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Abstract: Background: Exercise stress echocardiography (ESE) is commonly employed in adults, but
its applicability in pediatric populations remains to be clarified. Methods: A total of 309 consecutive
children (C), with a mean age of 14.1 ± 2.6 years (range 6–17 years), underwent treadmill ESE
starting in 2002. They were divided into two groups: Group I comprised 258 children, including
237 with symptoms related to exercise (such as chest pain, fatigue, lipothymia/syncope, or one
aborted sudden death), 15 with electrocardiogram (ECG) abnormalities, and 6 with a positive ECG
stress test showing ST changes. Group II consisted of 10 asymptomatic children whose parents
requested routine screening, 11 with symptoms unrelated to exercise, 12 with a family history of
sudden death, and 17 with known pathologies (including 10 with hypertrophic cardiomyopathy,
2 with aortic coarctation, and the remainder with various conditions, such as Cortriatriatum sinister,
pulmonary stenosis, subaortic stenosis, bicuspid aortic valve, left ventricular hypertrophy related to
arterial hypertension, and aortic switch operation). Regional wall motion abnormalities (RWMAs)
and transvalvular or intraventricular (IVG) gradients were assessed using 2D and continuous-wave
Doppler, respectively, in all cases. Results: The success rate was 100% (309/309). Stress-induced
RWMAs were observed in two children. A significant IVG (>30 mmHg) was detected in 101 out of the
258 children (39%) in Group I, who presented with exercise-related symptoms, ECG abnormalities, or
positive stress ECG. In Group I, the odds ratio (OR) of ESE reproducing the symptoms in children with
IVG compared to those without IVG was 8.22 (95% CI: 4.84–13.99, p < 0.001). Conclusions: Treadmill
ESE is both feasible and safe for pediatric populations. RWMAs demonstrated limited utility in our
cohort of children, while IVG induced by exercise was frequently observed in symptomatic children.

Keywords: exercise stress echocardiography; children; pediatric population; intraventricular gradients

1. Introduction and Aims

Stress echocardiography, particularly exercise stress echocardiography (ESE), is an
imaging technique that has been used by the authors since 1996 [1] to evaluate and study
suspected or known cardiac conditions in adult patients. We consider that ESE has the
potential to offer the same benefits to the pediatric population; however, it is an under-
explored diagnostic tool, perhaps due to concerns regarding the learning curve of the
method and its safety and applicability in terms of pediatric age. Given its diagnostic
accuracy, ability to assess cardiac function, and lack of radiation, ESE should be considered
a first-line diagnostic method, as it is a helpful tool in the clinical assessment of pediatric
patients [2–14]. Physicians need to be aware that, despite the clinical necessity of imag-
ing studies, the associated ionizing radiation exposure could pose an increased lifetime
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attributable risk of cancer [15]. In children with congenital heart disease, ESE can help
reduce the aggressive use of radiation from computed tomography (CT) scans and scintig-
raphy. This is particularly important since a child aged between 15 and 20 years old, with
congenital heart disease, has already accumulated a dose of radiation per exposure that is
equivalent to 2000 chest X-rays [16]. Children with heart disease, whether congenital or
acquired, are a vulnerable population group from an ethical perspective. This is because
they require ongoing medical care, which places a greater responsibility on health profes-
sionals, particularly doctors. The reason for this increased responsibility is that children
lack the full capacity to make decisions and do not have adequate knowledge about the
different options available in order to choose the most appropriate healthcare. Health
professionals are responsible for making protective decisions for the well-being and lives
of their patients, including choosing the most suitable diagnostic and therapeutic methods
that will have both immediate and long-term effects on their patients’ quality of life [17]. It
is important to rigorously justify radiological procedures in any situation involving ionizing
radiation, with a preference for non-ionizing imaging modalities. The basic objective of
optimizing radiological protection is to adjust image parameters and implement protective
measures so that the required image is obtained with the lowest possible radiation dose
while maintaining sufficient quality for diagnostic interpretation [18]. Regarding pediatric
imaging, the main aspect is the capacity of the equipment used, which should allow for
an adaptation of radiation dose to the child’s size and weight. In conclusion, it is worth
noting that, after becoming aware of the risks associated with exposure to ionizing radiation
throughout life and despite recognizing the vital role, both diagnostic and therapeutic,
of medical imaging procedures, it is only prudent to perform such procedures using the
lowest possible radiation doses while ensuring their diagnostic value [19].

