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Aims To determine whether an ultrasensitive assay can permit quantification of changes in circulating cardiac troponin (Tn)
in the setting of stress test-induced myocardial ischaemia.

Methods
and results

Blood samples were obtained before, immediately after, and 2 and 4 h after stress testing with nuclear perfusion
imaging in 120 patients. Troponin was measured using commercial assays as well as with a novel, ultrasensitive
cardiac TnI assay with a limit of detection of 0.2 pg/mL. Using the ultrasensitive assay, TnI was detectable in all
patients before stress testing (median 4.4 pg/mL, interquartile range 3.1–8.6 pg/mL). By 4 h, troponin levels were
unchanged in patients without ischaemia, whereas circulating levels had increased by a median of 1.4 pg/mL (24%
increase) in patients with mild ischaemia (P ¼ 0.002) and by 2.1 pg/mL (40% increase) in patients with moderate-
to-severe ischaemia (P ¼ 0.0006). In contrast, changes in troponin levels across patients in different ischaemic cat-
egories were indistinguishable using commercial troponin assays. When added to clinical factors, a .1.3 pg/mL
increase in TnI using the ultrasensitive assay was an independent predictor of ischaemia (odds ratio 3.54, P ¼ 0.007).

Conclusion Transient stress test-induced myocardial ischaemia is associated with a quantifiable increase in circulating troponin
that is detectable with a novel, ultrasensitive TnI assay.
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Introduction
Release of cardiac troponins I and T into the circulation occurs
with cardiomyocyte necrosis and serves as the basis for their
use as the preferred diagnostic biomarkers for acute myocar-
dial infarction (MI).1,2 Whether troponin is released from car-
diomyocytes in the setting of transient myocardial ischaemia
remains an area of continued debate.3,4 However, limitations
to the analytical performance of current commercial troponin

assays at very low concentrations5 have made it challenging
to address adequately whether there is a quantifiable release
of cardiac troponins in the clinical setting of myocardial
ischaemia.

Recently, a cardiac troponin I assay has been developed that can
quantify molecules of troponin in a microcapillary and has a limit of
detection that is at least one order of magnitude lower than
current commercial assays.6 Using this novel ultrasensitive assay,
we investigated whether we could demonstrate a rise in circulating
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levels of troponin I in response to cardiac stress test-induced tran-
sient myocardial ischaemia.

Methods

Patients
A total of 155 patients undergoing stress testing with myocardial per-
fusion imaging were enrolled in the Protein Markers of Ischemia using
Proteomic Testing (PROMPT)—TIMI 35 prospective cohort study.7

The study protocol was approved by the Human Research Committee,
and all patients provided written informed consent. All patients who
were referred for stress testing for the evaluation of possible myocar-
dial ischaemia were eligible for participation. Patients with angina symp-
toms in the prior 48 h (n ¼ 19), those who underwent an adenosine
stress test (n ¼ 15), and/or those in whom adequate perfusion
images were not obtained (n ¼ 3) were excluded, leaving a total of
120 patients included in these analyses.

Study protocol
Patients underwent stress testing using standard protocols.7 If the
patient developed angina during the test, the timing, quality (typical
vs. atypical), and effect on the test (limiting or non-limiting) were
noted. The maximal horizontal or downsloping ST-segment changes
were recorded in each ECG lead. A stress–rest imaging protocol
was used, as described previously.7 A 20-segment myocardial model
was used for semi-quantitative analysis, with a visual perfusion rating
of 0–4 for each segment by nuclear cardiologists blinded to biomarker
data.8 Quantitative analysis of myocardial perfusion was also per-
formed using the CEqual method to calculate the per cent reversible
and fixed perfusion defects.9 Patients were categorized as having no
definitive (n ¼ 50), mild (n ¼ 31), or moderate-to-severe ischaemia
(n ¼ 39) without knowledge of biomarker levels.

Blood samples were obtained immediately before [n ¼ 108,
median 12 min, interquartile range (IQR) 8–19 min], immediately
after (n ¼ 90, 7 min, IQR 5–9 min), 2 h (n ¼ 51, median 1.9 h, IQR
1.8–2.1 h), and 4 h (n ¼ 108, median 3.9 h, IQR 3.3–4.4 h) after
stress testing. Blood samples were not available at all times in all
patients due to technical issues. Blood samples were placed on ice
and processed within 60 min. Lithium heparinized plasma was stored
at 2808C, and aliquots were thawed for these analyses.

