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A B S T R A C T

Background: The study aim is to compare cTnI values measured with three high-sensitivity (hs) methods in
apparently healthy volunteers and patients admitted to emergency department (ED) with acute coronary syn-
drome enrolled in a large multicentre study.
Methods: Heparinized plasma samples were collected from 1511 apparently healthy subjects from 8 Italian
clinical institutions (mean age: 51.5 years, SD: 14.1 years, range: 18–65 years, F/M ratio:0.95). All volunteers
denied chronic or acute diseases and had normal values of routine laboratory tests. Moreover, 1322 heparinized
plasma sample were also collected by 9 Italian clinical institutions from patients admitted to ED with clinical
symptoms typical of acute coronary syndrome. The reference study laboratory assayed all plasma samples with
three hs-methods: Architect hs-cTnI, Access hs-cTnI and ADVIA Centaur XPT methods. Principal Component
Analysis (PCA) was also used to analyze the between-method differences among hs-cTnI assays.
Results: On average, a between-method difference of 31.2% CV was found among the results of hs-cTnI im-
munoassays. ADVIA Centaur XPT method measured higher cTnI values than Architect and Access methods.
Moreover, 99th percentile URL values depended not only on age and sex of reference population, but also on the
statistical approach used for calculation (robust non-parametric vs bootstrap).
Conclusions: Due to differences in concentrations and reference values, clinicians should be advised that plasma
samples of the same patient should be measured for cTnI assay in the same laboratory. Specific clinical studies
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are needed to establish the most appropriate statistical approach to calculate the 99th percentile URL values for
hs-cTnI methods.

1. Introduction

The 2018 Fourth Universal Definition of Myocardial Infarction [1]
states: “the term myocardial injury should be used when there is evi-
dence of elevated cardiac troponin values with at least one value above
the 99th percentile upper reference limit (URL)”. Myocardial injury is a
prerequisite for the diagnosis of myocardial infarction (MI), but also a
distinct entity [1–3]. Indeed, several cardiac and systemic pathologies
can result in myocardial injury without infarction. Therefore, clinicians
should accurately distinguish these clinical conditions from MI [1–3].
The most recent international guidelines recommend that high-sensi-
tivity methods should be preferred for the measurement of cardiac
troponin I (cTnI) and T (cTnT) in patients admitted to emergence de-
partment with acute coronary syndromes (ACS) [1,4,5].

Recently, several clinical studies, including also three meta-analyses
[6–8], demonstrated that the cardiovascular risk tend to increase also in
some apparently healthy individuals of both sexes from cTnI and cTnT
values below the 99th percentile URL. These studies support the hy-
pothesis that cTn measurement with high-sensitivity (hs) methods may
be effective for cardiovascular risk prediction and also for early de-
tection of individuals at the highest risk for progression to symptomatic
heart failure in general population [9]. In particular, the North-
Trøndelag Health (HUNT) study recently reported that cardiovascular
risk in general population seems to increase continuously and pro-
gressively from very low cTnI values (i.e., from 4 ng/L for women and
6 ng/L for men), measured with a hs-method [10].

The 2018 Expert Opinion from AACC and IFCC [5] recommends
that hs-methods should satisfy two fundamental criteria. First, hs-
methods should measure the 99th percentile URL with an imprecision
(expressed as CV %)≤10%. Second, these assays should be able to
detect cTn concentration at or above the limit of detection (LoD) in at
least 50% of healthy men and women. The estimation of 99th percentile
URL strongly depends not only on demographic and physiological
variables of the reference population, but also on the analytical per-
formances of cTn methods, and the mathematical algorithm used for
calculating 99th percentile URL values [5,11,12]. According to quality
specifications and exacting criteria required by international guidelines,
the evaluation of the 99th URL value is a very difficult task that is
usually beyond the capacity of a single laboratory.

Considering these difficulties, the Italian Society of Clinical
Biochemistry (SIBioC) and the Italian Section of the European Ligand
Assay Society (ELAS) have recently promoted a multicenter study
(named Italian hs-cTnI Study) with the aim to accurately evaluate and
compare analytical performances and reference values of the hs-cTnI
methods commercially available in Italy. According to these aims, the
evaluation of the 99th percentile URL and reference change values
(RCV) around the 99th URL of three immunoassay methods, which
satisfy the two criteria required by international guidelines for hs-
methods, have been recently reported by the Study Group of the Italian
hs-cTnI Study [13–18]. The aim of this article is to report a head-to-
head comparison of cTnI values measured in apparently healthy vo-
lunteers and patients admitted to Emergency Department (ED) with
ACS with these three hs-cTnI methods.

2. Materials and methods

The Italian hs-cTnI Study is a multicenter clinical study. Heparinized
plasma samples were collected from apparently healthy volunteers and
patients admitted to ED by some Italian clinical institutions, including both
University and Regional Hospitals, which have highly qualified workforce
staff in emergency, cardiology and laboratory departments. The

geographic distribution of several Italian Clinical Institutions participating
to the multicenter study is reported in the Supplementary Fig. S1. These
Clinical Institutions contributed to the study by collecting plasma samples,
measuring cTnI concentrations and/or analyzing the results.

