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A B S T R A C T   

Background: Associations between elevated circulating cardiac troponin I (cTnI) levels and adverse cardiac 
outcomes were established prior to the ability to measure extremely low levels of cTnI. Immunoassays that 
achieve precise ultra-highly sensitive quantification of cTnI (u-hs-cTnI) will allow accurate measurement in 
healthy subjects. We aimed to evaluate the distribution of u-hs-cTnI values measured by (Simoa HD-1 Analyzer, 
Quanterix Corporation, Lexington, MA) in healthy subjects and characterize relations to sex and age. 
Methods: Two independent, healthy cohorts (total of 200 women, 200 men) aged 18–86 years were analyzed in 
duplicate using the u-hs-cTnI Immunoassay. The u-hs-cTnI 99th percentiles were calculated as the upper limits 
considering a robust estimation against outliers with 90% confidence intervals. The Quanterix immunoassay 
analytical performance was established and compared to an existing clinical assay (ARCHITECT STAT High 
Sensitivity Troponin I, Abbott Laboratories, Wiesbaden, Germany). 
Results: The lower limit of detection of the u-hs-cTnI assay was calculated to be 0.005 ng/L; we accurately 
quantified u-hs-cTnI in 95% of healthy individuals. The Quanterix immunoassay within overlapping concen-
trations correlated with the Abbott assay (R2 = 0.932). The calculated combined 99th percentile was 7.94 ng/L 
(90% Confidence Interval [CI], 5.47–10.52). Women had lower mean u-hs-cTnI concentrations than men under 
the age of 40 years. The sex-specific 99th percentile for female vs. male individuals was 4.89 ng/L (90%CI, 
3.71–6.25) and 10.49 ng/L (90%CI, 5.19–15.06), respectively. 
Conclusion: The Quanterix immunoassay provides precise quantification in 95% of healthy individuals. Women 
under the age of 40 years have significantly lower levels of u-hs-cTnI than men.   

1. Introduction 

Cardiac troponin I (cTnI) and T (cTnT), are the internationally 
accepted biomarkers for detecting myocardial necrosis and the diagnosis 
of acute myocardial infarction (MI) [1,2]. There are ongoing efforts to 
improve the available assays' sensitivity to help early detection of acute 
coronary syndromes (ACS) and prognosis [3,4]. The forth universal 
definition of acute MI recommends myocardial injury should be used 

when there is evidence of elevated cardiac troponin (cTn) with at least 1 
value above the 99th percentile upper reference limit (URL). The 
myocardial is considered acute if there is a rise and/or fall of the cTn 
values [5]. The proposed definition for high-sensitivity assays is having 
the ability to detect cTnI concentrations precisely, with a coefficient of 
variation <10% at or the below the 99th percentile upper reference of 
normal, and measurable in >50% of normal healthy individuals [1,6]. 
The 99th percentile of various assays may vary according to age and sex 
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distribution in the reference population. However, whether age and sex- 
specific reference ranges for cTnI or cTnT ought to be reported remains 
an unsettled debate. Prior studies suggest that women with ACS are 
often misdiagnosed and have worse outcomes than men [7,8]. There-
fore, having a sex-specific reference range and criteria may allow cli-
nicians to better diagnose and treat women with heart disease, 
especially women requiring acute care [7]. 

The purpose of our study is to evaluate the accuracy and precision of 
the ultra-high sensitivity assay (Simoa HD-1 Analyzer, Quanterix Cor-
poration, Lexington, MA) and to determine how the distribution of u- 
hsTnI measured using this assay varies according to sex and age. 

2. Methods 

2.1. Study populations 

Sample set-1 was comprised of 20 normal/healthy male EDTA 
plasma samples purchased from BioIVT, with the rest of the samples 
collected at the emergency departments at Cedars-Sinai Medical Center, 
Los Angeles, CA (set 2), Baylor College of Medicine, Houston, TX (set 3) 
and Johns Hopkins Hospital, Baltimore, MD (set 4). Samples were pro-
cessed in the clinical chemistry laboratory within 1–4 h of blood draw. 
Cohorts of healthy individuals (sample sets 1, 2, and 3) were selected 
based on a completed metabolic panel and from individuals who had no 
known cardiovascular disease, diabetes, hypertension, or renal 
dysfunction at the time of blood collection, based on circulating 
markers. 