Biomarkers
Cardiac troponin I was measured using the ultrasensitive Singulex
Erenna System (at Singulex, Inc., Berkeley, CA, USA), based on capil-
lary flow single molecule counting combined with microparticle immu-
noassay technology.6 The assay was standardized to National Institute
of Standards and Technology Material and validated with a lower limit
of detection of 0.0002 ng/mL or 0.20 pg/mL. The inter-assay coefficient
of variation (CV) is 10% at 0.91 pg/mL, and the 99th percentile in a
healthy control population is 9 pg/mL. In this study, 50 mL of plasma
was used, and samples were measured in duplicate in a 96-well plate
batch mode. The mean variation between duplicates was 12%.
A total of 18 assay runs (2 h per assay) were performed over 4 days
using a single lot of reagents. Cardiac troponin was measured in 106
subjects using two older assays at the TIMI Biomarker Core Labora-
tory (Boston, MA, USA): the ACS:180 Chemiluminescence cTnI Immu-
noassay (Bayer Diagnostics, Tarrytown, NY, USA), which has a limit of
detection of 0.03 ng/mL and an inter-assay CV of 10% at 0.4 ng/mL,
and the cardiac troponin T assay on the Elecsys 1010 (Roche
Diagnostics, Indianapolis, IN, USA), which has a limit of detection of

0.01 ng/mL, an inter-assay CV of 10% at 0.03 ng/mL, and an established
clinical decision limit of 0.1 ng/mL. Cardiac troponin was also
measured in 60 subjects (due to exhaustion of samples) using the
current generation commercial sensitive troponin I assay used at
Brigham and Women’s Hospital, the Tn-I Ultra assay (Siemens Health-
care Diagnostics, Deerfield, IL, USA), which has a limit of detection of
0.006 ng/mL and an inter-assay CV of 10% at 0.03 ng/mL. B-type
natriuretic peptide (BNP) was measured in this study using an estab-
lished sequential sandwich immunoassay (Biosite, Inc., San Diego,
CA, USA). All assays were performed by personnel blinded to stress
test results.

Statistical analyses
Patients were categorized for the primary analysis on the basis of the
severity of ischaemia as determined by myocardial perfusion imaging.
Troponin concentrations were compared across groups using a non-
parametric test for trend across ordered groups (Jonckheere-Terpstra
test). The differences between baseline and post-stress test troponin
levels within groups were compared using signed rank tests. The
optimal cutpoint for the rise in troponin post-stress-testing for dis-
crimination of myocardial ischaemia by scintigraphy was determined
by finding the value above the threshold for 10% CV that maximized
accuracy (proportion of true positives plus true negatives). Bootstrap
analyses were performed to validate the cutpoint and generate 95%
confidence intervals (CIs). The independent value of rise in troponin
beyond that cutpoint for predicting ischaemia was then calculated
using a multivariable logistic regression model that contained rise in
troponin plus the three traditional factors used and reported in exer-
cise stress testing: stress test time, the presence of angina (non-limiting
or limiting), and the magnitude of ST depression (0, 0.1, or 0.2 mV). All
reported P-values are two-sided, and a significance level of ,0.05 was
used. The primary hypothesis tested was that the rise in cardiac tropo-
nin I values as measured by the ultrasensitive assay would be associated
with the degree of inducible ischaemia; no adjustments were made to
the significance threshold for other exploratory analyses. The authors
had full access to the data, performed all analyses using SAS 9.1 (Cary,
NC, USA), and take full responsibility for the data.

