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ABSTRACT
Objectives  To evaluate hospital-specific health economic 
implications of different protocols using high-sensitivity 
troponin I for the assessment of patients with chest pain.
Design  A cost prediction model and an economic 
microsimulation were developed using a cohort from 
a single centre recruited as part of the (ADAPT) trial, a 
prospective observational trial conducted from 2008 to 
2011. The model was populated with 40 000 bootstrapped 
samples in five high-sensitivity troponin I-enabled 
algorithms versus standard care.
Setting  Adult emergency department (ED) of a tertiary 
referral hospital.
Participants  Data were available for 938 patients who 
presented to the ED with at least 5 min of symptoms 
suggestive of acute coronary syndrome. The analyses 
included 719 patients with complete data.
Main outcome(s)/measure(s)  This study examined 
direct hospital costs, number of false-negative and 
false-positive cases in the assessment of acute coronary 
syndrome.
Results  High-sensitivity troponin I-supported algorithms 
increased diagnostic accuracy from 90.0% to 94.0% 
with an average cost reduction per patient compared 
with standard care of $490. The inclusion of additional 
criteria for accelerated rule-out (limit of detection and the 
modified 2-hour ADAPT trial rules) avoided 7.5% of short-
stay unit admissions or 25% of admissions to a cardiac 
ward. Protocols using high-sensitivity troponin I alone or 
high-sensitivity troponin I within accelerated diagnostic 
algorithms reduced length of stay by 6.2 and 13.6 hours, 
respectively. Overnight stays decreased up to 43%. Results 
were seen for patients with non-acute coronary syndrome; 
no difference was found for patients with acute coronary 
syndrome.
Conclusions  High-sensitivity troponin I algorithms are 
likely to be cost-effective on a hospital level compared 
with sensitive troponin protocols. The positive effect is 
conferred by patients not diagnosed with acute coronary 
syndrome. Implementation could improve referral accuracy 
or facilitate safe discharge. It would decrease costs and 
provide significant hospital benefits.
Trial registration  The original ADAPT trial was registered 
with the Australia-New Zealand Clinical trials Registry, 
ACTRN12611001069943.
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Strengths and limitations of this study

►► This study was based on an individual-level 
modelling design to allow for more realistic 
comparisons of different settings, assessment 
strategies or risk stratification rules.

►► As opposed to previous evaluations, costs and all 
management assumptions were based on actual 
patient information that was prospectively collected. 
In addition, we considered realistic management 
rules. For example, if patients were not discharged 
before 6:30 pm, they required an overnight stay.

►► Model results were based on a sampling strategy 
that created a large cohort with a wide spectrum 
of individual information, thus reflecting population 
heterogeneity and common variation in clinical 
practice.

►► Troponin results must be interpreted in concert 
with clinical presentation, ECG changes and other 
available information. Diagnostic accuracy used in 
this study refers to results of the complete pathway 
consisting of troponin results, ECG and cardiac work-
up. All hospital costs accrued from assessment, 
management and events during 30 days of  follow-
up were considered in the analysis.

►► Cost data were based on information from an 
administrative database. The cost prediction was 
limited to activities during the assessment period. 
Information about inpatient treatment other than 
time was not available.

►► Economic implications from breaching specific 
emergency department targets or access blocks 
were not taken into account but may have a 
significant impact; it appears likely that considering 
such aspects would strengthen the results in favour 
of accelerated protocols.

►► Generalisability might be hindered by the variety 
of assessment processes. Exploiting the value 
of highly sensitive cardiac troponin I  relies on the 
appropriateness of testing and the implementation 
of adequate protocols.
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Introduction
Chest pain is a leading presenting complaint for adults 
seeking emergency department (ED) care.1 The most 
common serious underlying causes are acute coronary 
syndrome (ACS), including acute myocardial infarction 
and unstable angina. After detailed assessment, most 
patients are diagnosed with a non-cardiac cause (eg, 
musculoskeletal pain or gastrointestinal causes) for their 
symptoms. In Australia, over 500 000 persons per year 
present with chest pain, but fewer than 20% were diag-
nosed with ACS.2 3 The identification of the majority of 
chest pain presentations at low risk for ACS remains an 
organisational challenge for ED.