2.1. Reference healthy population and plasma sample collection

Height Italian clinical laboratories collected from 50 to 150 plasma
samples from apparently healthy volunteers from the clinical and laboratory
staff or blood donors with age from 18 to 86 years. All volunteers denied the
presence of chronic or acute diseases and had normal values of routine
laboratory tests (including creatinine, electrolytes, glucose and blood
counts), according to recommendations of international guidelines [5].

In particular, to more accurately evaluate cTnI concentrations of in-
dividuals older than 47 years, plasma samples from 533 adult subjects
(35% of overall healthy population) collected in the MEHLP study were
also assayed (mean age 63.2 years; SD 8.0 years, minimum 47 years,
maximum 85 years). The MEHLP study is a screening study aimed to
evaluate the cardiovascular subclinical disease in an asymptomatic general
population with age > 45 years from the community of Montignoso
(Massa, Italy) [19]. All the subjects of MEHLP study underwent an accu-
rate health investigation by means of a thorough clinical examination and
routine laboratory tests (also including NT-proBNP assay) [19]. Further-
more, lifestyle habits and medical history were collected by ques-
tionnaires. Participants to the MHELP study underwent also ECG and
cardiac imaging analysis (computed tomography scan, carotid echo-
graphy, echocardiography). Exclusion criteria were: presence of cardiac or
systemic acute or chronic diseases, such as myocardial infarction, heart
failure, coronary heart disease, hypertension, diabetes, kidney disease,
obesity, tumour, hepatitis, BPCO, and use of drugs [17–19].

Every laboratory participating to the study stored two aliquots of
about 1mL of plasma samples at temperatures ranging from -25°C to
-80 °C in tubes identified by alphanumeric barcodes. The stored tubes
were sent to the study reference laboratory (Fondazione CNR Regione
Toscana G. Monasterio, Pisa Italy) from January to March 2019. Only
age and sex of apparently healthy volunteers were known by the re-
ference laboratory staff members. In the reference laboratory the clin-
ical samples were immediately stored at −80° and then samples mea-
sured within three months with the all three hs-cTnI methods [17,18].

The informed consent was obtained by all volunteers enrolled in the
study in accordance with the respective local ethical committee guidelines.

2.2. Patients admitted to Emergency Department (ED) for Acute Coronary
Syndromes (ACS)

Nine Italian clinical laboratories collected 1322 blood samples (from
37 to 193 samples for each institution) of patients admitted to ED with
suspect of ACS. The study population included 570 women and 752 men
with a mean age of 66.7 ± 16.5 years (range from 18 to 101 years). The
plasma samples were measured by clinical laboratories with the cTnI or
cTnT immunoassay method used in routine practice. The stored tubes
(identified by alphanumeric barcodes) were sent to the study reference
laboratory (Fondazione CNR Regione Toscana G. Monasterio, Pisa Italy)
within one month. Only age, sex, and time of blood collection of patients
were known by the staff of the reference laboratory. In the reference la-
boratory the samples were immediately stored at −80° and then measured
within three months with the three hs-cTnI methods.

The informed consent was obtained by all patients enrolled in the
study in accordance with the guidelines recommended by the respective
local ethical committees.
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2.3. cTnI immunoassay methods

Three hs-cTnI methods were tested in the Italian Multicenter Study:
ARCHITECT STAT High Sensitive Troponin-I, the Access hsTnI using
DxI platforms, and ADVIA Centaur High-Sensitivity Troponin I using
the XPT automated platform. For each of the three hs-cTnI methods,
limits of blank (LoB), detection (LoD), and quantitation (LoQ) at both
10% and 20% CV values were calculated according to international
standardized protocols [20,21], as previously described in details [13-
18]. These results [13-18] demonstrated that the three immunoassays
are able to satisfy the quality specifications required by international
guidelines [5] to be considered as hs-cTnI assays.

The hs-cTnI method (REF 3P25-27) using the i1000SR platform
(ARCHITECT STAT High Sensitive Troponin-I, Abbott Diagnostics
Division, Ireland) is a two-site immunometric assay method. In particular,
the Architect hs-cTnI method uses two monoclonal antibodies against the
epitopes 24–40 (capture antibody) and 41–49 (detection antibody) of the
human cTnI. The Internal Reference Standard (IRS), used for method ca-
libration, is a human recombinant cTnI, traceable with the NIST SRM
(Standard Reference Material). The analytical parameters for the Architect
hs-cTnI method, previously evaluated by the study reference laboratory,
were reported in Table 1 [13,16]. The 99th percentile URL values (re-
ference values), suggested by the manufacturer, for women, men and total
population are 15.6 ng/L, 34.2 ng/L, and 26.2 ng/L, respectively.