Conventional health assessments are typically conducted while the patient is at rest.
However, ESE expands this evaluation by gathering data in a physiological context that
more closely simulates the active state commonly experienced by children. This method
enables the assessment of myocardial perfusion in children suspected of having coronary
artery disease, as well as the examination of cardiac gradients or functional reserve in
patients with non-coronary artery issues. It is imperative that such studies are performed
by a trained cardiologist [1] or sonographer under direct medical supervision. Stress can be
induced in children through either exercise or pharmacological means. The recommenda-
tions of the European Association for Cardiovascular Imaging and the American Society
of Echocardiography highlight that exercise is the stressor of choice for most indications,
reinforcing that any patient capable of physical exercise must be tested with an exercise
modality, as this preserves the integrity of the electromechanical response and provides
valuable information about their functional status. Performing echocardiography dur-
ing exercise also makes it possible to establish links between symptoms, cardiovascular
workload, wall motion anomalies, and hemodynamic responses, such as pulmonary pres-
sure, flows, and transvalvular gradients [20]. Echocardiography is employed to identify
regional wall motion abnormalities when assessing myocardial perfusion or gradients and
to evaluate function when examining children without coronary artery disease. Conditions
warranting stress echocardiography, which may involve potential coronary artery pathol-
ogy, include Kawasaki disease [13], transplant graft vasculopathy, arterial switch operation
for the transposition of the great arteries, anomalous coronary artery origins or courses,
hyperlipidemia, diabetes mellitus, and supravalvular stenosis. Additionally, stress echocar-
diography aids in our understanding of transvalvular or intraventricular gradient behavior
during physical activity in conditions such as hypertrophic cardiomyopathy or aortic and
pulmonic stenosis, cardiac pressures in pulmonary hypertension, and ventricular function
in conditions like dilated cardiomyopathy or mitral and aortic regurgitation [1–3]. In the
assessment of children with confirmed or suspected cardiac issues, stress echocardiography,
especially exercise stress echocardiography, should be seriously considered. We further
furnish crucial insights by meticulously detailing cardiovascular anatomy and physiology,
as well as uncovering some unexpected findings, such as intraventricular gradients induced
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by exercise [1]. Most diagnostic examinations, such as computed tomography and cardiac
magnetic resonance, are conducted with children at rest. However, as children are typically
active and engaged in various activities, they often experience symptoms that may be
indicative of heart disease. It is during physical exertion that most adverse cardiac events
occur, and it is also during this time that more subtle or concealed pathologies can be
revealed, potentially providing an opportunity for intervention before complications arise.
Understanding cardiac function during exercise, when symptoms frequently manifest, is
essential for devising effective management strategies.

Our impulse to perform ESE in children was initiated following requests from pe-
diatricians, pediatric cardiologists, general practitioners, and cardiologists who assess
children in their clinical practice and refer them for ESE. The present study, undertaken by
cardiologists specialized in the care of adult patients with significant experience in exercise
echocardiography, is intended to present their experiences in the clinical application of ESE
in children between 2002 and 2019.

2. Materials and Methods

This study was approved by the Ethics Committee of the Heart Center of the Red
Cross Hospital in Lisbon. All children that underwent an ESE performed by our team at
Red Cross Hospital, Ucardio, and Hospital Particular of Algarve were found by reviewing
the internal database of EchoLabs. The medical records were reviewed for patient data
collection, namely demographics, clinical diagnosis, the indications for ESE, and test results.

Written informed consent from parents or tutors and written informed assent were
obtained from all subjects involved in this study [21].

Children underwent treadmill exercise tests guided by symptoms using the standard
Bruce protocol [22]. A modified version of the Bruce protocol was utilized to facilitate the
assessment of Doppler parameters, providing a simpler evaluation compared to the classical
Bruce protocol. Standard twelve-lead electrocardiographic monitoring was conducted,
with measurements of ST-segment alterations and any arrhythmias, heart rate, and blood
pressure taken at baseline and each stage of the exercise protocol. Before the exercise
test, a baseline echocardiogram was performed with the child in the left lateral decubitus
position for initial assessment. This involved acquiring 2D and M-mode images in at
least four planes: parasternal long- and short-axis and apical four- and two-chamber
views (with Doppler parameters evaluated and stored based on clinical requirements).
During the exercise test, two-dimensional echocardiographic images were obtained from
the parasternal long- and short-axis and apical four- and two-chamber views, with the
child in a standing position at rest, during exercise (see Figure 1), at peak exercise, in the
immediate post-exercise period, and during recovery [1].

Image acquisition during peak and immediately post-exercise was facilitated using
a continuous image-capturing system. Subsequently, frames showcasing optimal image
quality and prominent Doppler signs were meticulously chosen in each perspective. The ob-
tained digitized images underwent thorough review and comparison, presented in a digital
side-by-side quad-screen format within the echocardiographic equipment. Following the
exercise test, as appropriate, patients were promptly positioned in the left lateral decubitus
posture, and images were reacquired in identical planes. In circumstances where standing
posture was pertinent, such as for detecting and evaluating intraventricular gradients
(IVGs) in cases of hypertrophic cardiomyopathy (HCM) or symptomatic children, subjects
were instructed to remain standing post-stress test, facilitating echocardiography in this
stance [23] (Video S1).
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Figure 1. Image acquisition in the orthostatic position during exercise stress echocardiography using
a treadmill for a 17-year-old boy with chest pain related to exercise.

We registered 309 successive children (Table 1) referred by assistant physicians, includ-
ing general practitioners, pediatricians, pediatric cardiologists, and cardiologists. Their
average age was 14.1 ± 2.6 years (ranging from 6 to 17 years), and they underwent treadmill
ESE using the previously mentioned methodology between 2002 and 2019.

