s discretion if these medications had been previously prescribed by a veterinarian to
decrease the stress elicited by veterinary visits. Intravenous or intramuscular sedation with butorphanol was also allowed,
as needed, based on the cat’s cooperation and demeanor once in the hospital. Serum samples were obtained via veni-
puncture of the external jugular or medial saphenous vein from all cats at the time of enroliment at both institutions.
These samples were placed into plain serum tubes, allowed to clot for at least 15 minutes, then centrifuged at 20°C at
14,800 rpm for 10 minutes. After centrifugation, serum was separated from the packed cells, divided into aliquots, and fro-
zen at —80° C, except for cats in which it was clinically indicated to assess cTnl concentration as part of the cat’s diagnos-
tic assessment. In these instances, serum samples were submitted for immediate AC-cTnl-HS analysis. Serum samples
from the University of lllinois were transferred from a —80° C freezer and shipped to Texas A&M University overnight on
dry ice, with all samples confirmed to be frozen upon receipt. These samples, in addition to the stored samples at Texas
A&M University, were thawed and analyzed in a single batch at the conclusion of study enroliment. Cats were assigned
to the healthy group if they had no clinically important findings on history and physical examination, an average systolic
Doppler blood pressure reading <160 mmHg, a structurally normal echocardiogram, and an unremarkable complete blood
count and biochemistry profile. Cats with cardiac disease were grouped based on their echocardiogram results and other
relevant diagnostic testing at the time of their assessment, with cardiomyopathy diagnoses classified based on the 2020
American College of Veterinary Internal Medicine (ACVIM) consensus guidelines on the classification and diagnosis of
cardiomyopathies in cats [34]. Cats with cardiomyopathy were grouped into HCM stage B1, HCM stage B2, and any car-
diomyopathy stage C (encompassing cats with active or compensated congestive heart failure due to any underlying type
of cardiomyopathy). Cats diagnosed with one or more congenital cardiac abnormalities were assigned to the congenital
group, while cats diagnosed with TMT or those suspected to have myocarditis based on cTnl concentrations presumed to
be severely elevated were grouped together in a TMT/myocarditis suspect group.

Statistical methods

Continuous variables were assessed for normality using Anderson-Darling tests and visual inspection of g-q plots. The
data were not normally distributed and were therefore expressed as median (range). Comparisons of age and AC-cTnI-HS
concentrations among groups of cats were made using Kruskal-Wallis tests, followed by a Dunn’s post-test with healthy
cats as the reference group. As cTnl concentrations were used to select cases for the suspected myocarditis group, con-
centrations were not statistically compared between this group of cats and the others. The correlation between age and
AC-cTnl-HS concentration in healthy cats was assessed using Spearman’s correlation coefficient. A preliminary refer-
ence interval was determined by calculating the central 95" percentile of cTnl concentrations in healthy cats. Statistical
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significance was set at P<0.05. A statistical software package was used for analysis (GraphPad Prism v.8, GraphPad,
GraphPad Software, San Diego, CA).

Results

Analytical validation

Intra-assay %CV were between 1.5-4.0%. Inter-assay coefficients of variation (%CV) were between 2.7-8.3%. (Table 1,
Fig 1). The mean = standard deviation O/E ratio for dilutional parallelism was 124.3 +42.8% with a range of 93.9-150.0%

Table 2, Fig 2). The mean t standard deviation O/E ratio for spiking recovery was 92.9+6.2% with a range of 78.3—
Fig 2 g Yy g

101.7% (Table 3, Fig 3).

Clinical evaluation

Serum samples from 106 client-owned cats were analyzed (Table 4). The median age was 5 years (range: 0.4—15 years)
and the median body weight was 5.1 kg (standard deviation: £ 1.3 kg). There were 40 female cats (9 intact) and 66 male
cats (8 intact). The subgroup sizes were as follows: healthy cats (n=51), HCM stage B1 (n=25), HCM stage B2 (n=7),
any cardiomyopathy ACVIM stage C (n=7), congenital heart disease (n=8), or TMT and/or myocarditis suspect (n=38).
Five cats with congenital heart disease had a single defect (mitral valve dysplasia, atrial septal defect, ventricular septal

defect, double outlet right atrium, and complete atrioventricular septal defect) and three had more than one congenital