The Access hsTnI (REF B52699) assay is a two-site immunoenzymatic
sandwich assay method (Beckman Coulter, Inc. Brea, CA 92821 USA). In
particular, the Access hs-cTnI method uses two monoclonal antibodies
against the epitopes 41–49 (capture antibody) and 80-90 (detection anti-
body) of the human cTnI. A recombinant troponin complex is used as
standard for calibration of immunoassay system. The analytical para-
meters for the Access hs-cTnI method, previously measured by the study
reference laboratory, were reported in Table 1 [14,17]. The reference
values, suggested by the manufacturer, for women, men and total popu-
lation are 11.6 ng/L, 19.8 ng/L, and 17.5 ng/L, respectively.

The ADVIA Centaur High-Sensitivity Troponin I using the XPT auto-
mated platform (Ref. 10994774-5, Siemens Healthineers Diagnostics) is a
3-site sandwich immunoassay using direct chemiluminometric technology.
Two capture monoclonal antibodies are conjugated with streptavidin,
while another recombinant anti-human cTnI sheep Fab is covalently at-
tached to bovine serum albumin (BSA) for chemiluminescent detection.
The two capture antibodies bind epitopes in the N-Terminal region and in
the C-Terminal region, respectively, while the detection antibody re-
cognizes an epitope in the N-terminal region of cTnI. The analytical
parameters for the ADVIA XPT method hs-cTnI method, previously mea-
sured by the study reference laboratory, were reported in Table 1 [15,18].
The reference values, suggested by the manufacturer, for women, men and
total population are 37.0 ng/L, 57.3 ng/L, and 47.3 ng/L, respectively.

3. Statistical analysis

For the evaluation and comparison of the analytical performance of
tested cTnI immunoassay methods, standard statistical analyses were
carried out using the JMP program (version 12.1.0, SAS Institute Inc., SAS
Campus Drive, Cary, NC, USA). As cTnI circulating levels are not normally

distributed, both non-parametric and parametric tests after logarithmic
transformation (log-10) of data were used for statistical analysis.

The identification of outlier values was performed by means of
Tukey's test [22], using the following formula: outlier cTnI value>
Q3+3 IQR; where, Q3 and IQR are the third quartile and interquartile
range (Q3 – Q1) of cTnI distribution, respectively.

The calculation of cTnI distribution and 99th percentile URL values
was performed with the JMP program using nonparametric method, as
recommended by international guidelines [2]. Lognormal distribution
using a robust method was also calculated for comparison. The 99th
percentile and the respective 95% and 99% confidence interval (CI)
values were also calculated with adjusted bootstrap percentile method
according to Carpenter & Bithelll, using random replacement of 68.27%
of overall reference population and 100,000 repetitions [23].

Principal Component Analysis (PCA) was also used to evaluate and
compare the cTnI values measured with the three hs-cTnI methods
[24,25]. PCA is a statistical procedure that uses an orthogonal trans-
formation to convert a set of several observations of correlated vari-
ables into a set of values of uncorrelated variables called principal
components. The central idea of PCA is to reduce data set dimension-
ality including a large number of inter-related variables, while retaining
data set variation as much as possible [24,25]. Log-transformed values
were used for the PCA, as cTnI concentrations distribution is highly
skewed both in apparently volunteers and patients.

4. Results

4.1. Comparison between hs-cTnI values measured by clinical center and
reference laboratories

In order to evaluate the possible degradation of cTnI in plasma
samples during the experimental study, the results of 692 plasma
samples, collected from both apparently healthy volunteers and pa-
tients admitted to ED, were evaluated. These plasma samples were
measured with the Architect hs-cTnI method in the clinical center as
soon as after blood collection (mean 2219.5 ng/L, SD 9415.3 ng/L,
median 7.9 ng/L, interquartile interval 2.3–77.9 ng/L), and also in the
reference laboratory after shipping and storage at −80 °C (mean

Table 1
Analytical parameters of hs-cTnI methods tested in the study.

Methods LoB
(ng/L)

LoD
(ng/L)

LoQ 20%
CV (ng/L)

LoQ 10%
CV (ng/L)

Ratioa Reference

Architect 0.7 1.3 1.8 4.7 5 [13,16]
Access DxI 0.6 1.3 2.1 5.3 4 [14,17]
ADVIA XPT 1.0 2.2 3.5 8.4 5.6 [15,18]

a Ratio: this value is the ratio between the 99th percentile URL value (ng/L)
suggested by the manufacturer and the respective LoQ 10% CV value (ng/L)
calculated by the reference laboratory of the study.

Fig. 1. Linear regression between hs-cTnI values of 692 plasma samples of
healthy volunteers and patients admitted to ED, measured with Architect
method in the clinical center as soon as after blood collection (X-axis) and in the
reference laboratory after shipping and storage at −80 °C (Y-axis). The linear
regression equation is also reported in the Figure. The 95% prediction interval
(grey zone) is also indicated.
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1852.8 ng/L, median 7.7 ng/L, interquartile interval 2.6–76.7 ng/L). A
very close linear regression was found between the these two hs-cTnI
measurements (Fig. 1) with a significant mean difference of 18.0%
(p < .001 by Wilcoxon test). Considering that cTnI values were mea-
sured in three different laboratories, in different periods of time, with
different lot of reagents, this significant difference in measured cTnI
values may be due to analytical causes rather than cTnI degradation in
stored plasma samples.