Table 1. Clinical and demographic characteristics of children undergoing ESE.

Variables Range Value

Age (6 to 17 year) 14.13 ± 2.57

Male 199 (64.4%)

Female 110 (35.4%)

Exercise symptoms are indication to ESE 236 (76.4%)

Abnormal ECG is motive for ESE 16 (5.2%)

Positive exercise stress ECG is the motive for ESE 6 (1.9%)

Other motives for ESE 51 (16.5%)

The children were categorized—for analytical purposes—into two groups: Group I
consisted of 258 children, among whom 237 exhibited symptoms related to exercise (such
as chest pain, fatigue, lipothymia/syncope), and 1 experienced aborted sudden death
following participation in a triathlon [23]. Additionally, 15 children showed resting ECG
alterations, and 6 tested positive according to the electrocardiographic criteria elicited
by stress testing using a treadmill. Group II comprised 10 asymptomatic children whose
parents sought an examination for routine screening, 11 with symptoms unrelated to exer-
cise, and 12 with a family history of sudden death. Furthermore, 17 children had known
pathologies, including 10 diagnosed with hypertrophic cardiomyopathy, 2 with aortic
coarctation, and the remaining with Cortriatriatum sinister, pulmonary stenosis, subaortic
stenosis, bicuspid aortic valve, left ventricular hypertrophy related to arterial hypertension,
and aortic switch operation. All children underwent regional wall motion abnormali-
ties (RWMAs) and continuous-wave Doppler assessments (transaortic, transvalvular, or
intraventricular gradients).
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3. Results and Statistical Analysis

Statistical analysis was performed using the SPSS IBM Program 24 Statistics (New
York, NY, USA). The summary measures are presented as mean± standard deviation for
continuous variables and counts, with percentages for categorical variables. The success
rate of the methodology was 309/309 (100%). Stress-induced RWMAs were present in
only two children, one with HCM and the other with normal coronary arteries (a coronary
computed tomography angiography (CCTA) was performed that revealed no obstructive
epicardial coronary artery disease). A significant orthostatic exercise-induced IVG (Figure 2)
(>30 mmHg) was present in 101 (39%) of the 258 children evaluated due to exercise-related
symptoms, alterations in the ECG, or positive stress ECG (Figure 3) and considered as
candidates for beta-blocker therapy [1].
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Figure 3. Significant ST alterations in the exercise stress test of one child with severe angina and
intraventricular gradient with SAM of the mitral valve during the ESE.

A comparison between the two groups defined by the variable IVG was performed
by employing Welch’s test for two independent samples because the sample sizes were
unequal. The size of our sample allows us to resort to the central limit theorem, implying
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that we do not have to verify the normality of the distributions. In Group I, children who
developed IVG attained a greater heart rate (HR) of 184 ± 12 vs. 174 ± 16 (p < 0.001) and
a higher systolic blood pressure (BP) of 150 ± 19 mmHg vs. 136 ± 23 mmHg (p < 0.001).
To compare the odds of reproducing symptoms across the groups defined by IVG, we
performed a logistic regression, where the response variable was “Reproduce Symptoms”,
and the independent variable was IVG. The OR of exercise stress echocardiography to
reproduce the symptoms these children had when comparing the 101 children with IVG
with the 158 without IVG was 8.22 ((4.84–13.99) p < 0.001 (95% CI)). One of the children
who suffered from chest pain and syncope related to intense exercise had an increase in
troponin, but both their coronary angiography and CCTA were normal (Figure 4). After
those exams, an ESE was performed, and a significant IVG without SAM of the mitral valve
was seen (Figure 5).
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Figure 4. CCTA of a 13-year-old boy with chest pain followed by syncope related to intense exercise
(playing rugby). A significant increase in troponin was detected after this episode.

Nine other children with chest pain and ST alterations related to exercise performed
CCTA that excluded obstructive epicardial coronary artery disease. Finally, eight children
without IVG had exertional asthma. The diagnosis was performed during ESE with lung
auscultation during and/or at the end of the exam.

In Group II, the ten children with a diagnosis of HCM were non-obstructive before
exercise, and four developed intraventricular obstruction with exercise. One of these four
children is a symptomatic young boy whose exercise-induced obstruction was the first
sign of HCM, having no hypertrophy at the moment of the ESE [24]. Another developed
dilation of the left ventricle, particularly at the level of the apical segments (Figure 6).
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Figure 6. Intraventricular obstruction and contractility alterations during exercise in one symptomatic
16–year-old boy with obstructive hypertrophic cardiomyopathy.

The ESEs for the 10 asymptomatic children whose screening was requested by their
parents, 11 with symptoms unrelated to exercise, and 12 with antecedents of sudden death
in the family showed normal results. The two children with previously intervened aortic
coarctation revealed an increase in the aortic gradient, with reintervention required in one
of them (Figure 7).

