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ABSTRACT

Electrocardiography (ECG) assumes the importance endures in the appraisal of cardiac function with the range growing in
reception from resting assessments to dynamic assessments amid physical activity. This review summarizes existing data on
the electrocardiographic response to exercise, discusses its role in assessing cardiovascular fitness, provides insight into the
early detection of cardiac abnormalities, and provides evidence of its prognostic value. In fact, exercise-induced ECG
changes — heart rate variability, ST-segment dynamics, QT interval adaptation, and arrhythmic events — provide key
measures of autonomic regulation, myocardial perfusion, and electrical stability in the face of stress. These responses, both
physiological and pathological, can be exploited to enhance the early detection of coronary artery disease, arrhythmias, and
other cardiomyopathies, whilst also providing important markers of athletic performance and cardiovascular conditioning.
Wearable ECG technology and continuous monitoring have made exercise testing less accessible and less reliable. In
conclusion, regular exercise ECG analysis should be incorporated into standardized cardiovascular screening and
personalised exercise prescription schema, suggesting a more widespread application of exercise ECG in preventive
cardiology and sports medicine. While predictive algorithms are continuously being refined and inaccuracies identified for
optimization of standards, this study suggests great potential still exists for further determination of ECG precision and its
use in exercise testing for prognostics and diagnostics and should guide future research.

Keywords: Electrocardiography, physical activity, exercise testing, cardiac function, cardiovascular fitness, disease
prediction, arrhythmias, coronary artery disease, heart rate variability, sports cardiology.

1. INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of morbidities and mortalities around the world, with approximately 17.9
million deaths globally per year (World Health Organization, 2021). This early identification and management of cardiac
dysfunction is fundamental to optimising outcomes and reducing the burden on healthcare services. Improvement of this
detection is needed in some cases, and electrocardiography (ECQG), a generally accessible and non-invasive way to study
electrical activity of the heart during rest, has a long history of its application. Nevertheless, the dynamic aspect of cardiac
function, particularly in the setting of physiological stress (i.e., exercise) provides incremental diagnostic and prognostic
information that static and resting evaluations cannot provide. With exercise testing traditionally performed using treadmill
or bicycle protocols, the challenge to the cardiovascular system provokes reactions that approximate an individual
cardiovascular reserve, autonomic regulation, and myocardial perfusion reserve. An exercise ECG assessed during a clinical
evaluation, in a cared-for population, can be positively modified during exercise (heart rate response, ST-segment shifts, QT
interval adaptations, presence of arrhythmias) and helps inform clinical and fitness use. Exercise electrocardiography
abnormality in clinical practice: detection of silent CAD, identification of arrhythmogenic substrates, and risk stratification
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of CAD patients. In athletes and people with substantial physical activity (PA) habits, ECG responses assist in enhancing
training regimens and tracking cardiovascular adjustment to exercise. In addition, emerging technologies of wearable ECG
and real-time ambulatory monitoring have transformed the capacity to evaluate cardiac responses to different exercise
intensities and modalities in free-living environments. These innovations have also transformed ECG from being just a
diagnostic modality to a continuous health monitoring tool that can promote personalized cardiovascular care and preventive
strategies. Although exercise ECG changes have distinct value, the interpretation is nuanced by patient heterogeneity, fitness
level, age and comorbid conditions. Misinterpretation can result in overdiagnosis or limitation and restriction of physical
activity. As such, it is crucial for clinicians, sports scientists, and rehabilitation professionals to develop a detailed
understanding of physiological versus pathological ECG responses during exercise. This review seeks to integrate existing
information about electrocardiographic responses to exercise, and their significance in characterising cardiac function,
cardiovascular fitness and disease risk. This article aims to demonstrate that exercise ECG has much to contribute and offer
as part of modern cardiovascular health care and performance — just what one might expect from an exercise test—and does
so by integrating the perspectives of both clinical cardiology and sports medicine.

2. METHODOLOGY

This review summarizes a comprehensive systematic review that identifies, analyzes, and synthesizes literature relevant to
electrocardiographic (ECG) responses to physical activity. The aim was to present an update and synthesis of the relationship
between exercise ECG changes and cardiac function, cardiovascular fitness, and prediction of disease.

Literature Search Strategy

Methodology: A systematic search of electronic databases, including studies in PubMed, Scopus, Web of Science, and
Google Scholar. In this comprehensive search the publications were limited between January 2000 and April 2025 to provide
data about current findings and technology development. For example, the key term searches included combinations of:

"electrocardiography" OR "ECG" OR "EKG"

(exercise OR physical activity OR exercise testing OR treadmill test)
"cardiac function" OR "heart function" OR "cardiovascular fitness"
diagnosis OR "disease prediction" OR "risk stratification" OR "prognosis"
arrhythmia OR ischemia OR coronary artery disease

They also manually screened reference lists from identified articles plus relevant reviews to identify additional studies not
obtained in the first search.

Inclusion and Exclusion Criteria:
Inclusion criteria:

Data sources: Original research articles, clinical trial, cohort study and systematic review on ECG responses during exercise
or immediately after the exercise. Exercise ECG studies evaluating its value as a diagnostic, prognostic or fitness assessment
tool in healthy subjects, athletes or patients with established or suspected cardiovascular disease. Articles published in
English.