4.2. Reference population

The study reference laboratory stored 1526 plasma samples of ap-
parently healthy subjects collected by 8 Italian clinical institutions.
After statistical analysis of data set, 15 cTnI values (corresponding to
0.98% of total amount, including 5 women and 10 men) were excluded
because as outliers. Consequently, the data sample of the study re-
ference population included 1511 cTnI results measured with the three
immunoassay methods, including plasma samples of 734 women and
777 men, respectively (whole population mean age: 51.5 years, SD:
14.1 years, range: 18–65 years, F/M ratio: 0.95). However, the plasma
volume of some samples was not sufficient for cTnI assay with all the
three immunoassay methods, and so different numbers of cTnI results
were obtained for each hs-cTnI method (Table 2).

The descriptive statistics of cTnI distribution values (ng/L) of re-
ference population measured with the three methods are reported in
Table 2. A between-method difference of 31.2% (expressed as % CV)
was found; the Architect method showed on average the lowest, while
the ADVIA method the highest cTnI values (Table 2 and Fig. 2A).
However, all the three methods showed a similar non-normal dis-
tribution, highly skewed on the right, approximating a log-normal

distribution. The 99th percentile values for both overall and sex-related
apparently healthy populations, calculated with the non-parametric
robust method, were always higher (on average 24.8%) than respective
values calculated with the nonparametric bootstrap method
(26.3 ± 14.6 ng/L vs 19.7 ± 11.3 ng/L, N=9, p= .0018) (Table 2).
However, the 99th percentile values calculated with the non-parametric
robust method were always within the 99% confidence interval of va-
lues calculated with the nonparametric bootstrap method. Finally, the
99th percentile values calculated with the non-parametric robust
method for both overall and sex-related populations were on average
slightly lower than those suggested by manufacturers (26.3 ± 14.6 ng/
L vs 29.6 ± 15.5 ng/L; N= 9, p= .0442 by paired t-test) (Table 2).

cTnI values, measured with the three immunoassay methods, were
significantly higher in men than in women (p < .0001) (Table 2), and
they tended to progressively increase with age after the 55 year (Fig. 3).
In particular, the median values of the cTnI distributions found in
healthy women (Table 2) were respectively higher than LoD values of
methods, previously evaluated in the study reference laboratory
(Table 1) [14–18]. These data confirm previous results [14–18], in-
dicating that Architect, Access and ADVIA XPT immunoassays actually
satisfy both the criteria required to be considered high-sensitivity
methods for cTnI assay [5].

The correlation matrix between the cTnI values measured with the
three immunoassay methods in healthy subjects is reported in Table 3A,
while the linear regressions between the measured values of the ha-cTnI
immunoassay methods are reported in Fig. 4A. These data, taken as a
whole, indicate that the results of hs-cTnI methods in apparently
healthy subjects are poorly correlated (correlation coefficients ranging
from 0.4868 to 0.6060).

Table 2
cTnI distribution values (ng/L) measured by immunoassay methods in the reference population.

Population groups Mean ± SD Median 25th percentile 75th percentile 97.5th percentile 99th percentile 99th perc. BSa

(95% CI)

(99% CI)

Architect
Whole Population (N=1463) 2.5 ± 2.6 1.8 1.2 2.8 9.6 18.9 14.4

(12.0–17.5)
(11.4–19.2)

Women (N=699) 1.8 ± 1.7 1.4 0.9 2.3 6.5 11.5 9.7
(6.8–12.4)
(6.7–12.5)

Men (N=764) 3.1 ± 3.1 2.1 1.5 3.4 12.3 21.2 17.2
(14.2–20.6)
(13.4–23.9)

Access
Whole Population (N=1460) 3.3 ± 2.5 2.7 1.9 4.0 10.0 16.8 13.1

(11.8–15.2)
(11.7–16.8)

Women (N=703) 2.7 ± 1.9 2.3 1.6 3.2 6.4 15.5 9.2
(7.2–14.2)
(6.6–16.8)

Men (N=757) 3.9 ± 2.8 3.2 2.3 4.6 11.8 17.5 14.0
(12.4–17)
(12.1–19.5)

ADVIA
Whole Population (N=1411) 4.6 ± 6.1 3.3 1.8 4.9 22.1 46.9 33.5

(26.2–42.8)
(25.2–47.1)

Women (N=680) 3.5 ± 4.8 2.7 1.1 3.9 14.7 38.1 24.7
(16.3–37.8.)
(15.8–40.2)

Men (N=731) 5.7 ± 7.0 3.9 2.6 5.6 26.0 50.0 41.8
(28.7–48.8)
(26.6–52.2)

a BS: Bootstrap method.