The child with Cortriatriatum sinister revealed a nonsignificant increase in the diastolic
mean gradient (Figure 8).

The children with pulmonary stenosis, subaortic stenosis, and bicuspid aortic valve
revealed non-significant increases in the systolic mean gradient. The children with left
ventricular hypertrophy related to severe arterial hypertension developed a significant
intraventricular gradient without SAM of the mitral valve. The child with an aortic switch
operation was negative for ischemia.
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Figure 8. The exercise Doppler data in conjunction with the exercise and clinical data led the medical
team to keep the patient in close clinical follow-up. (A): Intra–atrial septum in “cortriatriatum”;
(B): color flow before exercise; (C): color flow at peak exercise; (D): continuous–wave (CW) flow
before exercise; (E): CW flow at peak exercise [1].

4. Discussion

In the evaluation of children with known or suspected heart disease stress, echocar-
diography is underused when compared to the adult population. For adults, there are clear
guidelines that should be followed for the proper use of stress echocardiography [25–28].
On the other hand, there are no clear recommendations regarding the use of ESE in the
pediatric population, and some of those who consider the use of stress echo focus on the
limitations [28] instead of the advantages, such as being free of radiation, medications, and
iodine-based contrast. From an ethical standpoint, the utilization of CT scans and other
diagnostic procedures involving radiation in pediatric patients warrants careful consider-
ation. While these procedures offer significant medical benefits, they also carry inherent
risks, notably the potential for radiation-induced cancer. Concerns arise particularly in
children due to their heightened radiosensitivity and the possibility of higher radiation
doses [29]. In accordance with this concern, obtaining informed consent from both parents
and children becomes imperative, depending on the latter’s age and comprehension abili-
ties. This consent should follow a comprehensive discussion, including details regarding
the recommended diagnostic examination, its associated risks and benefits, as well as
alternatives. Research indicates that children aged 10 and older typically possess sufficient
understanding to provide assent when presented with relevant information [16]. Addition-
ally, discussions should cover alternative diagnostic methods and their associated risks, as
well as the potential risks of forgoing the examination [30]. Numerous studies indicate that
CT scans in children may result in cumulative radiation doses of approximately 50 mGy,
potentially tripling the risk of leukemia, while doses around 60 mGy may similarly elevate
the risk of brain cancer. Despite the relatively low absolute risks of these cancers, they
remain significant. For instance, within a decade following the first scan in children under
10, an estimated excess of one case each of leukemia and brain tumor per 10,000 head
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CT scans may occur [31]. The aforementioned authors stress the importance of ensuring
that the clinical benefits of CT scans outweigh these small absolute risks. It is advised to
keep radiation doses from CT scans as minimal as possible, with consideration given to
alternative procedures that do not involve ionizing radiation, where appropriate. In the
present study, we show the experience of a group of “adult” specialized cardiologists with
significant experience in this field (more than a mean of 500 stress echocardiograms every
year during the last 20 years (1760 exercise stress echocardiograms in 2023) performing
exercise stress echocardiography in a group of children. The evaluation of chest pain related
or not to exercise in pediatric age, beyond clinical evaluation, is usually studied with an
electrocardiogram, exercise stress test [32], transthoracic echocardiogram, 24 h Holter, and,
more recently, with exercise stress echocardiography, nuclear medicine, cardiac magnetic
resonance, and coronary computed tomography angiography [1,33]. A significant effort
was made in the last twenty years to attain a rational use of resources (in this case, exams
to study children with symptoms) [34–37]; for example, the exercise stress test (without
echo) rarely helps to make conclusions about the etiology of symptoms, such as chest pain,
presented by children. We underline that beginning the diagnostic approach for children
presenting with symptoms related to exercise with ESE permits a reduction in the use of
exams with radiation [1,2] and also defines the proper treatment in a significant number of
them, as exemplified by the boy in Figures 4 and 5 and the boy in Figure 9 with the use of
beta-blockers [38,39].
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We also underline the fact that the ESE performed by a cardiologist with significant
clinical experience permitted the reliable diagnosis of effort asthma in eight children. Com-
paring our study with others in the literature [2–14], we found significant differences in
methodology, as we only utilized exercise stress echocardiography on the treadmill with
permanent clinical and echocardiographic evaluation (Video S1) [1]. We looked for usual
details, like RWMAs to exclude coronary disease, valvular gradients, and intraventric-
ular gradients in HCM children; however, the evaluation of intraventricular gradients
is also performed in other children by routine, including those with a normal echocar-
diogram. The detection of exercise-induced intraventricular gradients (IVGs) related to
symptoms such as angina, tiredness, or syncope in patients with normal echocardiogram
(no hypertrophy) has previously been published [1,16,40–46]. The association of IVGs
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with symptoms [1,23,24,45,46] in terms of pediatric age has been previously demonstrated,
and our results, where a significant orthostatic exercise-induced IVG appeared, seem to
confirm this association. The presence of IVG was considered a normal finding by only
one group of investigators [40]. The results of the present study and those from other
authors suggest a clear relation between IVG and symptoms [16,40–44], and the clinical
response to beta-blocker treatment [38,39] favors this conclusion. Guidelines recommend
the use of stress echocardiography in adults when available as a first-line test instead of an
exercise stress test. According to our results [1,25,27,47], echocardiography in association
with stress ECG should be considered in the pediatric population, since stress ECG alone
may be normal or provide a false-positive result (Figure 3) in most children, as noted in
our population. Also taking into account safety reasons [48], the results of our study with
exercise stress echocardiography, as well as scientific recommendations [20,25–28,47], ESE
should be performed if possible to clarify unexplained exercise-related symptoms.