Results

Baseline characteristics and stress testing
The baseline characteristics of the 120 subjects are shown in
Table 1. Mean stress test duration was 7.7 + 3.0 min, maximum
workload achieved was 8.6 + 3.2 METs, per cent of maximum pre-
dicted heart rate was 81 + 12%, and the peak rate�systolic blood
pressure product was 21 844 + 5652. Twenty-five per cent of the
patients had non-limiting angina and 11% had stress-test limiting
angina. Horizontal or downsloping ST depression of 0.1 mV devel-
oped in 17% of the patients and �0.2 mV in 14% of the patients.
On nuclear perfusion imaging, 50 (41.7%) patients had no inducible
ischaemia, 31 (25.8%) had mild inducible ischaemia, and 39 (32.5%)
had moderate-to-severe inducible ischaemia based on nuclear
perfusion imaging. Stress test parameters stratified by severity of
inducible ischaemia are shown in Table 2. Compared with patients
with no or only mild ischaemia, there were trends for those with
moderate-to-severe ischaemia to have achieved lower peak work-
loads and to have experienced rate-limiting angina or developed
ST deviation. By design, the extent of the reversible perfusion
defect differed significantly between the three groups.
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Ultrasensitive cardiac troponin I assay
At baseline, cardiac troponin I could be detected in plasma
samples from all patients using the ultrasensitive assay (median
4.4 pg/mL, IQR 3.1–8.6 pg/mL), with all values being above the
assay’s 10% CV threshold (0.91 pg/mL). At baseline and immedi-
ately after stress testing, cardiac troponin I levels were similar

across the three pre-specified categories of ischaemia. Of note,
in post hoc testing, the 16 patients who eventually manifested
severe ischaemia did have slightly higher levels of baseline tropo-
nin (median 7.0 pg/mL, IQR 4.3–11.5) than did patients who man-
ifested no ischaemia (median 4.2 pg/mL, IQR 2.8–7.3) (P ¼ 0.04).
At both 2 and 4 h after stress testing, cardiac troponin I levels
were significantly higher in patients who had evidence of inducible
myocardial ischaemia during stress testing (P ¼ 0.0047 and 0.018,
respectively) (Figure 1). Likewise, the increase in cardiac troponin I
at 4 h was significantly associated with the degree of inducible
ischaemia, ranging from a median of 0.6 pg/mL (11% increase) in
patients with no ischaemia (P ¼ 0.36 vs. baseline), to 1.4 pg/mL
(24% increase) in patients with mild inducible ischaemia
(P ¼ 0.002), to 2.1 pg/mL (40% increase) in patients with
moderate-to-severe inducible ischaemia (P ¼ 0.0006) (P ¼ 0.008
for trend, Figure 2). There was no significant heterogeneity in
the rise in troponin in patients with ischaemia who either did
or did not have a prior MI.

In exploratory analyses, we examined the correlation between
continuous measures of myocardial ischaemia, including the per-
centage of myocardium with scintigraphic reversible perfusion
defects, the duration of angina during stress testing, and the sum
of ST deviation, and the change in ultrasensitive cardiac troponin
I levels at 2 and 4 h. The percentage of myocardium with scinti-
graphic reversible ischaemia was significantly and positively corre-
lated with the change in cardiac troponin I levels at 4 h (r ¼ 0.30,
P ¼ 0.003), but not at 2 h (r ¼ 0.13, P ¼ 0.38). The duration of
angina during the stress test was significantly and positively corre-
lated with the change in cardiac troponin I at 2 h (r ¼ 0.37,
P ¼ 0.008), but not at 4 h (r ¼ 0.15, P ¼ 0.13). The sum of ST
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Table 1 Patient baseline characteristics (n 5 120)

Demographics

Age (years) 65 + 11

Male 82 (68.3)

White 89 (74.2)

Cardiac risk factors

Hypertension 85 (70.8)

Diabetes 31 (25.8)

Current or former smoker 78 (65.0)

Hyperlipidaemia 88 (74.0)

Cardiac disease

Documented CAD 66 (55.5)

Prior MI 53 (44.2)

Prior PCI 41 (34.2)

Prior CABG 28 (23.3)

Data are presented as mean + SD or number (%) of patients.
CABG, coronary artery bypass graft; CAD, coronary artery disease; MI, myocardial
infarction; PCI, percutaneous coronary intervention.
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Table 2 Stress test results