Accelerated assessment strategies for the rule-in and 
rule-out of acute myocardial infarction have recently 
been reported.3–12 Such strategies use clinical deci-
sion rules and/or troponin testing to identify a sizeable 
proportion of patients as low risk. Some protocols also 
accurately identify patients as high risk for acute myocar-
dial infarction.3 4 The use of high-sensitivity troponin on 
presentation or within 2 hours is a key feature of several 
accelerated assessment strategies.6–10 For example, the 
modified ADAPT accelerated diagnostic protocol (ADP) 
uses highly sensitive troponin assays to support the identi-
fication of 40% of patients as low risk.4

While research into novel accelerated strategies has 
usually reported clinical outcomes, few studies have 
assessed the health economic implications of such proto-
cols, or made comparisons to define optimum strategies. 
The incorporation of high-sensitivity troponin I (hsTnI) 
assays into clinical practice may have additional health 
economic benefits on the hospital level; however, this 
aspect has not been explored to date. The aim of this 
study was to evaluate the hospital-specific costs of different 
protocols using hsTnI for assessment of ED patients with 
chest pain, compared with standard care. The hypothesis 
was that hsTnI-enabled algorithms would streamline ED 
processes with equal or better diagnostic accuracy, thus 
leading to savings in direct hospital costs when compared 
with standard care.

Methods
Study design and setting
This study used data from a prospective, single centre 
observational study in Brisbane, Australia. Participants 
were recruited as part of the ADAPT trial,3 and included 
if they were aged 18 years or older, presented to the 
ED with at least 5 min worth of chest pain suggestive of 
ACS, and were being evaluated for ACS. Pain sugges-
tive of ACS was defined in accordance with American 
Heart Association case definitions.13 Recruitment was 
performed by research staff in collaboration with the 
senior treating clinician. Patients were excluded if 
there was a clear non-ACS cause for their symptoms 
(eg, findings of pneumonia), they were unwilling or 
unable to provide informed consent, staff consid-
ered that recruitment was inappropriate (eg, patients 

undergoing palliative treatment), they were transferred 
from another hospital, were pregnant, were previously 
recruited to the study within the past 45 days or were 
unable or unwilling to be contacted after discharge. 
Recruitment included consecutive eligible cases during 
working hours at each site. Enrolment occurred between 
January 2008 and November 2010. All patients were 
managed according to standard care, which included 
ECG and troponin testing on presentation and at greater 
than 6 hours after presentation to the ED. Patients were 
classified into risk groups according to the Heart Foun-
dation of Australia/Cardiac Society of Australia and 
New Zealand guidelines.14 The clinical assay in use as 
the reference troponin assay was the Beckman Coulter 
second-generation AccuTnI (Beckman Coulter, Chaska, 
Minnesota, USA). A value above the 99th percentile of 
greater than 40 ng/L was considered abnormal.

Original data were collected prospectively, using stan-
dardised case report forms.15 Research nursing staff 
collected demographic and clinical data from patient 
interviews. Telephone follow-up and medical record 
review was conducted 30 days after initial attendance for 
the diagnosis of ACS. Information was obtained from 
the patient and from hospital databases about all addi-
tional cardiac events, investigations or contact with any 
healthcare providers during the 30-day period. Follow-up 
information was verified through contact with the health-
care provider, and original copies of medical records 
and investigations were obtained. Ethical approval of the 
research project HREC/14/QRBW/320 was obtained 
from the Royal Brisbane and Women’s Hospital Human 
Research Ethics Committee (EC 00172) on 11August 
2014. All patients provided written informed consent 
for data collection and the ethics committee waived the 
requirement for consent for this analysis.

Each patient was assigned one or more endpoints to 
explain the reason for their index presentation, or any 
events occurring within 30 days of admission. There 
were 15 possible endpoints, including both cardiovas-
cular and non-cardiovascular endpoints. Patients were 
considered to meet the definition for ACS if they were 
assigned any of the following endpoints: cardiovascular 
death, cardiac arrest, revascularisation procedure, 
cardiogenic shock, acute myocardial infarction or 
unstable angina pectoris. One cardiologist from a group 
of three potential cardiologists adjudicated the outcome 
independently. Cardiologists had knowledge of the clin-
ical record, ECG and troponin results from standard 
care and used such information to determine whether 
the patient met the predefined criteria for the cardiovas-
cular endpoints.15 Patients not meeting such endpoints 
were classed as having a non-cardiovascular problem. A 
second cardiologist from the group conducted a blind 
review of all ACS cases and 10% of non-ACS cases. In 
cases of disagreement, endpoints were agreed on by 
consensus by the two cardiologists involved in endpoint 
adjudication and one emergency physician. This was 
achieved for all endpoints.
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In addition to sampling for routine clinical care, 
blood was drawn on presentation and 2 hours later. 
Samples were later tested with the ARCHITECT High 
Sensitive STAT Troponin-I assay (Abbott Laboratories, 
Abbott Park, Illinois,  USA). Laboratory technicians 
were blinded to patient data. The hsTnI assay has a 99th 
percentile concentration of 26.2 ng/L with a corre-
sponding co-efficient of variation of <5% and a limit of 
detection (LoD) of 1.2 ng/L.16