5. Limitations of the Study

Our study has several limitations. First, the fact that it is a retrospective analysis
introduces potential bias. Furthermore, the process of data collection is challenging, as it
depends on the quality of the clinical evaluation and registration data process. Second,
most of the children were outpatients, and we had a small number of congenital pathologies
to analyze in this study. As a consequence, we are not able to draw firm conclusions about
the use of ESE in this field. Lastly, we only studied ten children with no detected pathology,
which made it statistically impractical to consider them as a control group.

6. Conclusions

The present study was based on the use of exercise stress echocardiography in children.
It was performed by an experienced stress echocardiography team with one hundred
percent feasibility and no complications, allowing us to make conclusions useful for clinical
decisions in a great number of children.

Our analysis of this group of children informs us that if we do not search for intra-
ventricular gradients, we will not find them, losing information that may give us a clinical
solution for this health problem in children. Taking into account the fact that 39% of the
children in the study has exercise-related symptoms, the presence of alterations in the ECG,
or developed exercise-induced intraventricular gradients in the exercise stress test, we
consider that the lack of useful information from the simple exercise stress test for a medical
decision can damage the health of the children and negatively impact the quality of care.
For this reason, we propose that the diagnostic flowchart begins preferentially with ESE.

Our results also reveal that ESE can be tailored to every particular clinical situation,
such as aortic coarctation, Cortriatriatum, valve stenosis, or hypertrophic cardiomyopathy.

Lastly, we believe that this study exemplifies a way to increase the utilization of stress
echocardiography in the pediatric population, mainly through cooperation between cardi-
ologists specialized in the care of adult patients and other specialties caring for children.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jcm13082191/s1: Video S1: Methodology of Exercise stress echocardiogra-
phy in one child in this study.

Author Contributions: Conceptualization and realization of the exercise stress echocardiography,
C.C. and N.C.; methodology, C.C.; formal and statistical analysis, R.M., N.C. and C.C.; investigation,
N.C. and C.C.; data curation N.C., P.C., J.G., H.C., L.B. and C.C.; writing—original draft preparation,
N.C. and C.C.; writing—review and editing N.C., H.C., H.M.C., P.C., J.G., C.C. and L.B.; scientific and
ethical supervision, C.C., H.C. and L.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/jcm13082191/s1
https://www.mdpi.com/article/10.3390/jcm13082191/s1


J. Clin. Med. 2024, 13, 2191 12 of 14

Institutional Review Board Statement: This study was conducted following the Declaration of
Helsinki and approved by the Ethics Committee of Hospital da Cruz Vermelha Portuguesa (CEI-
HCVP-14.03.2019 (3 March 2019)) for studies involving humans.

Informed Consent Statement: Informed consent from parents or tutors and informed assent were
obtained from all subjects involved in this study. The researcher was always attentive to possible
vulnerabilities on the part of the children, in the sense that they felt obliged to participate, due to
possible pressures exerted by their parents or for fear of not receiving proper health care in the case
of refusal.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cotrim, C.A.; Café, H.; João, I.; Cotrim, N.; Guardado, J.; Cotrim, H.; Cordeiro, P.; Baquero, L. Exercise stress echocardiography:

Where are we now? World J. Cardiol. 2022, 14, 64–82. [CrossRef] [PubMed]
2. Dasgupta, S.; Friedman, H.; Allen, N.; Stark, M.; Ferguson, E.; Sachdeva, R.; Border, W.L. Exercise stress echocardiography:

Impact on clinical decision-making in pediatric patients. Echocardiography 2019, 36, 938–943. [CrossRef] [PubMed]
3. Kimball, T.R. Pediatric stress echocardiography. Pediatr. Cardiol. 2002, 23, 347–357. [CrossRef] [PubMed]
4. Thompson, W.R. Stress echocardiography in paediatrics: Implications for the evaluation of anomalous aortic origin of the

coronary arteries. Cardiol. Young 2015, 25, 1524–1530. [CrossRef] [PubMed]
5. Ciliberti, P.; McLeod, I.; Cairello, F.; Kaski, J.P.; Fenton, M.; Giardini, A.; Marek, J. Semi-supine exercise stress echocardiography in

children and adolescents: Feasibility and safety. Pediatr. Cardiol. 2015, 36, 633–639. [CrossRef] [PubMed]
6. Cifra, B.; Dragulescu, A.; Border, W.L.; Mertens, L. Stress echocardiography in pediatric cardiology. Eur. Heart J. Cardiovasc. Imaging