None (n ¼ 50) Mild (n ¼ 31) Moderate-to-severe (n ¼ 39) P-value

Stress test performance

Duration (min) 7.8 + 3.0 8.1 + 3.1 7.2 + 2.9 0.47

Maximum workload (METs) 8.7 + 3.0 9.5 + 3.3 7.7 + 3.1 0.08

Peak HR (b.p.m.) 131 + 19 125 + 23 122 + 22 0.17

Per cent of maximal predicted HR (%) 83 + 11 81 + 12 79 + 12 0.17

Peak SBP (mmHg) 176 + 27 168 + 23 169 + 26 0.25

Double product (b.p.m. � mmHg, 1000 s) 23 + 5 21 + 6 21 + 5 0.12

Angina

None 27 (62.8) 22 (78.6) 19 (54.3) 0.13

Non-limiting 12 (27.9) 4 (14.3) 10 (28.6) 0.33

Limiting 4 (9.3) 2 (7.1) 6 (17.1) 0.40

Duration (min) 0 (0–3) 0 (0–2) 2 (0–6) 0.09

ST depression (mV)

0.0 36 (75.0) 23 (76.7) 21 (56.8) 0.12

0.1 7 (14.6) 4 (13.3) 8 (21.6) 0.59

�0.2 5 (10.4) 3 (10.0) 8 (21.6) 0.26

Nuclear perfusion imaging

Difference in perfusion score (points) 0.2 + 0.6 3.4 + 1.1 9.0 + 5.4 ,0.0001

Reversible perfusion defect (%) 0.1 + 0.3 3.2 + 2.1 10.9 + 7.1 ,0.0001
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deviation was significantly and positively correlated with the
change in cardiac troponin I levels at both 2 h (r ¼ 0.33,
P ¼ 0.02) and 4 h (r ¼ 0.27, P ¼ 0.0066).

Conventional commercial troponin
assays
Using older troponin I and T assays comparable with those used in
prior studies investigating exercise-induced troponin release, tro-
ponin I levels were above the limit of detection (0.03 ng/mL) in
35.9% of the patients at baseline and in 23.6% of the patients at
4 h, but were not above the 10% CV threshold (0.4 ng/mL) in
any patients at either timepoint. Troponin T levels were above
the limit of detection (0.01 ng/mL) in only 4.7% of the patients
at baseline and 7.6% of the patients at 4 h and were above the
10% CV threshold (0.03 ng/mL) in 2.8% of the patients at baseline
and 1.0% at 4 h. The change in troponins I and T by 4 h was a
median of 0.00 ng/mL in patients in each of the three myocardial
ischaemia categories (P ¼ 0.72 and 0.96 for comparison across
ischaemic categories for troponins I and T, respectively).

We also measured troponin I using a current generation sensi-
tive commercial assay. Troponin I levels were above the limit of
detection (0.006 ng/mL) in 40% of the patients at baseline and
71% of the patients at 4 h; however, only 8.3% were above the
10% CV threshold (0.03 ng/mL) at baseline and 19.1% at 4 h.
The change in troponin I by 4 h was approximately at or below
the assay’s limit of detection in the three myocardial ischaemia cat-
egories [0.003 ng/mL (IQR 0.000–0.005), 0.001 ng/mL (IQR

0.000–0.006), and 0.007 ng/mL (IQR 0.002–0.011), respectively],
with no statistically significant differences across the three cat-
egories (P ¼ 0.39). The absolute values of troponin I were corre-
lated between the highly sensitive commercial assay and the
ultrasensitive assay at baseline and 4 h (r ¼ 0.72, P , 0.0001 for
both), but less so for the change by 4 h (r ¼ 0.45, P ¼ 0.005).

Change in ultrasensitive cardiac troponin
I assay levels to predict ischaemia
A cutpoint of .1.3 pg/mL for the rise in cardiac troponin I by 4 h
using the ultrasensitive assay offered the best accuracy [sensitivity
60% (95% CI 47–72), specificity 69% (95% CI 52–83), accuracy
64% (95% CI 53–73)]. These performance characteristics com-
pared favourably with traditional metrics such as ST deviation [sen-
sitivity 34% (95% CI 23–47), specificity 75% (95% CI 60–86),
accuracy 51% (95% CI 42–60)] and limiting angina [sensitivity
13% (95% CI 6–23), specificity 92% (95% CI 81–98), accuracy
46% (95% CI 37–55)]. Bootstrap analyses yielded an identical cut-
point (1.3 pg/mL) with an IQR of 1.1–1.4 pg/mL and a 95% CI of
1.0–2.6 pg/mL. We created a multivariable logistic regression
model for inducible ischaemia that included duration of stress
testing, presence and type of angina, magnitude of ST depression,
and a rise in troponin I by 4 h of .1.3 pg/mL. As shown in
Figure 3, an increase in troponin I of .1.3 pg/mL after stress
testing was strongly associated with ischaemia, with an adjusted
odds ratio of 3.54 (95% CI 1.42–8.80, P ¼ 0.007). We have pre-
viously shown that an elevated (�80 pg/mL) post-stress test