Cost prediction model
As described previously,17 individual cost data were 
extracted from hospital administration records and 
adjusted for inflation to 2011 A$. To use a consistent 
cost matrix across all strategies, a prediction model was 
developed in four steps. First, we analysed the data and 
predefined exclusion criteria (see online supplementary 
table S1). Patients who received coronary bypass surgery 
were excluded because they were transferred to another 
hospital for surgery with no available outcome data and 
unknown accuracy of cost information. Cases with incon-
sistent or missing costs were excluded. Patients with a 
hospital length of stay (LOS) greater than 12 days were 
excluded to reduce bias from non-cardiac stays. Second, 
we considered key activities for evaluating an ACS in a 
generalised Box-Cox transformed model. Third, we 
dropped non-significant variables (second troponin, 
p=0.9; stress echocardiography, p=0.6) from the predictor 
variables, checked for relevant multicollinearity between 
variables and excluded cases that showed extreme 
discrepancies to the predicted results (n=4; see online 
supplementary table S1). Fourth, we run the final analysis 
that led to the cost prediction model and the 95% CIs for 

each predictor. The final model was based on data from 
891 individuals. The following predictors were used: ED 
time, inpatient time, performed activities (exercise stress 
test, myocardial perfusion scan, CT coronary angiog-
raphy, echocardiography and angiography), admission to 
short-stay unit (SSU) or admission to an inpatient ward. 
More information is given in the supplement (online 
supplementary eMethods).

Health economic model
We developed a microsimulation cost-effectiveness model 
that compared six assessment strategies (table  1). The 
standard of care was based on a protocol using cardiac 
troponin I (cTnI) at baseline and 6 hours after arrival 
(strategy 1). All other strategies  used hsTnI at presen-
tation and 2 hours. Strategy 2 (termed hsTnI) was the 
same as standard care except that a 2-hour high-sensi-
tivity troponin was used rather than a 6-hour sensitive 
troponin. Strategy 3 (hsTnI+LoD) also used a 2-hour 
hsTnI, but allowed a patient to be directly ruled out 
on admission with no further work-up if their baseline 
hsTnI was below the assay’s LoD. Strategy 4 (hsTnI+ADP) 
used baseline and 2-hour hsTnI but enabled patients to 
be directly ruled out with no further work-up using the 
modified ADAPT accelerated diagnostic protocol (ADP). 
That is, patients could be ruled out if their Thrombolysis 
In Myocardial Infarction (TIMI) risk score was ≤1, their 
baseline and 2-hour troponin were below the diagnostic 
cut-off and their presentation ECG was non-ischaemic. 
Strategy 5 (hsTnI+LoD+ADP) was a combination of 
strategies 3 and 4 in that patients could be ruled out if 
their baseline hsTnI was below the LoD or if they met 
the criteria according to the modified ADAPT ADP. 

Table 1  Assessment strategies evaluated in the model

No Strategy
Troponin 
assay Protocol (hours)