2.2. cTnI immunoassay 

For the Quanterix immunoassays, the EDTA-plasma samples were 
thawed and centrifugated at 4 ◦C at 12,000 ×g for 8 min. The cTnI 
Immunoassay was carried out on the Simoa HD-1 Analyzer (Quanterix 
Corporation, Lexington, MA). Each cTnI kit (TnI kit, Cat#100133 
Quanterix) contained eight calibrators, two controls, sample diluent, 
Bead, Detector, SBG (streptavidin beta-galactosidase), and RGP (fluo-
rogenic β-galactosidase substrate resorufin) reagents. For all the sam-
ples: first plasma is centrifuged for 8 min at 12,000 ×g; 120uL of plasma, 
which is sufficient for duplicate analysis, was diluted four-fold with 
Quanterix cTnI kit dilution buffer, 400 uL of the diluted sample was 
loaded into each well, and assay run finished according to the manu-
facture's protocol. Each plate consisted of 36 individual samples, an 
eight-point standard curve, and four quality control samples. Each 
sample was run in duplicate, and concentration was calculated based on 
Average Enzyme per Bead (AEB). Any sample with the percent coeffi-
cient of variation (%CV) higher than 20% was repeated with appropriate 
calibrators and controls. 

2.3. Statistical analysis 

Variables are described by median (quantile 25% - quantile 75%) 
with box plots to examine the data's distribution. Scatter plots are pre-
sented to study the relationship between variables. Comparisons be-
tween groups are performed by the Mann-Whitney (1947) and Brunner- 
Munzel tests (2000), where appropriate. The Anderson-Darling test 
(1952) and the Levene test (1960) are utilized to verify the normality 
and homogeneity of variances assumptions [9,10]. Outliers were 
removed based on Cook distance. Multivariable Generalized Additive 
Model for Location, Scale and Shape (GAMLSS) [11] with the Box-Cox t 
distribution described the relationship between the median of Troponin 
Concentration and demographic characteristics with age modeled either 
as continuous covariate with cubic splines effect or as a categorical co-
variate. In addition, cohort was considered a random effect. Residual 
analysis was performed by worm-plots [12]. We calculated 90% boot-
strap confidence intervals for estimated 99th percentiles. We reported 
contrasts for the median estimated on the regression models as (contrast 

estimate ± standard error). Sexes were compared under and above age 
of 40 years old, and p-value were adjusted [13]. 

Furthermore, agreement between assays was evaluated using the 
Bland-Altman plot [14], paired t-test and Intraclass correlation based on 
ANOVA with mixed-effects for agreement. 

3. Results 

The performance characteristics of the Quanterix cTnI immunoas-
says were determined by comparing the performance of the eight-point 
standard curve (Fig. 1A) and a low 0.119 ng/L and high 302 ng/L cTnI 
standards (Fig. 1B) of 6 different kits. Fig. 1C shows the analysis of 20 
healthy individuals' run-in duplicates on three consecutive days. The 
mean cTnI values were 0.071 ± 0.004 ng/L with both inter-and intra- 
assay CV of less than 5%, and all values measured for the healthy males 
fall within the standard curve (Online Supplement Table 1 and Online 
Supplement Fig. 1). 

The next clinical studies included two independent sample sets 
composed of 400 healthy individuals (Set 2 and 3). Each cohort was 
composed of a 1:1 ratio of males to females and ranged in ages from 18 
to 86 years old. Of the 400 healthy subjects studied, Quanterix cTnI 
values were quantifiable (having CV% of <20%) in 368 individuals 
(92%) and the concentrations ranged >0.1 ng/L to 10 ng/L. Specifically, 
for the Quanterix assay, the median cTnI concentrations for these 400 
individuals was 0.619 (0.36; 1.11) ng/L (CV of 6%), respectively. The 
assay's limit of detection (LOD) and 99th percentile were 0.005 ng/L and 
17.60 ng/L (90% CI 9.04; 28.36), respectively. The assay LOD was 
calculated by extrapolating the background cTnI concentration plus 
three standard deviations of the background using a 4-parameter logistic 
fit. The median was cTnI concentrations were 0.43 (0.28; 0.82) ng/L and 
0.83 (0.54, 1.53) for women and men (p < 0.001), respectively. (Fig. 2A, 
Table 1). Furthermore, the median cTnI concentrations were lower (p <
0.001) for people below 40 years of age, 0.45 ng/L (0.31; 0.71), versus 
those above 40, 1.00 (0.54; 1.93), (Fig. 2B, Table 1). 

