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Abstract 

An exercise test delivers a large number of 

measurements that are valuable in risk prediction, in 

detecting coronary artery disease, and in describing the 

functional exercise response of a patient. However, it is 

difficult to have comprehensive knowledge of all 

measurements and their thresholds. 

The Exercise Test Interpretation (XTI) program 

compares exercise measurements against established 

thresholds and provides statements and reasoning texts, 

as well as explanations of the statements when thresholds 

are exceeded. A concise, clear, and accurate overview of 

an exercise test is provided. 

For validation, the FINCAVAS database (Tampere 

University, Finland) containing mortality, angiographic, 

and other clinical data has been used. 

 

 

1. Introduction 

Increased appreciation of the prognostic and diagnostic 

value of exercise testing resulted in the development of 

new exercise measurements, for instance, T-wave 

alternans (TWA) [1], ST/HR hysteresis [2], and heart rate 

recovery (HR recovery) [3]. Together with the exercise 

measurements used before, such as metabolic equivalent 

(METS) [4] and ST depression [4], an exercise test 

delivers a large number of measurements. The 

measurements have varying quality and usability and are 

valuable in risk prediction, in detecting coronary artery 

disease, and in describing a patient’s functional exercise 

response. However, it is difficult to have comprehensive 

knowledge of all measurements and their thresholds. The 

Exercise Test Interpretation program is a solution for the 

problem.  

The Exercise Test Interpretation program compares the 

exercise measurements against established thresholds and 

provides statements and reasoning texts, that explain the 

statements when thresholds are exceeded. A concise, 

clear, and accurate overview of an exercise test is 

provided.  

The Exercise Test Interpretation program creates 

statements on mortality prediction, on exercise induced 

arrhythmias, on functional response, and on ischemia / 

coronary artery disease. In addition, an overall statement 

is created, namely ‘probably normal exercise test 

response’, ‘borderline exercise test response’, or 

‘abnormal exercise test response’.  

Among other databases, the FINCAVAS database 

from Tampere University, Finland, [5] has been used for 

validation. The database contains exercise ECGs, 

mortality data, angiographic results, and other clinical 

data.  

 

2. Methods 

2.1. Exercise measurements 

The measurements collected during an exercise test  

(see table 1), together with other data (see table 2), are 

input for the Exercise Test Interpretation. 

In general, the measurements can be classified as: 

• Measurements for risk prediction  

• Measurements for functional response 

assessment  

• Measurements for ischemia and coronary artery 

disease (CAD) assessment  

The classification is rather coarse and several 

measurements are meaningful not only in one group, but 

in two or even all three groups. For example, a 

measurement describing the functional response can also 

be useful for risk prediction. 

Measurements are derived from the 12 standard leads. 

The limb leads are applied in Mason Likar position.  

The measurements are T-Wave alternans (TWA) [1,8], 

ST/HR hysteresis [2,9], HR recovery [3,6,7], Heart rate 

reserve used [6,7,10], Frequent ventricular ectopics in 

recovery [11], Metabolic equivalent (METS) [4,7,8], 

Duke Treadmill Score [12], Blood pressure [4], Double 

product [4,13], ST/HR index [14], ST/HR slope [14], ST 

level [15], ST slope [15], ST index [15], ST integral [15], 
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QRS duration [4], and the arrhythmias atrial fibrillation 

(AFIB), exercise induced left bundle branch block 

(LBBB), exercise induced ventricular tachycardia (VT), 

and exercise induced supraventricular tachycardia (SVT). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. ST/HR hysteresis. The area between the lower 

curve (exercise phase) and the upper curve (recovery 

phase) divided by the difference of the peak exercise HR 

and the minimum HR during a 3-minute recovery period 

is the ST/HR hysteresis. 

 

Measurements Measurement 

points/ranges 

Leads 

T-Wave alternans 4 ranges 12 

ST/HR hysteresis 1 12 

HR recovery 1 - 

Heart rate reserve used  1 - 

Frequent ventricular ectopics in 

recovery (FVE recovery) 

1 - 

Metabolic equivalent (METS) 1 - 

Duke Treadmill Score 1 - 

Blood pressure 4 ranges - 

Double (rate pressure) product  1 - 

ST/HR index, ST/HR slope 1 12 

ST level, ST slope, ST index, 

ST integral 

4 points and 

1 range 

12 

QRS duration 4 points and 

1 range 

- 

Arrhythmias (AFIB, LBBB, VT, 

SVT) 

4 ranges - 

 

Table 1.  Measurements, number of measurement points, 

measurement ranges, and leads. Measurement points are: 

start exercise, peak exercise, the first minute and the third 

minute of recovery. Measurement ranges are pretest, 

exercise, recovery phase, and all phases together.  

 

Some measurements are available from the following 

points: start exercise (end of the pretest phase), peak 

exercise, the first minute and the third minute in recovery 

phase. Other measurements are maximum values from 

ranges of pretest, exercise, recovery phase, and from all 

phases. Measurements are available from every lead, or 

are lead independent. There are more than 350 

measurements (see table 1). 

 

Age, gender, weight, height 

Angina score 

Medication (beta blocker) 

Lead descriptors 

Stress test device (treadmill or bicycle) 

 

Table 2.  Other data 

2.2. Exercise Test Interpretation (XTI) 

The Exercise Test Interpretation (XTI) is a program 

consisting of rules and a rule interpreter. The rule 

interpreter receives the input data, combines them with 

the rules, and creates statements and reasoning texts. 

The intention of the statements and reasoning texts is 

to provide a concise, clear, and accurate overview of the 

results of an exercise test. 

 
Figure 2. XTI program structure. The exercise 

measurements and other data are combined with the rules. 

Then statements and reasoning texts are created. 