Diagnostic 
cut-off*

Dynamic 
cut-off†

Direct 
rule-
in‡

Direct 
rule-out§

Accelerated 
rule out¶ Reference

1 Standard cTnI 0/6 >40.0 delta<10 No No No Standard 
care

2 hsTnI hsTnI 0/2 >26.2 delta<2 No No No 9 11

3 hsTnI+LoD hsTnI 0/2 >26.2 delta<2 No Yes No 9 12

4 hsTnI+ADP hsTnI 0/2 >26.2 delta<2 No No Yes 4 9

5 hsTnI+LoD+ADP hsTnI 0/2 >26.2 delta<2 No Yes Yes 4 9 12

6 hsTnI+LoD+ADP
+direct rule-in

hsTnI 0/2 >26.2 delta<2 Yes Yes Yes 4 9 12 18

*A troponin value greater than the diagnostic cut-off was considered as elevated. 
†A delta between troponin values at different time points of <10 ng/L (cTnI) or 2 ng/L (hsTnI) was used to distinguish and rule-out a rise and/or 
fall in troponin associated with acute cardiac conditions.
‡Direct rule-in of individuals with a hsTnI value at baseline above 52 ng/L.
§Direct rule-out of individuals with a hsTnI value at baseline below the LoD of 1.2 ng/L.
¶Referring to the modified ADAPT accelerated diagnostic protocol (ADP). Accelerated rule-out applied to individuals with hsTnI values at 0 
and 2 hours below the diagnostic cut-off and a TIMI risk score ≤1.
All values in ng/L.
ADAPT, Accelerated Diagnostic protocol to Assess Patients with chest pain symptoms using contemporary Troponin as the only 
biomarker; cTnI, sensitive cardiac troponin I; hsTnI, high-sensitivity cardiac troponin I; LoD, limit of detection; TIMI, Thrombolysis In 
Myocardial Infarction.
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Finally, strategy 6 (hsTnI+LoD+ADP+direct rule-in) 
employed the same rule-out criteria as strategy 5, but also 
enabled patients with hsTnI at presentation >52 ng/L to 
be directly ruled in and admitted for ACS management 
(strategy 6).18

The model structure and the evaluation pathway are 
described in figure  1 and online  supplementary figure 
S1, respectively. Individuals entering the model were 
stratified in the ED based on individual characteristics, 
first ECG and baseline troponin. Patients classified as 
high risk were admitted to inpatient cardiology. Low-risk 
patients were kept in the ED to await final assessment. 
Intermediate-risk patients were referred to the SSU for 
further cardiac work-up. Patients referred to the SSU or 
inpatient ward were counted as admitted.

If the final troponin was performed later than 6.30 pm, 
patients stayed overnight. Total LOS comprised ED 
LOS, SSU LOS and inpatient stay. The maximum LOS 
was limited to 12 days to avoid bias in the effects from 
prolonged stays in patients with non-cardiac diagnoses. 
A 30-day follow-up event was assumed for individuals who 
were ruled out by the respective strategy, and who had a 
reported 30-day clinical outcome of ACS.

A minimum required dataset was defined for the 
cohort used in the model (see  online  supplementary 
table S3), and 219 patients with missing troponin values 
were excluded. Work-up, work-up duration and LOS 
were analysed from the model cohort and transformed 
into statistical distributions (see  online  supplemen-
tary table S4A–D). Patient attributes (age, sex, clinical 
characteristics, adjudicated diagnosis, ECG status and 
troponin values) were individually sampled from the 
model cohort by bootstrapping. This created a hypo-
thetical cohort of 40 000 patients who followed the 
model for each of the strategies. Work-up and times 

for each patient were randomly sampled from distribu-
tions. Costs were estimated by considering attributes, 
work-up activities, work-up duration and LOS in the 
cost prediction model with coefficients individually 
sampled from the 95% CI of the respective predictor. 
The model followed a 30-day hospital perspective. Costs 
for the index event and follow-up were estimated from 
the cost prediction model.

Differences between strategies were expressed in terms 
of total hospital costs per patient and diagnostic accu-
racy. Diagnostic accuracy was defined as the percentage 
of correctly diagnosed patients compared with the final 
adjudicated diagnosis. In addition, LOS, referral rates, 
admission rates and overnight stays were evaluated. We 
conducted one-way and probabilistic sensitivity analyses to 
test the robustness of the microsimulation results. Model 
structure, parameters and assumptions are described in 
detail in the supplement.

Patient involvement
No patients were involved in setting the research question 
or the outcome measures, nor were they involved in devel-
oping plans for design or implementation of the study. No 
patients were asked to advise on interpretation or writing 
up of results. Patients were asked whether they wished to 
receive a summary of these results. These individuals were 
posted a lay summary of the results.

Results
Cost prediction and model validation
Characteristics of 719 patients meeting the minimum 
required dataset for the model and of the generated 
cohort of 40 000 patients are described in the supplement 
(see online supplementary table S5). The cost prediction 
model showed excellent regression quality (R-square 

Figure 1  Basic model structure. Troponin statuses according to online supplementary table S2. *In strategy 6: if hsTnI at 
baseline ≥52 ng/L.†In strategies 3, 5 and 6: if hsTnI at baseline ≤1.2 ng/L (limit of detection). ‡In strategies 4, 5 and 6: if hsTnI 
values at baseline and 2 hours are below the diagnostic cut-off of 26.2 ng/L, and TIMI risk score ≤1, according to the modified 
ADAPT accelerated diagnostic protocol. hsTnI, high-sensitivity cardiac troponin I.
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88.3%; see online  supplementary table S6). The model 
was validated for the standard strategy against actual statis-
tics with good prediction accuracy for all patients (p value 
vs actual costs: 0.723) as well as for low, intermediate and 
high-risk patients (p=0.946, 0.256, 0.761, respectively; 
table 2, see online supplementary figure S2A-B).