A. Clerico, et al. Clinica Chimica Acta 496 (2019) 25–34

28



4.3. Patients admitted to Emergence Department (ED)

Considering the 1322 heparinized plasma sample collected by 9
Italian clinical institutions from patients admitted to ED with clinical
suspect of ACS, the plasma volume collected was not sufficient for cTnI
assay with all the 3 immunoassay methods, so the 3 immunoassay
methods gave different numbers of cTnI results also for patients ad-
mitted to ED.

A between-method difference of 29.2% (expressed as % CV) was
found among the cTnI values measured with the three hs-cTnI methods.
The ADVIA XPT method on average showed significantly higher cTnI

values than Architect and Access methods, while Architect higher va-
lues than Access (Fig. 2 B). The correlation matrix between the cTnI
values measured with the three immunoassay methods in patients ad-
mitted to ED is reported in Table 3B, while the linear regressions be-
tween the measured values of the hs-cTnI immunoassay methods are
reported in Fig. 4B. The comparison of data reported in Table 3 and
Fig. 4 demonstrates that cTnI values measured with the three hs-
methods in plasma samples of patients admitted to ED are better cor-
related than those found in healthy volunteers.

4.4. Principal Component Analysis (PCA)

The loading plots (also known as variable correlation plot) of PCA
related to both apparently healthy subjects (Part A) and patients ad-
mitted to ED (part B) are reported in Fig. 5. Considering the data related
to apparently healthy volunteers (Fig. 5 A), the PCA allowed three
principal components respectively explaining 69.0%, 17.9% and 13.1%
of total variability of cTnI results (log-transformed values). Architect
and Access methods showed more similar results than ADVIA PTX
method. Considering the data related to patients admitted to ED (Fig. 5
B), the PCA allowed three principal components respectively explaining
98.5%, 0.9% and 0.5% of total variability of cTnI results (log-trans-
formed values). Moreover, the three hs-cTnI methods showed more
similar results in patinets admitted to ED (Part B), than in apparently
healthy subjects (Part A).

Finally, considering the results of linear regression analyses (Fig. 4)
and PCA (Fig. 5) as a whole, cTnI values observed in patients were on
average better inter-correlated compared to those found in apparently
healthy volunteers (mean R value in patients: 0.978 ± 0.005 SD; mean
R in healthy subjects: 0.536 ± 0.06 SD; N=3, p= .0058 by paired t-
test). Furthermore, PCA data confirm that the hs-cTnI methods, tested
in this study, show different results when respectively tested in ap-
parently healthy volunteers and patients admitted to ED.

Fig. 2. The column plot reports the mean (± standard error) of cTnI values measured with the three immunoassay methods in samples of apparently healthy
volunteers (Part A) and patients admitted to ED (part B), respectively. The P values of paired t-test between the log-transformed cTnI values are also reported in the
Figure.

Fig. 3. Relationships between age (X-axis) and cTnI values measured with the
three immunoassay methods in plasma samples of apparently healthy volun-
teers, respectively. The non-linear trend between age and cTnI was evaluated
by means of regression spline analyses (indicated by color lines). The results of
the three methods are reported with different colors.
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5. Discussion

5.1. Analytical performances and systematic differences among hs-cTnI
methods

The results of this study confirm that Architect, Access and ADVIA
XPT methods show analytical performances in accordance with the
quality specifications required by international guidelines for hs-cTnI
assay [5]. In particular, these hs-cTnI methods on average measure 99th
percentile URL values with an imprecision ranging from 4 to 6% CV
(Table 1) [13–18], and they are also able to determine cTnI con-
centrations of the majority of healthy women with values above LoD
values of the respective immunoassay methods (Table 2), in accordance
with the two fundamental criteria recommended by international
guidelines [5].

This study reports for the first time a head-to-head comparison of

plasma cTnI concentration values measured with three hs-cTnI methods
in a large Italian population of apparently healthy volunteers and pa-
tients admitted to ED with ACS. Our results demonstrate that significant
systematic differences in measured cTnI values still persist even among
the last generation of hs-cTnI immunoassay methods (Fig. 2).

PCA is commonly used to reveal the internal structure of different
data sets in such a way that it is possible to better explain the differ-
ences (related to variances) among experimental data values [24,25]. In
this study, PCA was used to analyze more in detail the between-method
differences among hs-cTnI immunometric systems. Indeed, the first
principal component, which accounts for as much of the variability in
the data as possible, was found to be greatly different when calculated
in a population including apparently healthy subjects (i.e., 69.0% of
total variability) rather than in a group of patients admitted to ED (i.e.,
98.5% of total variability) (Fig. 5). Accordingly, the second and third
components were significantly reduced when measured in the data set

Table 3
Correlation matrix of cTnI values measured with the immunoassay methods respectively measured in healthy volunteers (part A)
and patients admitted to ED (part B).

Methods Architect Access ADVIA XPT

Part Aa

Architect 1.0000 0.6060 0.5114
Access 0.6060 1.0000 0.4868
ADVIA XPT 0.5114 0.4868 1.0000

Methods logArchitect logAccess logADVIA XPT

Part Ba

logArchitect 1.0000 0.9826 0.9788
logAccess 0.9826 1.0000 0.9728
logADVIA XPT 0.9788 0.9728 1.0000

a Log10-transformation of original cTnI data were used for the calculation of correlation matrix.