defect (ventricular septal defect and mitral valve dysplasia, partial atrioventricular septal defect with aortic valve dysplasia,
and combined mitral and tricuspid valve dysplasia). All cats with congenital heart disease were considered to have mild
disease except for the cat with a double outlet right atrium that had concurrent congestive heart failure and the cat with
the complete atrioventricular septal defect that had concurrent congestive heart failure, pulmonary hypertension, and a
left atrial thrombus. Amongst the groups, there was only a significant age difference between the cats with HCM stage B1
and the cats with congenital heart disease (P=0.016). There was no significant correlation between age and AC-cTnI-HS
concentrations in healthy cats (r,=0.233, P=0.100) (Fig 4A). There was no significant difference between AC-cTnI-HS
concentrations in healthy male cats versus female cats (P=0.208) (Fig 4B). Cats with HCM stage B1 (P=0.012), HCM
stage B2 (P=0.004), or any cardiomyopathy stage C (P=0.002) had significantly higher AC-cTnl-HS concentrations than

Table 1. Reproducibility and precision of the measurement of cardiac troponin | in serum sam-
ples from cats using the ADVIA Centaur Cardiac Troponin | High Sensitivity assay.

Serum pool Mean (pg/mL) SD (pg/mL) CV (%)
Intra-assay variability 1 9 0.3 4
(n=10) 2 21 05 2.3
3 46 0.7 1.5
4 100 2 2
5 241 3.9 1.6
6 1035 16 1.5
Inter-assay variability 1 8 0.5 6.5
(n=10) 2 20 0.8 3.8
3 44 1.6 3.7
4 97 8.1 8.3
5 233 6.4 2.7
6 983 26.5 2.7

CV: coefficient of variation; SD: standard deviation.

https://doi.org/10.1371/journal.pone.0346522.t001
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Fig 1. Inter and intra-assay variability of the ADVIA Centaur Cardiac Troponin | High Sensitivity assay using serum samples in cats presented
in graphical format. Six serum pools of varying cTnl concentration were run repeatedly on the same assay run (intra-assay variability, panel A) and
across different assay runs (inter-assay variability, panel B).

https://doi.org/10.1371/journal.pone.0346522.9001

healthy cats (Fig 5). There was no significant difference in AC-cTnl-HS concentrations between cats with congenital heart
disease and healthy cats.

The 2.5th percentile and 97.5th percentile AC-cTnl-HS concentrations in healthy cats were 6.0 and 190 pg/mL, respec-
tively. Thus, a preliminary reference interval for AC-cTnl-HS concentration in healthy cats based on these data in combi-
nation with the reproducibility data (which has a lowest mean pool concentration of 8.0 pg/mL) can reasonably be set at
<8 pg/mL - 190 pg/mL.

Discussion

This study indicates that the AC-cTnI-HS assay measures cTnl concentrations in the serum of healthy cats and cats with
cardiac disease in a precise and reproducible fashion at all tested concentrations, including the lowest tested concentra-
tion of 8 pg/mL, with %CV <10% for intra- and inter-assay variability. Across the study, 100% of the analyzed samples had
measurable cTnl concentrations above the 2.5 pg/mL lower limit of detection established for humans for this assay, while
95.3% of cats had measurable cTnl concentrations at or above 8 pg/mL, the lowest concentration with proven precision
and reproducibility based on the present data. Only five cats had cTnl concentrations measuring below 8 pg/mL. These
findings suggest that the assay performance is superior in cats compared to dogs in this regard, as the lowest concentra-
tion where precise and reproducible concentrations can be measured in dogs has been reported as > 20 pg/mL [33].
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Table 2. Dilutional parallelism results of the ADVIA Centaur Cardiac Troponin | High Sensitivity assay for measurement of cardiac troponin | in
serum samples from cats in tabular form.

Serum pool Dilution Observed cTnl concentration (pg/mL) Expected cTnl concentration (pg/mL) OJE ratio (%)
1 Undiluted 96
1:2 54 48 112.5
1:4 36 24 150.0
1:8 16 12 133.3
1:16 15 6 250.0
2 Undiluted 240
1:2 128 120 106.7
1:4 64 60 106.7
1:8 34 30 113.3
1:16 19 15 126.7
3 Undiluted 1044
1:2 490 522 93.9
1:4 258 261 98.9
1:8 127 131 96.9
1:16 67 65 103.1

Assay linearity was assessed at dilutions of 1:2, 1:4, and 1:8. cTnl: cardiac troponin |; O:E observed to expected ratio.