Patient referral and management
During initial assessment, 1.3% of patients were classified 
as low  risk and managed in the ED (see online  supple-
mentary table S7). 6.1% of patients met the criteria for 
a direct rule-out (baseline hsTnI below the LoD) and 
were reclassified as low risk. The modified ADAPT ADP 
was effective for 49% of patients and reclassified 75% of 
intermediate-risk patients to low risk. The direct rule-in 
criteria (baseline hsTnI>52 ng/L) applied to 7.2% of 
patients.

Strategies considering LoD avoided SSU admissions for 
4.9% of patients (−7.5% vs standard care, table  3). The 
number of ward admissions did not change with hsTnI 
alone. Using the LoD, ADP or a combination of both 
resulted in a stepwise and significant reduction of the ward 
admission rate from 49.6% to 37.1% (−25%; table 3).

A 4-hour reduction in protocol time (cTnI vs hsTnI: 
mean 6.2 hours (range 5.0–10.0 hours) vs 2.3 hours (1.5–
5.0 hours)) resulted in earlier management decisions 
(see  online  supplementary figure S3). Consequently, 
strategy 2 led to 30% fewer overnight stays compared with 
standard care (60.3% vs 42.0%, table  3). Incorporating 

additional rule-out to hsTnI options further streamlined 
patient assessment, decreasing overnight stays by up to 
43%.

3.2% of patients with a negative or stable cTnI status 
had a positive hsTnI status indicative of an acute event 
(see online supplementary table S8). Conversely, 3.0% of 
patients had an acute cTnI finding but a negative or stable 
troponin status with hsTnI. In total, the number of referrals 
to ACS management based on an acute troponin finding 
did not differ if replacing cTnI with hsTnI (cTnI: 11.9%; 
hsTnI: 12.1%; p=0.549). Patients with negative or stable 
troponin conditions were admitted for ACS management 
and further work-up if such as an exercise stress test or 
myocardial perfusion scan led to positive findings, resulting 
in a referral rate of 32% (table 3). Strategies considering 
the LoD or ADP rules respectively led to 5% or 35% fewer 
patients referred for ACS management compared with 
standard care. Additional direct rule-in criteria (strategy 6 
vs 5) did not identify more patients requiring ACS manage-
ment but allowed for earlier cardiac intervention for 46.6% 
of patients with ACS.

LOS and costs
A significant reduction in LOS was observed if hsTnI 
replaced cTnI, with a mean saving of 6.2 hours (p<0.001, 
table 3). Applying LoD or ADP rules to hsTnI saved an 
additional stay of 1.0 and 7.4 hours, respectively. LOS 
times for patients with ACS were stable between strategies 
(see online supplementary table S9). However, applying 

Table 2  Comparison of cost data and model validation.

Total costs, $ Item Cullen 20157 Model cohort* Model prediction†

Prediction 
versus 
cohort 
(p value)

All n (%) 926 (100%) 719 (100%) 719 (100%)

Mean cost (95% CI) 5272 (4835 to 5708) 5303 (4796 to 5810) 5437 (4897 to 5977) 0.72

Median cost (25th to 
75th percentile)

2433 (1458 to 6778) 2497 (1449 to 6663) 2169 (1747 to 6384)

Low risk n (%) 9 (1.0%) 9 (1.3%) 9 (1.3%)

Mean cost (95% CI) 2040 (1306 to 2774) 2040 (1125 to 2955) 2010 (1559 to 2460) 0.95

Median cost (25th to 
75th percentile)

1530 (1298 to 3050) 1530 (1080 to 3359) 1907 (1569 to 2438)

Intermediate risk n (%) 580 (62.6%) 468 (65.1%) 468 (65.1%)

Mean cost (95% CI) 3304 (2963 to 3644) 3413 (3050 to 3775) 3755 (3288 to 4223) 0.26

Median cost (25th to 
75th percentile)

1849 (1376 to 3570) 1925 (1389 to 3628) 1946 (1668 to 3270)

High risk n (%) 329 (35.5%) 242 (33.7%) 242 (33.7%)

Mean cost (95% CI) 8919 (7971 to 9867) 9081 (7878 to 10 284) 8816 (7593 to 10 040) 0.76

Median cost (25th to 
75th percentile)

6452 (2650 to 11 829) 6405 (2752 to 11 309) 5566 (2355 to 11 130)

All costs referred to inflated costs in A$.
*Excluded individuals not meeting the minimum required dataset for the model
†Excluded individuals with cost outliers, missing and inconsistent data.
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hsTnI to standard care resulted in a significant reduction 
of LOS for patients with non-ACS. Substantially decreased 
75th percentiles of the LOS for all strategies considering 
the ADP indicated its considerable streamlining effect. 
Details for ED and SSU times are given in the supplement 
(see online supplementary table S10A-B, figure S4A-C).