Exclusion criteria:

Studies that examined resting ECG parameters without a component with exercise or physical activity data. Case series with
less than five patients, letters to the editor and abstract communications without full data. Non-English language publications.

Data Extraction and Synthesis:

Two reviewers independently extracted relevant data and then cross-checked. The key data points extracted included study
design; sample characteristics (age, sex, health status); type and protocol for exercise testing (e.g. treadmill, bicycle
ergometer, field-based tests); primary ECG parameters assessed (e.g. heart rate variability, ST-segment changes, QT
dynamics); main outcome variables relating to cardiac function, fitness assessment, and disease prediction. A narrative
synthesis was applied to synthesise findings across a heterogeneous range of study design and populations. Trends and
consensus between studies were presented where applicable, discrepancies and methodological limitations were discussed
critically.

Quality Assessment:
Methodological quality of included studies was assessed based on the Newcastle-Ottawa Scale (for observational studies) or
Cochrane Risk of Bias Tool (for randomized controlled trials). The AMSTAR 2 checklist was used to assess both reviews

and meta-analyses. The studies were of high risk of bias and low methodological quality were the selected ones and the
findings of those studies were cautiously interpreted.
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3. RESULTS

This review included 112 articles identified from 547 initial records. The studies involved a variety of populations, such as
healthy, adults,healthy adults, athletes, older individ, olderadults, patients with cardiovascular disease. In doing so, important
findings were identified related to exercise-induced ECG changes that provide diagnostic, prognostic, and exercise-related
insight.

Heart Rate Response and Recovery:

The heart rate (HR) response to and recovery from exercise were strong indicators of cardiovascular fitness and autonomic
function in most studies. Impaired HR response to exercise (blunted HR increase during exercise) or HR recovery post-
exercise (HR recovery) has been repeatedly associated with increased cardiovascular morbidity and mortality (Cole et al.,
1999, Savonen et al. A: Fast HR recovery in elite athletes indicative of a superior parasympathetic reactivation

ST-Segment Changes:

Just over half (53%) of the papers studied exercise-induced ST-segment depression, identified in the testing protocol as a
robust marker for myocardial ischemia, with sensitivity ranging from 65% to 85% and specificity from 70% to 90%, again
depending on population and testing protocol. In contrast, there were more false positives at baseline in women (40%) and
in patients with baseline ECG abnorrnalities or left ventricular hypertrophy (141170; present study) (Gianrossi et al., 1989).
Several studies emphasized that the size and extent of ST changes gave them additive prognostic data beyond the
angiographic results.

QT Interval Dynamics:

QT hysteresis during exercise and recovery has been identified as a potentially useful marker of arrhythmic risk. A similar
increase in risk was observed with prolonged QT intervals or abnormal QT dispersion during exercise, but this association
was strongest in patients with associated channelopathies or cardiomyopathies (Schwartz et al., 2004).

Heart Rate Variability (HRV):

Lower HRV during and following exercise was a marker of poor autonomic control and increased cardiovascular risk.
Reduced exercise HRV [beta=—0.06(—0.11,-0.01),p=0.02] was independently associated with increased risk of future
adverse cardiac events (VTs or heart failure progression) in two studies (Sandercock et al., 2005).

Arrhythmia Detection:

Asymptomatic arrhythmias, such as exercise-induced AF, premature ventricular contractions (PVCs), and nonsustained
ventricular tachycardia, demonstrated rest-specific EGC abnormalities. Isolated benign ectopic beats were common in
athletes and usually of no pathological significance; but complex or sustained arrhythmias were more frequent and warranted
further investigation(Heidbuchel et al, 2013).

Fitness and Training Adaptation:

Characteristic ECG adaptations (eg, early repolarization patterns, higher voltage criteria for left ventricular hypertrophy,
sinus bradycardia) were present in athletes and other physically active individuals and usually indicated physiologic
remodeling. There was the evidence of longitudinal studies that serial ECG monitoring could help in tailoring training
intensity and detecting early signs of overtraining or maladaptive cardiac structural adaptations (Shabana khan & Sharick
shamsi et. al 2013)

Advances in Wearable ECG Monitoring:

Multiple studies utilizing continuous, wearable ECG devices demonstrated that exercise ECG information can enhance the
detection of transient ischemic attacks, asymptomatic arrhythmias, and characterize heart rate dynamics during the daily
routine beyond laboratory based investigations. The utilisation of these devices allowed for a risk assessment of an individual
to be evaluated on a personal level, as well as continuous tracking of fitness (Rosenberg et al., 2022).

4. DISCUSSION

Evidence and importance of exercise-induced electrocardiographic (ECG) responses for the assessment of cardiac function,
cardiovascular fitness and disease risk: A review. Dynamic ECG parameters at rest, in clinical and athletic settings allows a
much more comprehensive assessment of cardiovascular health than rest ECG periodically.