Fig. 4. Linear regression analyses between cTnI values measured with three immunoassay methods in plasma samples of apparently healthy volunteers (part A) and
patients admitted to ED (part B). The linear regression equations are reported in the Figure.
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including patients admitted to ED (<2% of total variability) compared
to apparently healthy subjects (about 40% of total variability).

Recent studies demonstrated that there are differences in circulating
molecular forms of protein, measured with hs-cTnI methods, in healthy
subjects and patients with myocardial necrosis, respectively [26–29]. In
healthy subjects, both at rest and after physical exercise, smaller mo-
lecular forms of cardiac troponins are usually detected into circulation,
which are similar to the cTnI and cTnT degraded forms usually present
in cytoplasm of cardiomyocytes [28–31]. On the contrary, higher mo-
lecular forms of circulating cTnI and cTnT are predominantly detect in
patients with irreversible myocardial injury, especially those with MI
[28,29,31].

Although hs-cTnI methods usually use different monoclonal anti-
bodies, they are usually directed against epitopes located between the
amino-acids 20 and 110 of human cTnI [32]. Indeed, this central part of
protein chain is lesser susceptible to attack by plasma proteolytic en-
zymes than amino- and carboxyl-terminal parts of cTnI molecule. Fur-
thermore, cTnI is protected from in vivo degradation by its specific
binding with Troponin C [32]. In particular, ADVIA XPT method uses
two capture monoclonal antibodies, which are specific for the re-
spective N- and C-terminal regions of human cTnI peptide chain. On the
contrary, Architect and Access methods use as capture phase of im-
munometric system only one monoclonal antibody specific for the more
stable part of cTnI molecule.

These differences in number and epitope specificity of capture an-
tibodies may explain the major part of systematic differences among the
hs-cTnI assays, tested in this study. Indeed, it is theoretically con-
ceivable that ADVIA XPT method, using two capture antibodies specific
for the amino- and carboxyl-terminal parts of peptide chain, should
theoretically be more specific for the intact or less degraded forms of
cTnI molecule than Architect and Access methods. Of note, Architect
and Access methods use two monoclonal antibodies specific for epi-
topes located in central part, more stable, of human cTnI. The utiliza-
tion of monoclonal antibodies specific for the central part of cTnI ex-
plains why Architect and Access methods shows more similar measured
values both in apparently healthy volunteers and patients admitted to
ED compared to ADVIA XPT method, which uses three different
monoclonal antibodies specific for epitopes positioned along all the
peptide chain of cTnI.

Cytoplasmic forms are usually reported to represent the pre-
dominantly amount of circulating cTnI in adult healthy subjects
[27,28,32]. Considering the different epitope specificity of capture
antibodies, these degraded forms should affect more the cTnI

measurement with Architect and Access than ADVIA XPT method,
especially at very low cTnI concentrations, typical of healthy subjects.
These interferences may also explain the increase in the second PCA
component in samples of apparently healthy volunteers (Fig. 5 A). In-
deed, the total variability explained by the second component was
17.9% in apparently healthy volunteers (Fig. 5 A), but only 0.92% in
patients (Fig. 5 B). On the contrary, in patients admitted to ED with AMI
the predominant forms present in the first 24 h are strictly related to
sarcomeric cTnI, which is used (as standard material) for the calibration
of immunoassay systems. Accordingly, the variability explained by first
PCA component increased from 69.0% for group of apparently healthy
volunteers (Fig. 5 A) to 98.5% for group of patients admitted to ED
(Fig. 5 B).

Taking into-account the PAC results as a whole, the first PCA
component may be considered as an index of harmonization among
different hs-cTnI methods, while the other PCA components may be
related to some possible analytical characteristics of immunometric
assays as well as to some interfering substances present in plasma
samples, which are able to produce an increase in systematic differ-
ences between hs-cTnI methods. Therefore, the results of the present
study are well in accordance with those reported in previous studies
suggesting the usefulness of PCA in evaluation and comparison of
analytical characteristics and measured values of both cTnI [33] and
TSH immunoassay methods [34,35],

5.2. Evaluation of 99th percentile URL values

Both selection criteria of reference population and statistical
methods are critical points for a reliable evaluation of the 99th per-
centile URL value [5,11,12,36,37].

Several authoritative reviews and guidelines recommend that an
accurate selection of the reference population is needed for evaluation
of cTnI and cTnT distribution values. It is well known that age, sex,
physical exercise, and even the presence of asymptomatic cardiovas-
cular disease or co-morbidities can affect cTnI and cTnT circulating
levels in apparently healthy individuals of general population
[5,11,12,26–29]. The 2018 IFCC guidelines [5] recommend that the
99th percentile URL value for hs-cTnI assays should be reported ac-
cording to sex-specific cutoffs. However, these guidelines do not cur-
rently recommend specific URL values divided by age/decade or by
ethnicity [5]. According to Sandoval and Apple [11], an accurate eva-
luation of “healthy status” of the reference population (especially for
volunteers with age > 55 years) was performed in this study.