Significant cost reductions compared with standard 
care were found with all hsTnI strategies ($133–$491, 
p<0.001, table  3). This effect was caused by substantial 
cost reductions for patients with non-ACS. No difference 
between strategies was observed for patients with ACS 
(see online supplementary table S9). As stated in table 3, 
costs during the index stay and follow-up decreased for all 

hsTnI-supported strategies compared with standard care. 
The consideration of ADP and LoD alone, or in combi-
nation, in addition to hsTnI protocols resulted in further 
significant cost savings. Applying a direct rule-in strategy 
(strategy  6) to a combination of hsTnT+ADP+LoD did 
not result in significant overall costs benefits.

Patient outcome and cost-effectiveness
The introduction of hsTnI into standard care did 
not alter overall diagnostic accuracy (p=0.86, table  3, 
figure 2), but tend to increase the number of patients 
with a false-positive diagnosis of ACS (p=0.056; 
table  4). While all hsTnI-supported strategies avoided 

Figure 2  Cost-effectiveness matrix. Strategy code: (1) standard, (2) hsTnI, (3) hsTnI+LoD, (4) hsTnI+ADP, (5) hsTnI+LoD+ADP, 
(6) hsTnI+LoD+ADP+direct rule-in. Costs include index costs and 30-day follow-up costs from the hospital perspective. 
Diagnostic accuracy refers to the adjudicated final diagnosis of acute coronary syndrome within 30 days after presentation to 
the emergency department. Each data point reflects the strategy specific mean value and 95% CI of 40 000 iterations. ADP, 
modified ADAPT accelerated diagnostic protocol; hsTnI, high-sensitivity troponin I; LoD, limit of detection.

Table 4  False-negative and false-positive diagnosis of different assessment strategies

Strategy

False positives, % False negatives, %

Mean (95% CI) p Value Mean (95% CI) p Value

(1) Standard 6.6 (6.4 to 6.9) 3.4 (3.2 to 3.6)

(2) hsTnI 7.0 (6.7 to 7.2) 0.06* 3.0 (2.8 to 3.2) 0.002*

(3) hsTnI+LoD 6.5 (6.3 to 6.8) 0.62*; 0.02† 3.0 (2.8 to 3.2) 0.002*; 1.00†

(4) hsTnI+ ADP 3.4 (3.2 to 3.5) <0.001*,† 3.0 (2.9 to 3.2) 0.005*; 0.84†

(5) hsTnI+LoD+ADP 3.3 (3.1 to 3.4) <0.001*,† 3.0 (2.9 to 3.2) 0.005*; 0.84†

(6) hsTnI+LoD+ADP+direct rule-in 3.3 (3.1 to 3.4) <0.001*,† 2.8 (2.6 to 2.9) <0.001*; 0.05†

False positives: Number of patients diagnosed with ACS and a 30 days adjudicated diagnosis of non-ACS.
False negatives: Number of patients not diagnosed with ACS and a 30 days adjudicated diagnosis of ACS.
*p Value versus strategy 1 (standard care)
†p Value versus strategy 2 (hsTnI)
 ACS, acute coronary syndrome; ADP, modified ADAPT accelerated diagnostic protocol; hsTnI, high-sensitivity troponin I; LoD, limit of 
detection.
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false-negative diagnoses compared with standard care, 
a statistically significant reduction of the false-pos-
itive rate was observed for all strategies using an 
ADP. Applying LoD and ADP to hsTnI reduced the 
number of false  positives by 6% (p=0.015) and 52% 
(p<0.001), respectively, whereas no effect was observed 
on the false-negative rate (table 4).

Strategy 5 (a protocol using hsTnI, ADP and LoD) was 
found to be the dominant strategy in the study, providing 
better accuracy at lower costs (figure  2).19 Switching 
from standard care to strategy 5 saved $486 per patient 
(p<0.001) and increased the diagnostic accuracy from 
90.0% to 94.0% (p<0.001).