Figure 1 Cardiac troponin I levels (median and interquartile range) measured using the ultrasensitive assay in patients with none (blue
circles), mild (green triangles), and moderate-to-severe (red squares) ischaemia at baseline (samples available in 44, 30, and 34 patients, respect-
ively), immediately after stress testing (37, 26, and 27 patients), 2 h after stress testing (20, 15, and 16 patients), and 4 h after stress testing (44,
28, and 36 patients). P-values are for trend across ischaemic categories at each timepoint.
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BNP was associated with the presence of inducible myocardial
ischaemia.7 Combining an increase in cTnI .1.3 pg/mL with a
post-stress test BNP .80 pg/mL, the proportion with myocardial
ischaemia was 36% if neither was positive, 61% if either was

positive, and 90% if both were positive (P ¼ 0.0003). When
both biomarkers were added to a model containing the aforemen-
tioned clinical predictors, both troponin increase [odds ratio (OR)
4.47, 95% CI 1.59–12.5, P ¼ 0.005] and an elevated BNP (OR
3.82, 95% CI 1.27–11.48, P ¼ 0.017) remained significantly associ-
ated with myocardial ischaemia.

For the prediction of myocardial ischaemia, the combination of
duration of stress testing, presence and type of angina, and magni-
tude of ST depression had a c-statistic of 0.62 (95% CI 0.50–0.74).
Adding an elevated (.80 pg/mL) post-stress test BNP and ultra-
sensitive troponin I (rise .1.3 pg/mL) significantly improved the
c-statistic to 0.76 [95% CI 0.66–0.87 (P ¼ 0.01)]. When patients
were categorized on the basis of how many of the four risk vari-
ables were present (limiting angina, ST depression .0.1 mV,
post-stress test BNP �80 pg/mL, and a rise in troponin I
.1.3 pg/mL), a stepwise and significant gradient of risk for induci-
ble myocardial ischaemia was observed, ranging from 28 to 100%
(Figure 4, P , 0.0001).

Discussion
Using an ultrasensitive troponin I assay, we were able to demon-
strate a quantifiable rise in circulating troponin levels in response
to stress testing, and the magnitude of that rise was proportional
to the degree of ischaemia on perfusion imaging. Furthermore, a
rise in the level of troponin I after stress testing was significantly
associated with inducible ischaemia even after adjusting for tra-
ditional parameters such as limiting angina and ST depression.

Cardiac troponins are the preferred diagnostic biomarker for
MI.1 Using current commercial assays, most healthy individuals
have levels below the limit of detection and certainly below the
cutpoint at which the CV is ,10%.5 Any elevation in troponin in
the appropriate clinical setting has been considered indicative of
myocardial necrosis rather than ischaemia.4 Previous attempts to
quantify rises in troponin in the setting of transient myocardial
ischaemia have been unrewarding. Specifically, in prior studies in
individuals undergoing stress testing, troponin levels following
stress testing have either been undetectable, or barely detectable
but within the normal range, and changes in troponin were

Figure 2 Change in cardiac troponin I levels (median and inter-
quartile range) measured using the ultrasensitive assay from base-
line to 4 h in patients with none (n ¼ 39, blue circles), mild
(n ¼ 27, green triangles), and moderate-to-severe (n ¼ 33, red
squares) ischaemia. P-values by the point estimate symbols are
for whether the difference is greater than 0, and the P-value at
the top is for trend of differences across ischaemic categories.

Figure 3 Odds ratios and 95% confidence intervals for prediction of inducible myocardial ischaemia.
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either undetectable, below the cutpoint for ,10% CV, or not
associated with the presence of ischaemia during the test.10–15

In three studies, an increase in troponin was demonstrable after
stress testing, but in only a minority of patients with ischaemia
and at levels close to the 10% CV cutpoint.16– 18 Now, using a
novel troponin assay that is one to two orders of magnitude
more sensitive than commercial assays, we have been able to
demonstrate that brief periods of stress-test induced myocardial
ischaemia are associated with quantifiable rises in the concen-
tration of circulating troponin.