 

The input data are exercise measurements (see table 1) 

and other data (see table 2). Based on the input data and 

the rules, the rule interpreter creates  

• statements on risk prediction, 

• statements on functional response, 

• statements on ischemia (coronary artery disease), 

• technical statements.  

Except for the overall statements, statements are 

accompanied by a reasoning text. In general, the 

reasoning texts conform to the rules.  

 

 

 

 

Figure 3. Example of a statement with reasoning text. The 

first line is the statement and the second line is the 

reasoning text.  

Probably increased risk of malignant arrhythmia  

     because T-wave alternans ≥ 65 µV in [V3]           
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Medication texts are additional reasoning texts. They 

are only appended to medication sensitive statements 

when the corresponding medication name was entered. 

 

 

 

 

 

Figure 4. Example with medication text. The first line is 

the statement, the second line is the reasoning text, and 

the third line is the medication text 

 

In addition, one of the following overall statements is 

created: 

• abnormal exercise test response, or 

• borderline exercise test response, or 

• probably normal exercise test response. 

A statement does not appear when it is not significant. 

This means a statement is created only if the 

corresponding rule is true. The statement “Probably 

increased risk of malignant arrhythmias,” for example, 

appears only when the T-wave alternans value is greater 

than or equal to 65 µV. 

Technical statements are created to alert the user when 

no ECG is available, when the standard leads are 

incomplete, or when the exercise phase and/or recovery 

phase are too short. 

 

2.2.1. Rules 

The rules of the Exercise Test Interpretation determine 

when a certain interpretive statement is displayed. A rule 

consists of the result variable (for example, CAD, see 

below), which can be true or false, and terms, which are 

connected by logical ANDs. A term consists of an 

exercise measurement, a threshold, and a comparison 

operator. Different rules can have the same result 

variable. Those rules are connected by logical ORs. 

Example:  

        CAD = ST/HR hysteresis > 0.02 mV and HR reserve used 

< 70% 

       CAD = ST/HR hysteresis > 0.02 mV and METS < 2.0 

       Rules have been created for the following statements: 

• Probably increased risk of morbidity / mortality 

• Probably increased risk of malignant 

arrhythmias 

• Exercise induced serious arrhythmia 

• Significant chronotropic incompetence 

• Chronotropic incompetence 

• Insufficient exercise capacity 

• Abnormal blood pressure response  

• Insufficient rate pressure response 

• Ischemia, probably caused by coronary artery 

disease (CAD level 1) 

• ST-segment changes (CAD level 2) 

• Unspecific ST-segment changes (CAD level 3) 

• No ECG 

• Standard leads incomplete 

• Warning! Results are questionable  

 The rules and their terms are listed in [16]. 

 

2.2.2. Data and validation 

Among other databases, the FINCAVAS database 

from Tampere University, Finland, [5] has been used for 

validation of the Exercise Test Interpretation. This 

database contains patient records with exercise ECGs, 

endpoints, angiographic references, arrhythmia 

references, and other clinical data.  Endpoints are 

cardiovascular death and overall mortality according to 

the WHO ICD-10 classifications [17]. The angiographic 

reference for coronary artery disease is a stenosis of 50% 

or greater, in at least one of the main coronary arteries. 

The arrhythmia references have been created by ECG 

experts. 

Validation was done retrospectively by feeding the 

exercise ECGs into the program. With every exercise 

ECG, a set of measurements was computed and classified 

by generating statements. The measurements and the 

statements were compared with the endpoints, with the 

angiographic references, and with the arrhythmia 

references. Statistical analysis was performed with the 

statistics program MedCalc 11.3.3.3.0. 

 

3. Validation results 

The clinical relevance and prediction and/or diagnosis 

capabilities of the measurements have been proved in the 

literature [1-15]. The implementation of all measurements 

and rules was validated and documented in-house. It 

would be too much to list all validation results here. As 

examples, the following unadjusted validation results 

have been achieved with statistical analysis: 

• Overall mortality prediction: Hazard ratio 4, p < 

0.0001, 2336 patients (first statement) 

• Cardiovascular death prediction: Hazard ratio 6, p < 

0.0001, 2336 patients  (second statement) 

• Ischemia (coronary artery disease) detection (CAD 

level 1): Sensitivity 58%, specificity 94%, 556 

patients 

• Exercise induced arrhythmias (LBBB, VT, SVT, 

AFIB) are rare in the FINCAVAS database. In 2336 

patients, all of them have been detected correctly. 

 

4. Discussion and conclusions 

In recent years, international research on exercise 

testing has provided new and valuable exercise 

measurements. However, the motivation to implement 

Chronotropic incompetence 

  because HR reserve used < 80 % 

  Possible cause: Medication beta-blocker 
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them in exercise test products was not very high. First, 

the user is overloaded with additional exercise 

measurements. Second, there was not a strong market 

demand, because many physicians simply rely on ST 

depression. We think that the Exercise Test Interpretation 

will help to follow research on exercise testing more 

closely, will effectively provide our customers with 

research results, and will therefore contribute to a higher 

quality in exercise test assessment.  

As a first approach, the published thresholds were 

taken, but it became clear that with those thresholds too 

many exercise tests are positive. We changed some of the 

thresholds with the help of the corresponding ROC-

curves. In addition, we added terms to rules to preselect 

patient groups. For instance, patients with a high METS 

value are excluded from mortality risk prediction [8].  

Pharmacological tests or pharmacological tests 

combined with mechanical tests have a weak heart rate 

response, especially when beta blockers have been given 

in addition. Therefore, some rules have to be blocked. It 

is clear that further investigation is necessary to improve 

the interpretation quality for pharmacological and 

combined pharmacological tests.  
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