Conducting multiple runs in a probabilistic sensitivity 
analysis revealed consistent benefits confirming the 
robustness of microsimulation results (see online supple-
mentary figure S5; table S11). hsTnI demonstrated equal 
or better diagnostic accuracy compared with cTnI in 
79% of runs, with a stable average cost saving per patient 
ranging from $113 to $147. The hsTnI strategy helped 
to manage 82.6% of individuals at lower costs compared 
with standard care; 10.2% or 7.1% of patients were 
treated at equal or higher costs, respectively. More results 
from testing the model are given in the supplement 
(see online supplementary figures S6–8).

Discussion
The cost-effectiveness of incorporating hsTnI into 
management protocols for patients presenting to the ED 
with chest pain has received increasing attention. HsTnI 
has been suggested to generate substantial benefits in the 
ED. ADPs have been found to reduce the average ED LOS 
in low-risk patients while health outcomes were main-
tained.5 11 To the best of our knowledge, this is the first 
study evaluating health economic implications of several 
hsTnI-enabled assessment algorithms in the ED from 
a hospital perspective, thus complementing previous 
research that followed lifetime effects from a health 
systems perspective.20–24

Complex management algorithms that are based on indi-
vidual patient attributes, plus the heterogeneity of the ED 
population, require an individual-level modelling design.25 
This allows for more realistic comparisons of different 
settings, assessment strategies or risk stratification rules. As 
opposed to other evaluations, costs and all management 
assumptions in this study were based on actual and indi-
vidual patient information of a single trial-based cohort. 
The sampling strategy created a wide spectrum reflecting 
population heterogeneity and common variation in clinical 
practice (online supplementary figure S9).26 The clinical 
picture and additional information from objective testing 
were also considered in the simulation. We believe that this 
set the foundation for a consistent evaluation of the benefits 
that would accrue on the hospital level from implementing 
hsTnI-enabled algorithms.

We developed a cost prediction model for patients 
with  chest pain  presenting to ED, and we conducted a 

patient-level economic analysis for comparing different 
hsTnI-enabled algorithms, validated against standard 
care. The analysis demonstrated that the implementation 
of hsTnI substantially reduced LOS and costs for patients 
enrolled in the chest pain pathway compared with stan-
dard care. Such benefits occurred without reducing 
diagnostic accuracy. Moreover, the introduction of hsTnI 
allows for combining additional validated management 
rules (LoD, ADP). The overall organisational benefits of 
the dominant strategy (strategy  5) compared with stan-
dard care were caused by two effects: a substantial time 
reduction in protocol time and significantly improved 
stratification efficiency.

The significant decrease in overnight stays resulted in 
downstream effects of accelerated protocols on patient 
management. A 4-hour reduction in protocol time led to 
a 6.2-hour saving in LOS. By using the ADP, the timeliness 
of the second hsTnI result freed an additional 7.4 hours 
per patient. This strategy saved around 60% of overnights 
stays and 15% of costs compared with standard care.

In line with the definition for a high-sensitive troponin 
assay,16 measurable concentrations above the LoD were 
found for 94% of patients with non-ACS; only 6% of 
individuals were eligible for a direct rule-out consid-
ering the LoD criteria. This proportion appeared to be 
modest compared with the ADP that captured almost 
50% of patients. Nevertheless, switching from strategy 4 
(hsTnI+ADP) to strategy 5 (hsTnI+ADP+LOD) resulted 
in a significant reduction in the number of admissions 
to the SSU and wards. This was caused by the fact that 
the LoD  rule moved 4.7% of patients from an acceler-
ated rule-out after the second troponin (ADP) to a direct 
rule-out after the baseline troponin (LoD). In addition, 
the strategy including LOD classified 1.4% of patients, 
who were not captured by the ADP, as eligible for a direct 
rule-out. As a result, total costs were significantly reduced 
for strategy 5 compared with strategy 4 (p=0.02). The 
combined strategy of using hsTnI and LoD within the 
ADP helped to avoid 7.5% of SSU admissions and 25% of 
unnecessary inpatient ward admissions.

A false-positive troponin status can result in unnec-
essary referrals. In our study, 12.1% of individuals were 
categorised with an hsTnI status indicative for an acute 
event (see online supplementary table S8). Thirty-two per 
cent of individuals were referred for ACS management; 
this number was not different between strategy 1 and 2. 
Most of the referrals were based on a negative troponin 
finding followed by a positive cardiac work-up. Although 
we considered a conservative criteria with an absolute 
delta change between serial hsTnI tests of 2 ng/L, an 
increase in total referrals for ACS management could 
not be found. However, a tendency for an increased 
number of patients with a false-positive diagnosis of ACS 
was observed. It is however important to note that costs 
accrued from such interventions were considered in the 
analysis.