Using a multivariable Box-Cox t model, the cTnI concentration was 
associated with by both age (p < 0.001) as continuous and categorical 
covariate, and sex (increment for males on the median: 0.303864 ±
0.0407p < 0.001). The interaction between sex and age as a continuous 
covariate was not statistically significant (p = 0.458), but it was sig-
nificant for age as a categorical covariate (p < 0.001) For age as a cat-
egorical covariate, the 99th percentile was lower in women, 4.50 ng/L 
(90% CI 3.53; 10.43), than men, 8.74 ng/L (90% CI 6.73; 19.34), under 
40 years old (increment for males on the median: 0.350 ± 0.0750, p <
0.001). Similar results were observed for women, 8.90 ng/L (90% CI 
7.28; 19.62), and men, 15.29 (90% CI 12.25; 33.91) above 40 years old 
(increment for males on the median: 0.572 ± 0.132, p < 0.001). Fig. 2C 
illustrates 99th percentiles for males and females as function of age as a 
continuous covariate. 

Finally, we determined the comparability of the cTnI concentrations 
measured on the Quanterix platform to the same samples run on a gold 
standard clinical chemistry platform, Abbott's highly sensitive cTnI 
Immunoassay. The samples (sample set-4) were plasma obtained from 
individuals diagnosed with MI based on AHA and WHO criteria [15], 
and a noncardiac (non-ACS) group from the same emergency depart-
ment. A subset of individuals diagnosed with MI had cTnI concentration 
(Quanterix) elevated at the time of presentation (early MI, Online Sup-
plement Fig. 2A) or had concentrations that rose to diagnostic levels 
after 3 h. (Late MI, Online Supplement Fig. 2B). This compared to the 
non-ACS control group which had cTnI levels in the same range as 
subsets 1, 2, and 3 (Online Supplement Fig. 2C). As shown in Fig. 3, the 
left plot of the values of the two assays against each other shows that 
they are correlated (r = 0.99, p < 0.0001, 95% CI 0.988, 0.997), but 
there is also a bias. The solid line is the identity line, where x = y, and is 
where the two scales would agree perfectly. The ICC (from ANOVA 
model with repeated subject measurements) for this is 0.89 with 95% CI 
(0.81, 0.94). The differences between the Qunaterix and Abbott ranged 
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from − 3.5 to 1936.5. The average difference (bias) was 240.4, taking the 
Quanterix - Abbott. This is significantly different from 0 (t-test p =
0.0061, 95% CI 74.1, 406.6). Quanterix is, on average, higher than 
Abbott. Fig. 3 right shows the difference between Quanterix and Abbott 
plotted against the average of the two assays. The solid line shows where 
the difference is zero, perfect agreement. The middle-dashed line shows 
where the average difference (bias) is. The outer two dashed lines show 
the limits of agreement based on the standard deviation of the differ-
ences. The region between these two lines is where we would expect 
95% of the differences to lie if the differences had a normal distribution 
about their mean. This range is − 632.2 to 1113. The correlation be-
tween the differences and their average is significantly different from 
0 (r = 0.98, p < 0.0001), so this is evidence of a linear relationship 
between the errors and their mean. As the mean increases the difference 
increases suggesting a difference of scale in the two assays. 

4. Discussion 

There is an increasing clinical interest in the implementation of u-hs- 
cTnI assays for early diagnosis of ACS partly based on exceeding the 99th 
percentile of a normal reference population. The 99th percentile is 
assay-specific and must be defined for each cTn assay. For some cTn 
assays, the 99th percentile varies according to the reference population's 
distribution age and sex [16]. The Quanterix assay can detect femto-
molar concentrations of analytes by utilizing single molecule counting 
technology. Using this method, the single-molecule arrays, which are 
femtoliter-sized reaction chambers, can isolate and detect a single 
enzyme molecule, resulting in increased analytical sensitivity [17]. We 
have shown the assay's limit of detection (LOD), and 99th percentile 
were 0.005 ng/L and 7.948 ng/L (90% CI 5.478, 10.516), respectively, 
with reproducibly over time (CV < 5% over six days). Our study further 

revealed that it is possible to accurately measure baseline levels of 
circulating cTnI in 95% of healthy individuals using the Quanterix 
immunoassay platform. As well, the assay can measure diagnostic con-
centrations and matches other clinical chemistry assays. 