https://doi.org/10.1371/journal.pone.0346522.t002
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Fig 2. Dilutional parallelism results of the ADVIA Centaur Cardiac Troponin | High Sensitivity assay for measurement of cardiac troponin |
in serum samples from cats in graphical format. Three serum pools of varying cTnl concentration were serially diluted (1:2, 1:4, 1:8, and 1:16) with
manufacturer provided sample diluent. Observed values are plotted against expected values.

https://doi.org/10.1371/journal.pone.0346522.9002

The mean + standard deviation O/E ratio for dilutional parallelism was 124.3+42.8% with a range of 93.9-150.0%.
This is outside typical target ranges of O/E between 80.0% and 120.0%. However, no samples with very high serum cTnl
concentrations were used for this study. The sample with a neat serum cTnl concentration of 1044 pg/ml showed O/E
ratios of 93.9, 98.9, 96.9, and 103.1%, all well within the range of 80—120%. Thus, the assay shows good reproducibility
for samples in the middle or upper end of the working range and thus for the only samples that would possibly be diluted.
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Table 3. Spiking recovery results for the ADVIA Centaur Cardiac Troponin | High Sensitivity assay for measurement of cardiac troponin | in
feline serum in tabular form.

Serum pool combination Observed cTnl concentration (pg/mL) Expected cTnl concentration (pg/mL) OJE ratio (%)
A +B 14 15 93.3
A +C 25 28 89.3
A +D 47 53 88.7
A +E 109 125 87.2
A +F 476 527 90.3
B +C 32 34 941
B +D 60 59 101.7
B +E 128 131 97.7
B +F 514 533 96.4
Cc +D 66 71 93.0
C +E 125 143 87.4
C +F 427 545 78.3
D +E 170 168 101.2
D +F 544 570 95.4
E +F 636 642 99.1

For spiking recovery experiments, each sample was spiked into each of the other samples. cTnl: cardiac troponin I; O:E observed to expected ratio.

https://doi.org/10.13

71/journal.pone.0346522.t003
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Fig 3. Spiking recovery results for the ADVIA Centaur Cardiac Troponin | High Sensitivity assay for measurement of cardiac troponin | in
feline serum in graphical format. Equal volumes of six pools of varying cTnl concentration were mixed in every possibly combination. Observed values
are plotted against expected values.

https://doi.org/10.13

71/journal.pone.0346522.g003

Furthermore, this assay has a very wide working range (2.5-25,000 pg/mL in humans) and thus sample dilution of a

patient sample

will seldom be indicated.

The mean spiking recovery O/E ratio was 92.9+6.2% with a range between 78.4 and 101.9%. This is within the typical
target range of 80.0% to 120.0%, indicating the assay is analytically accurate (i.e., does not suffer from a matrix effect
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Table 4. Demographic data and serum cardiac troponin | concentration in healthy cats and cats with cardiac disease.

Group Number Age (years) Sex (M/F) Median (range)
AC-cTnl-HS (pg/mL)

Healthy 51 3.0 (1.0-12.0) 29/22 26 (<8-193)

HCM stage B1 25 7.0 (1.0-14.0) 16/9 94 (<8-415)

HCM stage B2 7 7.0 (4.0-9.0) 6/1 268 (29 —2,270)

Any cardiomyopathy stage C 7 3.0 (0.4-14.0) 6/1 369 (26 —1,073)

Congenital heart disease 8 1.5 (0.8-9.0) 4/4 75 (18 -10,602)

TMT/myocarditis suspect 8 6.5 (0.6-14.0) 5/3 4,532 (510-25,001)*

Demographic data and cardiac troponin | concentrations as measured by the ADVIA Centaur XP High-Sensitivity Troponin | (AC-cTnl-HS) assay are pre-
sented across clinical groups. Data for age and cardiac troponin | concentration are presented as median (range). HCM: hypertrophic cardiomyopathy;
TMT: transient myocardial thickening. *As cTnl concentrations were used to select cases for the TMT/myocarditis suspect group, concentrations were
not statistically compared between this group of cats and the others.

https://doi.org/10.1371/journal.pone.0346522.t004
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Fig 4. Effect of age and sex on cardiac troponin | concentrations in healthy cats. There was no correlation between age and cardiac troponin |
concentrations in 51 healthy cats (r,=0.233, P=0.100) with the ADVIA Centaur XP High-Sensitivity Troponin | assay (panel A). There was also no signifi-
cant difference (P=0.208) between cardiac troponin | concentrations in male and female healthy cats (panel B).

https://doi.org/10.1371/journal.pone.0346522.9004

when measuring cTnl in cat serum). Ideally samples would have also been spiked with purified feline cardiac troponin.
However, this reagent was not available.