2015, 16, 1051–1059. [CrossRef] [PubMed]
7. Ermis, P. Stress echocardiography: An overview for use in pediatric and congenital cardiology. Congenit. Heart Dis. 2017, 12,

624–626. [CrossRef] [PubMed]
8. El Assaad, I.; Gauvreau, K.; Rizwan, R.; Margossian, R.; Colan, S.; Chen, M.H. Value of Exercise Stress Echocardiography in

Children with Hypertrophic Cardiomyopathy. J. Am. Soc. Echocardiogr. 2020, 33, 888–894.e2. [CrossRef] [PubMed]
9. Perez, M.T.; Rizwan, R.; Gauvreau, K.; Daly, K.P.; Deng, E.S.; Blume, E.D.; Singh, T.P.; Chen, M.H. Prognostic Value of Exercise

Stress Echocardiography in Pediatric Cardiac Transplant Recipients. J. Am. Soc. Echocardiogr. 2022, 35, 1133–1138.e2. [CrossRef]
10. Forton, K.; Motoji, Y.; Caravita, S.; Faoro, V.; Naeije, R. Exercise stress echocardiography of the pulmonary circulation and right

ventricular-arterial coupling in healthy adolescents. Eur. Heart J. Cardiovasc. Imaging 2021, 22, 688–694. [CrossRef]
11. Araujo, J.J. Stress Echocardiography in Pediatric and Adult Congenital Heart Disease: A Complement in Anatomical and

Functional Assessment. Curr. Probl. Cardiol. 2021, 46, 100762. [CrossRef] [PubMed]
12. Chen, M.H.; Abernathey, E.; Lunze, F.; Colan, S.D.; O’Neill, S.; Bergersen, L.; Geva, T.; Blume, E.D. Utility of exercise stress

echocardiography in pediatric cardiac transplant recipients: A single-center experience. J. Heart Lung Transplant. 2012, 31, 517–523.
[CrossRef] [PubMed]

13. Tedla, B.A.; Burns, J.C.; Tremoulet, A.H.; Shimizu, C.; Gordon, J.B.; El-Said, H.; Golding, F.; Davis, C.K.; Dummer, K.B. Exercise
Stress Echocardiography in Kawasaki Disease Patients with Coronary Aneurysms. Pediatr. Cardiol. 2023, 44, 381–387. [CrossRef]
[PubMed]

14. Pahl, E.; Duffy, C.E.; Chaudhry, F.A. The role of stress echocardiography in children. Echocardiography 2000, 17, 507–512. [CrossRef]
[PubMed]

15. Rigsby, C.K.; McKenney, S.E.; Hill, K.D.; Chelliah, A.; Einstein, A.J.; Han, B.K.; Robinson, J.D.; Sammet, C.L.; Slesnick, T.C.;
Frush, D.P. Radiation dose management for pediatric cardiac computed tomography: A report from the Image Gently ‘Have-A-
Heart’ campaign. Pediatr. Radiol. 2018, 48, 5–20. [CrossRef]

16. Picano, E.; Henein, M. Stress Echocardiography in Children. In Stress Echocardiography; Picano, E., Ed.; Springer:
Berlin/Heidelberg, Germany, 2009. [CrossRef]

17. Hill, K.; Frush, D.; Han, K.; Abbott, B.; Armstrong, A.; DeKemp, R.A.; Glatz, A.C.; Greenberg, S.B.; Herbert, A.S.; Justino, H.; et al.
Radiation Safety in Children with Congenital and Acquired Heart Disease: A Scientific Position Statement on Multimodal Dose
Optimization from the Image Gently Alliance. JACC Cardiovasc. Imaging 2017, 10, 797–818. [CrossRef] [PubMed]

18. Khong, P.L.; Ringertz, H.; Donoghue, V.; Frush, D.; Rehani, M.; Appelgate, K.; Sanchez, R. ICRP Publication 121: Radiological
Protection in Paediatric Diagnostic and Interventional Radiology. Ann. ICRP 2013, 42, 1–63. [CrossRef] [PubMed]

19. EANM: European Association of Nuclear Medicine. Paediatric Nuclear Imaging: Minimizing the Dose—Maintaining the
Diagnostic Value. EANM PRESS RELEASE. 2015. Available online: https://www.eanm.org/content-eanm/uploads/2016/12/
EANM_PR_2015-07-13_Paediatric-nuclear-imaging-en.pdf (accessed on 4 January 2019).