Strategy 6 (including a direct rule-in) did not signifi-
cantly differ from strategy  5 in terms of costs and 
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diagnostic accuracy. All patients meeting the criteria of 
a highly elevated baseline hsTnI (≥52 mg/L) were classi-
fied as high risk and admitted to inpatient cardiology by 
all other strategies. Therefore, strategy 6 did not result 
in a change in admission rates. However, the key value 
of strategy 6 was the immediate referral to cardiology: 
46.6% of patients finally diagnosed with ACS would 
receive earlier cardiac intervention. Given the fact that 
all patients in the underlying observational study were 
managed by standard care, data on potential outcome 
effects of an earlier cardiac treatment were not avail-
able, and thus not captured in the health economic 
evaluation.

Some limitations deserve attention. The analysis was 
based on a single-centre cohort, which may limit the 
generalisability of the findings. Given the nature of a trial-
based individual-level simulation, patient attributes were 
limited to the actual cohort; for example, the impact of 
variation in ACS prevalence could not be tested in a sensi-
tivity analysis. Follow-up was limited to 30 days. Events 
happening after 30 days were not considered but may 
have an impact on the number of false-positive diagnosis. 
Troponin results must be interpreted in concert with 
clinical presentation, ECG changes and other available 
information. Diagnostic accuracy in this study refers to 
results of the complete assessment pathway consisting 
of troponin results, ECG and cardiac work-up. In an 
approach to emphasise safety, we used a conservative 
dynamic cut-off between serial troponin tests. The impact 
of different absolute or relative changes was not evalu-
ated. Age or gender-specific troponin reference values 
may further improve the diagnostic accuracy but were not 
considered.

Management and cost data extracted from adminis-
trative databases may have some inaccuracies. Each of 
the 719 individuals from the cohort was run through 
the model on average 55 times with consistent char-
acteristics, but varied in terms of protocol, treatment 
times, LOS, optional work-up decisions and accrued 
costs. Thus, the generated cohort of 40 000 individuals 
reflected heterogeneity in patient management and 
addressed some of the uncertainty (see online supple-
mentary figure S9). The referral of patients followed 
strict and standardised assumptions. Deviation from 
recommended pathways may occur probably due to 
individual preferences or logistic effects such as access 
block.27 Some of the potential flow issues were addressed 
by assuming a wide range in the initial assessment time 
(6–118 min). The predictors used in the cost model 
were limited to information about risk assessment and 
stratification; information about inpatient management 
other than inpatient time was not available. Patients 
with a long-term stay were excluded from the analysis to 
mitigate this potential risk of bias.

Economic implications from breaching specific ED 
targets or access blocks were not taken into account but 
may have a significant impact. Based on the findings of 
this study, it appears likely that considering such aspects 

would strengthen the results in favour of accelerated 
protocols. The model compared a sensitive troponin 
assay at 6 hours with highly sensitive assay at 2 hours. 
For the models not using the LoD, it is unclear whether 
a sensitive troponin taken at 2 hours would provide the 
same benefits outlined here with a highly sensitive assay. 
The cost prediction did not account for different costs 
of troponin assays. Compared with the magnitude of the 
difference between sensitive TnI and hsTnI strategies, 
this effect was regarded as negligible.

It should be noted that exploiting the value of hsTnI 
fully relies on the appropriateness of testing and the 
implementation of adequate protocols.

Conclusion
This trial-based economic modelling study sought to eval-
uate the impact of different hsTnI protocols on direct costs 
and diagnostic accuracy compared with standard care. We 
found that ED assessment strategies using hsTnI are very 
likely to be cost-effective and provide cost savings on a 
hospital level when compared with sensitive TnI protocols 
for patients presenting with symptoms consistent with ACS. 
This is mainly due to a positive effect on the majority of 
patients not diagnosed with ACS. In particular, hsTnI-en-
abled algorithms considering additional rule-out criteria 
(LoD, ADP) are expected to improve the accuracy of both 
referral to inpatient wards or safe discharge as appropriate. 
Implementation of these protocols would provide direct 
benefits for the hospital in terms of reduced admission 
rates, avoided overnight stays and improvements in time-
based ED performance measures, thereby contributing to 
streamlined ED processes, more efficient use of resources 
and overall cost savings.
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