Data derived from the clinical samples in this study showed that healthy cats had significantly lower AC-cTnl-HS
concentrations than cats with any stage of cardiomyopathy. Differences in AC-cTnI-HS concentrations amongst groups
of cats with various stages of cardiomyopathy were not detected. However, this may be reflective of the small sample
sizes of cats with HCM stage B2 and cats in stage C secondary to any type of cardiomyopathy in this study, as previous
studies have demonstrated a difference between cats with mild versus more severe stages of HCM [2,6-9]. The lack of
difference in AC-cTnl-HS concentrations between healthy cats and cats with congenital heart disease is likely secondary
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Fig 5. Cardiac troponin | concentrations in healthy cats and cats with various cardiac diseases. Cardiac troponin | concentrations measured with
the ADVIA Centaur XP High-Sensitivity Troponin | assay in the serum of healthy cats and cats with hypertrophic cardiomyopathy (HCM) stage B1, HCM
stage B2, any type of cardiomyopathy in stage C, congenital heart disease (congenital), or transient myocardial thickening and/or myocarditis suspects
(TMT/myocard.) are depicted. * As cTnl concentrations were used to select cases for the suspected myocarditis group, concentrations were not statisti-
cally compared between this group of cats and the others.

https://doi.org/10.1371/journal.pone.0346522.9005

to the considerable spectrum of severity of congenital cardiac disease along with the small sample size. Nevertheless, the
assay was able to detect differences in cTnl between healthy cats and those with cardiac disease that would be expected
to have varying degrees of myocardial injury, suggesting a potential for clinical utility.

In other species, such as dogs and humans, cTnl concentrations have been shown to increase with increasing age
[29,33,35,36]. In the present data, age was not correlated with AC-cTnl-HS concentrations in cats. This aligns with several
other feline studies that also failed to find a correlation between age and cTnl concentrations [2,7,8], although a single
study did demonstrate a higher cTnl concentration in 13 cats over 10 years of age with no clinical evidence of cardiac
disease compared to 20 control cats without cardiac disease [37]. Given that echocardiograms and screening for concur-
rent diseases was not pursued in the aged cats of that study [37], subclinical cardiac disease cannot be ruled out, and the
impact of age on serum cTnl concentrations remains difficult to fully interpret.

Limitations of the present study largely relate to the small sample sizes, especially in subgroups of cats with cardiac
disease. It has previously been proposed that ideally, 120 or more samples from healthy animals should be utilized to
develop robust reference intervals [38]. However, given how difficult it can be to collect such a large number of samples
from healthy individuals, others have suggested that a much smaller sample size can be sufficient [39]. Thus, the present
sample size of 51 healthy cats may or may not be underpowered. Based on this study we propose a reference interval
of <8 pg/mL- 190 pg/mL for healthy cats. Another limitation is the small sample size in cats with various forms of cardiac
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disease that likely contributed to the lack of significant differences across these groups (i.e., type Il error). Lastly, due

to small sample sizes, cats diagnosed with TMT based on elevated AC-cTnl-HS concentration in combination with sup-
portive serial echocardiographic findings were grouped together with cats suspected to have myocarditis based on what
the attending clinician deemed to be a severely elevated AC-cTnl-HS concentration. Given the role of the AC-cTnl-HS
concentration in defining these cases prior to validation of the assay, the authors chose not to include these cats in the
statistical analyses, and they were included for comparison purposes only.

Conclusions

The AC-cTnl-HS assay is precise, reproducible, linear, and accurate for measurement of cTnl concentrations in
serum from cats when assessed with pools 28 pg/mL. This study also supports the previously reported clinical utility
as it was able to detect differences in serum cTnl concentrations between healthy cats and those with cardiac dis-
ease. The reference interval for serum cTnl concentration based on 51 healthy cats using this assay was determined
to be <8-190 pg/mL.

Supporting information

S1 File. Raw data associated with analytical validation of the AC-cTnl assay in cats including inter- and intra-
assay variability, dilutional parallelism, and spiking recovery.
(XLSM)

S2 File. Raw data associated with clinical samples in healthy cats and cats with cardiac disease.
(XLSX)
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