https://doi.org/10.4330/wjc.v14.i2.64
https://www.ncbi.nlm.nih.gov/pubmed/35316975
https://doi.org/10.1111/echo.14326
https://www.ncbi.nlm.nih.gov/pubmed/30934142
https://doi.org/10.1007/s00246-001-0198-5
https://www.ncbi.nlm.nih.gov/pubmed/11976781
https://doi.org/10.1017/S1047951115002012
https://www.ncbi.nlm.nih.gov/pubmed/26675599
https://doi.org/10.1007/s00246-014-1058-4
https://www.ncbi.nlm.nih.gov/pubmed/25410823
https://doi.org/10.1093/ehjci/jev159
https://www.ncbi.nlm.nih.gov/pubmed/26130262
https://doi.org/10.1111/chd.12495
https://www.ncbi.nlm.nih.gov/pubmed/28580760
https://doi.org/10.1016/j.echo.2020.01.020
https://www.ncbi.nlm.nih.gov/pubmed/32279939
https://doi.org/10.1016/j.echo.2022.07.006
https://doi.org/10.1093/ehjci/jeaa085
https://doi.org/10.1016/j.cpcardiol.2020.100762
https://www.ncbi.nlm.nih.gov/pubmed/33373837
https://doi.org/10.1016/j.healun.2011.12.014
https://www.ncbi.nlm.nih.gov/pubmed/22301421
https://doi.org/10.1007/s00246-022-03037-1
https://www.ncbi.nlm.nih.gov/pubmed/36383234
https://doi.org/10.1111/j.1540-8175.2000.tb01171.x
https://www.ncbi.nlm.nih.gov/pubmed/10979027
https://doi.org/10.1007/s00247-017-3991-x
https://doi.org/10.1007/978-3-540-76466-3_37
https://doi.org/10.1016/j.jcmg.2017.04.003
https://www.ncbi.nlm.nih.gov/pubmed/28514670
https://doi.org/10.1016/j.icrp.2012.10.001
https://www.ncbi.nlm.nih.gov/pubmed/23218172
https://www.eanm.org/content-eanm/uploads/2016/12/EANM_PR_2015-07-13_Paediatric-nuclear-imaging-en.pdf
https://www.eanm.org/content-eanm/uploads/2016/12/EANM_PR_2015-07-13_Paediatric-nuclear-imaging-en.pdf


J. Clin. Med. 2024, 13, 2191 13 of 14

20. Lancellotti, P.; Pellikka, P.; Werner Budts, W.; Chaudhry, F.; Donal, E.; Dulgheru, R.; Edvardsen, T.; Garbi, M.; Ha, J.-W.;
Kane, G.C.; et al. The clinical use of stress echocardiography in non-ischaemic heart disease: Recommendations from the
European Association of Cardiovascular Imaging and the American Society of Echocardiography. Eur. Heart J.—Cardiovasc.
Imaging 2016, 17, 1191–1229. [CrossRef]

21. Cotrim, H.; Granja, C.; Carvalho, A.S.; Cotrim, C.; Martins, R. Children’s Understanding of Informed Assents in Research Studies.
Healthcare 2021, 9, 871. [CrossRef]

22. Vilela, E.M.; Oliveira, C.; Oliveira, C.; Torres, S.; Sampaio, F.; Primo, J.; Ribeiro, J.; Teixeira, M.; Oliveira, M.; Bettencourt, N.; et al.
Sixty years of the Bruce protocol: Reappraising the contemporary role of exercise stress testing with electrocardiographic
monitoring. Porto Biomed. J. 2023, 8, e235. [CrossRef]

23. Cotrim, C.; Palinkas, E.D.; Cotrim, N. The Importance of Left Ventricular Outflow Tract and Mid-Ventricular Gradients in Stress
Echocardiography: A Narrative Review. J. Clin. Med. 2023, 12, 5292. [CrossRef] [PubMed]

24. Lopes, L.R.; Cotrim, C.; Cruz, I.; Picano, E.; Pinto, F.; Pereira, H. Left ventricular outflow tract obstruction as a primary phenotypic
expression of hypertrophic cardiomyopathy in mutation carriers without hypertrophy. Int. J. Cardiol. 2014, 176, 1264–1267.
[CrossRef] [PubMed]

25. Pellikka, P.A.; Arruda-Olson, A.; Chaudhry, F.A.; Chen, M.H.; Marshall, J.E.; Porter, T.R.; Sawada, S.G. Guidelines for Perfor-
mance, Interpretation, and Application of Stress Echocardiography in Ischemic Heart Disease: From the American Society of
Echocardiography. J. Am. Soc. Echocardiogr. 2020, 33, 1–41.e8. [CrossRef] [PubMed]

26. Citro, R.; Bursi, F.; Bellino, M.; Picano, E. The Role of Stress Echocardiography in Valvular Heart Disease. Curr. Cardiol. Rep. 2022,
24, 1477–1485. [CrossRef]

27. Picano, E.; Pierard, L.; Peteiro, J.; Djordjevic-Dikic, A.; Sade, L.E.; Cortigiani, L.; Van De Heyning, C.M.; Celutkiene, J.; Gaibazzi,
N.; Ciampi, Q.; et al. The clinical use of stress echocardiography in chronic coronary syndromes and beyond coronary artery
disease: A clinical consensus statement from the European Association of Cardiovascular Imaging of the ESC. Eur. Heart J.
Cardiovasc. Imaging 2024, 25, e65–e90. [CrossRef]