Definitive delineation of the cellular events responsible for the
rise in circulating troponin that we observed is beyond the
scope of this clinical study. Specifically, whether cardiac troponin
can be released in the setting of pure myocyte ischaemia
without necrosis remains controversial. An immunohistochemistry
study in animals subjected to coronary occlusion found staining for
troponin in necrotic, but not in non-necrotic, areas of myocar-
dium.19 Conversely, another animal study demonstrated elevated
levels of circulating troponin without electron microscopic evi-
dence of irreversible myocyte necrosis.20 Furthermore, cytosolic
pools of troponin have been demonstrated, by some estimates
accounting for �5% of total myocyte troponin.21 Troponin in
these pools could egress from injured myocytes without the
need for myofibril degradation. To that end, in specialized animal
and human models, brief periods of myocardial ischaemia have
been shown to lead to the release of troponin.22– 24 Furthermore,
in canine models, 15–20 min of sustained ischaemia is required to
induce irreversible myocyte cell death;25 in contrast, the duration
of myocardial oxygen supply–demand mismatch during stress
testing was only a few minutes in our study, making necrosis unli-
kely. Nonetheless, although our findings support the concept that
cardiac troponin may function as a biomarker of reversible

myocardial injury, without pathological examination, the possibility
of micronecrosis during stress testing cannot be excluded.

Our findings have several clinical implications. First, a more sen-
sitive troponin assay that can detect transient myocardial injury
would give clinicians the ability to seek biochemical data to
support the diagnosis of unstable angina. Such objective evidence
would be welcome in these cases, for which clinicians currently
are forced to rely on a subjective history and transient ECG
changes. Although the elevations seen in our study were subtle,
and the range of values overlapped significantly between those
with and without ischaemia, the duration and magnitude of ischae-
mia were, by design, brief. We would speculate that spontaneous
ischaemia due to plaque rupture would generate more profound
elevations in troponin. Clinicians might be able to use such
elevations to diagnose ACS objectively. Of course, the prognostic
implications and the utility in terms of guiding aggressiveness of
care of such truly quantitatively minor elevations in patients will
need to be studied.

Secondly, measuring biomarkers of myocardial injury (troponin)
and wall stress (BNP) in patients undergoing stress testing with
electrocardiography could potentially aid in the diagnosis of clini-
cally significant epicardial coronary artery disease. Incorporation
of measurement of these biomarkers along with assessment of tra-
ditional risk predictors could help obviate the need for initial myo-
cardial perfusion imaging in a subset of patients. However, our goal
in this proof-of-concept study was not to define the clinical utility
of such measurements, but rather to study the release patterns of
cardiac troponin in response to transient myocardial ischaemia.
The ability of troponin or BNP levels to add to the diagnostic
utility of stress testing needs to be confirmed in additional, larger
prospective studies.

Thirdly, the clinical adoption of a troponin assay as sensitive as
the one we used will likely necessitate a revised approach to
reporting of troponin levels. No longer will individuals outside
the setting of MI typically have undetectable levels. Rather,
similar to most of the analytes clinicians measure, there will be a
quantifiable reference range for the population. Using the
current commercial troponin T assay, we have previously shown
that elevated levels of troponin T are found in ,1% of the popu-
lation, but that those individuals typically have cardiovascular
abnormalities including heart failure, diabetes mellitus, and left ven-
tricular hypertrophy.26 In these patients, an elevated troponin may
reflect chronic supply–demand mismatch. Using a more sensitive
assay, it may be possible to better quantify and even track
chronic myocardial ischaemia over time. To that end, using a tro-
ponin T assay 10-fold more sensitive than current commercial
assays, elevated levels of troponin T were found in 92% of the
chronic heart failure patients and higher levels were associated
with a worse long-term prognosis.27 In accordance with that
observation, in our study, we found that patients who manifested
the most severe ischaemia on stress testing had slightly higher
levels of troponin at baseline.