Fig. 5. Loading plots of the Principal Component Analysis (PCA) concerning cTnI values related to apparently healthy volunteers (part A) and patients admitted to ED
(part B).

A. Clerico, et al. Clinica Chimica Acta 496 (2019) 25–34

31



Large differences (up to 2.7 folds between the Access and ADVIA
methods) were observed among the 99th percentile URL values mea-
sured both in apparently healthy volunteers and patients admitted to
ED with the hs-cTnI methods, tested in the present study (Table 2). A
mean difference of 3.3 ng/L (SE 1.7 ng/L, p= .0442, corresponding to
about 10%) was observed between the 99th percentile URL values
calculated with the non-parametric method in this study (Table 2) and
those suggested by manufacturers for both overall and sex-specific
populations. This slight discrepancy among 99th percentile URL values
are probably due to some differences in age ranges and men/women
ratios of population enrolled in this multicenter study and that taken
into consideration by manufacturers. Considering the Architect method,
which is at present time the only hs-cTnI immunoassay with a great
number of published clinical results, a recent meta-analysis [12] re-
ported a mean sex-related difference of 10.97 ng/L (95% CI
7.10–14.85 ng/L) among 11 reference populations of different ethnic
origins. Of note, in the present study the sex related difference of the
reference population with the Architect hs-cTnI method was 9.7 ng/L, a
value very similar to the mean sex-difference difference reported in the
meta-analysis [12]. Accordingly, the results of the present study sup-
port the hypothesis that cTnI distribution values are similar among
reference populations with different ethnic origins, and that the slight
differences observed in different studies are probably due to differences
in age and sex-ratio among apparently healthy subjects enrolled in
these studies.

As far as the statistical methods for calculation of cTnI distribution
in reference population are considered, parametric and non-parametric
methods are usually used to calculate 99th percentile URL values
[5,11,12,36,37]. The 2018 AACC/IFCC guidelines [5] recommend the
use of non-parametric method for calculation of 99th percentile URL
values for cTnI and cTnT assays. However, this document also states
that it is critically important to implement an appropriate strategy for
removing outliers as the statistical methods used can be differently
affected by outliers, leading to different 99th percentile values [5].
Therefore, an accurate detection of possible outlier cTnI values is fun-
damental, especially for reference populations including several in-
dividuals with age > 65 years.

In the present study, a first preliminary screening of outlier values
was performed by means of the Tukey's test [22]. In order to further
reduce the influence of other possible outlier values, due to the pre-
sence of some individuals with asymptomatic cardiac disease, two dif-
ferent robust statistical approaches were used for calculation of cTnI
distribution values of reference population. Both non-parametric and
bootstrap statistical approaches were used in this study. In particular,
the bootstrap non-parametric robust method, using random sampling
with replacement (68.27% of overall reference population) and
100,000 repetitions, was used, because this statistical approach should
be less affected by possible outlier values than the non-parametric ro-
bust method [23].

In this study, identical cTnI values were obtained for median, in-
terquartile range, and 97.5th percentile values, measured with the three
hs-cTnI methods, for overall and sex-related populations, with both
non-parametric and bootstrap robust methods. On the contrary, sig-
nificantly lower 99th percentile URL values (on average of about 25%)
were obtained when bootstrap was compared to non-parametric ap-
proach (Table 2). At present time, there is no consensus about the best
statistical approach for calculation of 99th percentile URL values for hs-
TnI methods [5,11,12,36]. Sandoval & Apple [11] suggested that the
future metric of a gold standard for MI may shift from the 99th per-
centile to the more conventional 97.5th percentile as used in laboratory
medicine for most analytes. In accordance with this suggestion [11], the
results of this study indicate that evaluation of 97.5th percentile of cTnI
distribution of large reference populations is less sensitive to statistical
approach, and so to presence of possible outliers than 99th percentile.
Therefore, some specifically designed clinical studies are needed to
evaluate the most reliable cut-off values for both clinical detection of

myocardial injury and differential diagnosis of acute myocardial in-
farction.

5.3. Pathophysiological considerations related to circulating cTnI levels
measured with hs-methods in healthy subjctes and patients with ACS

The 2018 AACC/IFCC guidelines [5] include three specific re-
commendations about the great relevance of closer communication and
collaboration between clinicians and laboratorians, related to some
possible problems in clinical interpretations on analytical aspects, cut-
off values and poor harmonization of hs-cTn methods. In particular,
considering the large between-method systematic differences in mea-
sured cTnI concentrations and cut-off values, clinicians should be ad-
vised that plasma samples of the same patient should be measured in
the same laboratory for cTnI assay. Furthermore, laboratories and
manufacturers should inform clinicians about specific metrics and cut-
off values of different hs-cTnI assays [5].