Clinical Implications:

Despite advances in imaging, exercise ECG testing is still a staple of detection of myocardial ischemia, especially via ST-
segment changes. Its sensitivity and specificity have been reported consistently; however, we propose that in addition to the
inherent variations in the score due to specific characteristics of the patient (e.g., gender, baseline ECG alterations, co-
morbidities) careful interepretation is required to mitigate false positives and EPS. Crucially, exercise-induced arrhythmias—
either isolated premature atrial or ventricular beats or sustained tachyarrhythmias—may reveal hidden conduction
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abnormalities or structural heart disease, leading to further diagnostic workup and potentially life-saving intervention.
Dynamic QT interval adaptation: more than just a prognostic marker during and following exercise. However, directly
prolonged QT or abnormal QT dynamics may indicate a higher susceptibility to malignant arrhythmias and sudden cardiac
death (SCD), in particular patients with inherited channelopathies or cardiomyopathies. QT monitoring through exercise
therefore has the potential to provide an early risk stratification tool, particularly in high-risk cohorts.

Insights into Cardiovascular Fitness:

Changes in heart rate during an orthostatic challenge and recovery are known indicators of cardiorespiratory fitness and
autonomic function. Heart rate response to exercise time (the increase with exercise time and the drop with recovery) is a
widely used test of cardiovascular and autonomic plasticity. In contrast, abnormal kinetics of heart rate predict higher all-
cause and cardiovascular mortality. This information could then be used to prescribe personalized exercise regimens, as well
as to track training changes that occur in an athlete's body and track rehabilitation in cardiac patients. HRV during/exercise
and over a period of time post-exercise sharpens the specificity of the measurement of autonomic balance. Low HRV is
consistently associated with increased cardiovascular risk and adverse outcomes. Adding heart rate variability (HRV)
measurements with heart rate kinetics enables a better picture of cardiovascular reserve capacity.

Athletic Considerations:

It is imperative to differentiate between physiological ECG adaptations to exertion and pathological changes in athletes.
Common but benign sinus bradycardia, early repolarization, isolated changes in voltages suggesting relative src of training-
induced cardiac remodelling. On the contrary, the appearance of difficult arrhythmias or relevant repolarization alterations
should be interpreted as a possible cardiovascular disease and need further evaluation (like arrhythmogenic right ventricular
cardiomyopathy; or hypertrophic cardiomyopathy). Repeated ECG recordings during training blocks may allow for early
identification of detrimental alterations and avert overtraining disorders and exercise-induced sudden cardiac death.

Advances in Wearable Technology:

The emergence of wearable ECG contains a vast potential for exercise ECG monitoring, and is capable of continuously
capturing data over a prolonged period while a patient engages in real-world activities. It allows earlier identification of
transient ischemia and silent arrhythmias, and provides detailed information about the heart rate and rhythm trends over time.
Wearables facilitate tailored risk stratification, immediate feedback and remote monitoring of health status in these high-risk
or elderly groups. Nevertheless, there are still obstacles to be overcome with the interpretation of data, standardization, and
the application of data into clinical practice.

Limitations and Future Directions:

This review reviews important findings but generalizability is limited due to differing study designs, exercise protocols, and
ECG interpretation criteria. The study concluded that larger studies, of several different populations, are necessary for
validation of the exercise ECG thresholds used today. In addition, incorporation of artificial intelligence and machine
learning in ECG analysis may help improve prediction accuracy and automate the detection of subtle pathological patterns.
Moving forward, we also need to further calibrate the use of wearable ECG, the interpretability of the alerts from wearable
ECG should be evidence-based and we need to validate the prognostic utility of the data provided by the wearables. More
importantly, investigations into the additive prognostic value of exercise ECG in combination with other biomarkers or
imaging modalities may enhance early cardiovascular risk strata.

5. CONCLUSION

Exercise induced ECG response offers a window to cardiac function spanning well beyond resting ECG Key elements of the
heart rate response (kinetics, ST-segment changes, QT-interval adaptations, heart rate variability, and arrhythmias) can
provide valuable insights into mechanisms of cardiovascular fitness, autonomic balance, myocardial ischaemia and
arrhythmic risk, as demonstrated in this review.In clinical population, exercise ECG is an important method for identifying
coronary artery disease and/or potentially lethal arrhythmias and for estimating the risk associated with these conditions. In
athletes and physically active individuals, it provides a way to separate physiological adaptation from pathology, allowing
for the safety of sport participation and sport-specific enhancement of training.Improved technology in wearable ECG has
recently elaborated the opportunities that exercise ECG can offer which now goes beyond the laboratory to continuous real-
world cardiac measurement that encourages personalized preventive strategies and long-term health management. We
emphasise the need for standardisation of interpretation protocols and thorough validation studies before the imminent
clinical and clinical-research applicability of these new genomics-based technologies is realised. Therefore, the introduction
of routine exercise ECG analysis into routine cardiovascular assessment and monitoring of athletes presents a unique
opportunity for a very low-cost, non-invasive and high-yield examination to optimise cardiovascular health and reduce
exercise-related adverse events. The predictive and preventive potential of exercise-based electrocardiographic assessments
can be harnessed only if we continue to investigate, innovate, and integrate technologies across disciplines.
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