Our study has several limitations that must be considered. Not
all subjects had blood samples successfully obtained at all times
points; however, statistical comparisons of biomarker values
between timepoints were performed by analysing the change in
values within subjects, thereby guaranteeing a comparison across

Figure 4 Proportion with inducible ischaemia among patients
categorized by the number of ischaemia predictors (limiting
angina, ST depression .0.1 mV, .1.3 pg/mL rise in ultrasensitive
cardiac troponin I by 4 h, and post-stress test BNP �80 pg/mL).
Numbers within each bar represent the number of patients in
that group.
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identical cohorts. We relied on nuclear imaging to quantify the
degree of ischaemia. This remains an imperfect gold standard.
Nonetheless, we think it superior to angiography, which can
verify the presence of coronary atherosclerosis but cannot demon-
strate inducible ischaemia. The magnitude in rise of troponin was
relatively small, the IQRs wide, paired measurements were
required to optimally discriminate between those who did and
did not develop inducible ischaemia, and even then the sensitivity
and specificity were modest. However, the accuracy was better
than either ST deviation or limiting angina: two key parameters
currently used to determine whether a stress test is indicative of
ischaemia. Moreover, the duration of significant ischaemia during
stress testing was brief, an average of only 2 min even in those
with moderate-to-severe ischaemia. Furthermore, the cutpoint
we used of a rise of 1.3 pg/mL corresponds to an increase of
30%, similar to the 25% threshold recommended when evaluating
a patient with elevated levels of biomarkers at baseline.28 We
applied a dichotomous cutpoint for the ultrasensitive troponin
assay that was derived in the same data set and therefore is
likely overly optimistic. Bootstrapping yielded an identical result
with narrow IQR but wide 95% CI. Validation of this cutpoint, par-
ticularly in the setting of multivariable analysis, and consideration of
modelling ultrasensitive troponin as a continuous variable in larger
external data sets will be required. As is the case for any assay,
before it can be adopted into routine clinical practice, it requires
validation according to Clinical and Laboratory Standards Institute
guidelines, including limit of quantitation across multiple lots of
reagents.

In summary, by using a novel, ultrasensitive troponin assay that is
at least an order of magnitude more sensitive than current com-
mercial assays, we could detect changes in circulating troponin
that were associated with the degree of transient stress-test
induced myocardial ischaemia as detected using myocardial per-
fusion imaging. These findings pave the way for additional studies
of the diagnostic and prognostic utility of troponin assays with
markedly improved sensitivity.
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Percutaneous closure of a paravalvular leak 4 years after mitral
valve replacement
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An 89-year-old man presented with
global cardiac insufficiency 4 years
after mitral valve replacement by a
29 mm St Jude mechanical valve for
severe mitral insufficiency. In the
immediate post-operative period, a
mild paravalvular leak had been noted
and increased progressively from 0.13
to 0.38 cm2 actually (Panel A).

Because of the very active status of
the patient, a percutaneous closure of
the paravalvular leak was considered.
A right femoral vein approach was
chosen under fluoroscopic and three-
dimensional real-time transeosopha-
geal echocardiographic (RT3DTEE)
guidance in a patient intubated and
sedated. RT3DTEE provided unequal-
ized imaging of the prosthetic valve in
real-time with perfect delineation of
the localization and size of the paravalvular leak (Panel B). A guide wire was advanced through the orifice after transseptal puncture
and an 8 � 10 mm Amplazer PDA occluder was positioned in the paravalvular channel through a dedicated delivery sheet (Panel C).
No residual leak was detectable by transesophageal and transthoracic echocardiography (Panel D). Mean transprosthetic gradient
went down from 7 to 3.5 mmHg and pressure gradient of the tricuspid regurgitant jet from 40 to 22 mmHg.

After a short in-hospital rehabilitation, the patient was able to resume his physical activities without symptoms.
Panel A. Parasternal long-axis view of the left heart, systolic frame, showing the paravalvular leak, just posterior to the aorta.
Panel B. RT3DTEE visualization of the paravalvular regurgitant orifice (black arrow), on the medial portion of the prosthetic valve

annulus, just posterior to the aorta.
Panel C. RT3DTEE appearance of the left atrial side of the Amplatzer PDA occluder (black arrow) after positioning through the

paravalvular orifice.
Panel D. Parasternal long-axis view, systolic frame identical to Panel A, showing the Amplatzer occluder in place (white arrow) with

the absence of residual leak.
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