At present time, the physiological mechanisms underlying the pre-
sence of measurable cTn levels in healthy adult subjects, both at rest
and after physical exercise, are not well understood [12,26–30,38].
cTnI and cTnT may be released in healthy adult subjects due to some
physiological mechanisms related to renewal in humans of cardio-
myocytes [12,26–30,38]. Cardiomyocyte renewal primarily depends on
the maturation/proliferation process of endogenous cardiac stem cells,
and death by apoptosis of cardiomyocytes, which have reached the end
of their life-span [39–43].

Some recent studies found an age-dependent renewal of human
cardiomyocytes with the highest turnover during the first two decades
of life, corresponding to rates of approximately 1% per year at the age
of 20, declining to lower than 0.5% per year in elderly individuals
[41,43]. These data might help explain not only the variability found in
relation to the age of circulating cTnI and cTnT, but also the depen-
dence on gender in healthy subjects. The total number of cardiomyo-
cytes renewed per day might strictly depend on myocardial mass that,
in men, is usually greater than in women. Indeed, some experimental
data indicate that circulating cTn levels are strictly related to both
ventricular mass and gender in large populations of healthy subjects
[44–47].

There are only few studies regarding the circulating cTnI and cTnT
levels in pediatric age, measured with hs-methods [13,48]. In parti-
cular, these results [13,48] support the hypothesis that the cardiac re-
newal is higher in children and adolescents than in adults, and it is
probably related to physiological growth. Indeed, these Authors re-
ported that cTnI and TnT levels are higher in neonatal period and in-
fancy and then biomarkers values show a trend to progressively de-
crease throughout all adolescence until the adult age [13,48]. On the
contrary, a huge number of studies demonstrate that cTnI and cTnT
levels on average progressively increase in men and women, even in
individuals apparently free of cardiac disease, after the age of 55 years
(Fig. 3). These evidences suggest the hypothesis that some pathophy-
siological mechanisms, typical of senescence, are responsible of pro-
gressive increase in cTn levels in apparently healthy adults after the age
of 65 years [49–51].

5.4. Strengths and limitations of the present study

The most important strength of this study is that several different
Italian Research and Clinical Institution, distributed across all the
Italian country (Supplementary Fig. S1), contributed to the study by
collecting plasma samples of> 1500 healthy volunteers and 1300 pa-
tients admitted to ED. This large number of plasma samples allowed a
robust statistical evaluation of 99th percentile URL values both for
overall and sex-related populations for all the three hs-cTnI methods,
using two robust statistical approaches (i.e., non-parametric and boot-
strap methods) (Table 2). The very large set of data also allowed an
accurate evaluation both of between-method regression analyses in
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plasma samples both of healthy volunteers and patients (Fig. 4) and the
two principal components of PCA (Fig. 5).

As far as the analytical procedure of experimental study is con-
cerned, the samples of both apparently healthy volunteers and patients
were assayed in only one reference laboratories with all the three hs-
cTnI methods in order to reduce the analytical imprecision. Finally, the
stability of cTnI in plasma samples throughout all the experimental
procedure (from blood to assay in the reference laboratory) was also
evaluated (Fig. 1).

Considering the cTnI reference population, all apparently healthy
volunteers were enrolled according to the recommendations made by
2018 AACC/IFCC document [5]. In particular, the reference population
included individuals of clinical and laboratory staff or volunteers blood
donors with age from 18 to 86 years with men/women ratio approxi-
mately equal to 1. These two groups of subjects were periodically
screened for the presence of chronic or acute diseases and had normal
values of routine laboratory tests (including creatinine, electrolytes,
glucose and blood counts). A limitation of this study is that the BNP/
NT-porBNP assay was not assessed in all apparently healthy volunteers,
but only in 533 adult subjects of the MEHLP study (including the 35%
of overall healthy population) [19].

Another relative limitation of this study is that the reference po-
pulation is constituted for> 95% of Caucasian ethnic individuals. The
2018 AACC/IFCC guidelines recommend that each study should enroll
sex-group reference individuals that are representative of the patient
population observed in their geographic area for patients admitted to
ED with symptoms suggestive of myocardial injury [5]. Accordingly,
the ethnic distribution of the reference population enrolled in this study
is well representative of the population observed in overall geographic
area of Italy. However, the 99th percentile URL values, found in this
study, should not be used for populations with different ethnicity, range
of age, or men/women ratio compared to the present study.

6. Conclusions

The results of this study demonstrate that systematic differences and
cut-off values are still present among high-sensitivity methods for cTnI
assay. These differences are wider for cTnI values under the 99th per-
centile URL value. Therefore, clinicians should be advised that plasma
samples of the same patient should be measured in the same laboratory
for the cTnI assay.

Furthermore, the results of this study confirm that 99th percentile
URL values strongly depend not only on demographic characteristics of
the reference population (i.e., age range and sex-ratio) but also on
statistical approaches used for calculation of distribution cTnI para-
meters. Further specific clinical studies are needed to establish what is
the most appropriate statistical approach to calculate the 99th per-
centile URL values for cTnI measured with high-sensitivity methods.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.06.012.
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