Our study demonstrates that cTnI measurements are significantly 
lower in healthy younger females, than males overall. Previous studies 
indicated that women commonly have lower cTnI concentration and are 
less frequently diagnosed with acute MI. This may be the consequence of 
using non-sex specific higher cutpoints in women, the results of which is 
that MI's may go undetected, and thus untreated, when using current 
general 99th percentile cutoff points [18]. The lack of diagnosis and 
treatment may explain why women often have worse outcomes than 
men [7,8]. Lower cTn levels are likely the result of lower left ventricular 
mass, which is correlated with cardiac troponin concentration, and is 
smaller in women [19,20]. A sex-specific reference range and criteria 
may allow clinicians to better diagnose and treat women with heart 
disease, especially those requiring acute care [7]. It is also worth 
considering that the possible benefits of having sex-specific cutoff are 
not just in terms of the increased rate of acute MI diagnosis and can 
potentially be expanded to a biomarker for recognizing women with 
increased risk of future cardiovascular events [21]. 

Few studies have determined the 99th percentile using highly sen-
sitive assays for different age groups and showed that thresholds are 
greater for the older age group [22,23], while our data illustrate dif-
ferences in cTnI concentration among different age groups. Specifically, 
we demonstrate cTnI values that are significantly higher for people 
above 40 years of age, and this was a general phenomenon in both males 
and females. An age-specific cutoff could potentially provide a more 
accurate diagnosis of acute MI, as other studies also described that mild 
elevation is common in older non-acute MI patients. Therefore, the 
optimal cutoff levels may be higher in the elderly in comparison to 

Fig. 1. Cardiac TnI immunoassay inter and intra-day performance. Panel A shows the standard curves (mean AEB of cTnI vs. concentration) obtained from the 
standard curve samples from six different cTnI kits ran on six different days. Panel B shows the plot of the mean AEB for the low (Control 1, filled circle) and high 
(Control 2, filled square) concentration cTnI standard from the same six cTnI kits. Panel C is the plot of the concentration of cTnI measured for 20 healthy male 
plasma samples measured in 3 different kits on three different days (day 1, filled circle, day two filled square, and day 3, filled triangle). The insert is the cTnI values 
obtained on each day. 
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younger patients [24]. 
Chest pain is a common presenting symptom; however, the majority 

of emergency chest pain admissions are not due to acute MI. As 
myocardial infarction is life-threatening, early diagnosis or rule out of 
acute MI might potentially improve morbidity and mortality. Further, 
early diagnosis can reduce the time to decision, thereby reducing 
emergency department overcrowding and overall treatment costs. Im-
munoassays measuring cardiac troponins define the diagnosis of 
myocardial infarction and are critical tools for diagnosing acute 
myocardial infarction. While most contemporary assays provide 
adequate diagnostic performance, the increased sensitivity and preci-
sion of the new, high sensitivity assays that have already been intro-
duced into clinical practice provide the potential to further shorten 
intervals between blood draws or the time needed to detect the first 
significant troponin elevation. The new ultra-sensitive cTnI assays may 
allow the detection of the first low-level elevation of troponin within 90 
to 180 min of symptom onset [25,26]. Our study shows that ultra-highly 
sensitive assays such as Quanterix may enable clinicians to diagnose 
acute MI patients, particularly women, earlier and faster, thus allowing 
appropriate treatment, as well as safely discharging emergency 

department patients earlier. 
In summary, our results demonstrate the robustness of the ultra- 

highly sensitive cTnI assay by utilizing the Quanterix assay. This al-
lows baseline levels of circulating cTnI to be measured in the majority of 
healthy individuals. We also found significant sex-based difference in 
reference ranges until after age 40, at which cutpoint could be similar. 
These differences could impact the diagnostic value of cTnI, particularly 
in younger women; applying this knowledge could improve the recog-
nition of young women with acute MI and at increased risk of morbidity 
and mortality. 
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Table 1 
Sex and age stratification of u-hs-cTnI values in 400 healthy individuals 
measured on the Quanterix immunoassay platform.  

Factor Group Median ng/L (Q25% - Q75%) p value 

Sex Female 0.43 (0.29; 0.82)  <0.001 
Male 0.83 (0.54; 1.53) 
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