28. Moscatelli, S.; Bianco, F.; Cimini, A.; Panebianco, M.; Leo, I.; Bucciarelli-Ducci, C.; Perrone, M.A. The Use of Stress Cardiovascular
Imaging in Pediatric Population. Children 2023, 10, 218. [CrossRef] [PubMed]

29. Cao, C.F.; Ma, K.L.; Shan, H.; Liu, T.F.; Zhao, S.Q.; Wan, Y.; Zhang, J.; Wang, H.Q. CT Scans and Cancer Risks: A Systematic
Review and Dose-response Meta-analysis. BMC Cancer 2022, 22, 1238. [CrossRef]

30. Nievelstein, R.A.; Frush, D.P. Should we obtain informed consent for examinations that expose patients to radiation? AJR Am.
J. Roentgenol. 2012, 199, 664–669. [CrossRef]

31. Pearce, M.S.; Salotti, J.A.; Little, M.P.; McHugh, K.; Lee, C.; Kim, K.P.; Howe, N.L.; Ronckers, C.M.; Rajaraman, P.; Craft, A.W.; et al.
Radiation exposure from CT scans in childhood and subsequent risk of leukaemia and brain tumours: A retrospective cohort
study. Lancet 2012, 380, 499–505. [CrossRef]

32. Kyle, W.B.; Macicek, S.L.; Lindle, K.A.; Kim, J.J.; Cannon, B.C. Limited utility of exercise stress tests in the evaluation of children
with chest pain. Congenit. Heart Dis. 2012, 7, 455–459. [CrossRef]

33. Massin, M.M. The role of exercise testing in pediatric cardiology. Arch. Cardiovasc. Dis. 2014, 107, 319–327. [CrossRef]
34. Saleeb, S.F.; McLaughlin, S.R.; Graham, D.A.; Friedman, K.G.; Fulton, D.R. Resource reduction in pediatric chest pain: Standard-

ized clinical assessment and management plan. Congenit. Heart Dis. 2018, 13, 46–51. [CrossRef] [PubMed]
35. Friedman, K.G.; Rathod, R.H.; Farias, M.; Graham, D.; Powell, A.J.; Fulton, D.R.; Newburger, J.W.; Colan, S.D.; Jenkins, K.J.;

Lock, J.E. Resource utilization after introduction of a standardized clinical assessment and management plan. Congenit. Heart Dis.
2010, 5, 374–381. [CrossRef] [PubMed]

36. Verghese, G.R.; Friedman, K.G.; Rathod, R.H.; Meiri, A.; Saleeb, S.F.; Graham, D.A.; Geggel, R.L.; Fulton, D.R. Resource Utilization
Reduction for Evaluation of Chest Pain in Pediatrics Using a Novel Standardized Clinical Assessment and Management Plan
(SCAMP). J. Am. Heart Assoc. 2012, 1, jah3-e000349. [CrossRef] [PubMed]

37. Kane, D.A.; Friedman, K.G.; Fulton, D.R.; Geggel, R.L.; Saleeb, S.F. Needles in Hay II: Detecting Cardiac Pathology by the
Pediatric Chest Pain Standardized Clinical Assessment and Management Plan. Congenit. Heart Dis. 2016, 11, 396–402. [CrossRef]
[PubMed]

38. Cabrera-Bueno, F.; García-Pinilla, J.M.; Gómez-Doblas, J.J.; Montiel-Trujillo, A.; Rodríguez-Bailón, I.; de Teresa-Galván, E. Beta-
blocker therapy for dynamic left ventricular outflow tract obstruction induced by exercise. Int. J. Cardiol. 2007, 117, 222–226.
[CrossRef] [PubMed]

39. Cotrim, C.; Lopes, L.R.; Almeida, A.R.; Miranda, R.; Ana, A.G.; Cotrim, H.; Andrade, J.P.; Picano, E.; Carrageta, M. Efficacy of
beta-blocker therapy in symptomatic athletes with exercise-induced intra-ventricular gradients. Cardiovasc. Ultrasound. 2010,
8, 38. [CrossRef] [PubMed]

40. Cabrera Bueno, F.; Rodríguez Bailón, I.; López Salguero, R.; Doblas, J.J.G.; Cabeza, A.P.; Hernández, J.P.; Franco, A.D.;
Hidalgo, L.M.; de Teresa Galván, E. Obstrucción dinámica intraventricular izquierda inducida por esfuerzo [Dynamic left
ventricular outflow tract obstruction induced by exercise]. Rev. Esp. Cardiol. 2004, 57, 1179–1187. [CrossRef] [PubMed]

41. Zywica, K.; Jenni, R.; Pellikka, P.A.; Faeh-Gunz, A.; Seifert, B.; Attenhofer Jost, C.H. Dynamic left ventricular outflow tract
obstruction evoked by exercise echocardiography: Prevalence and predictive factors in a prospective study. Eur. J. Echocardiogr.
2008, 9, 665–671. [CrossRef]

https://doi.org/10.1093/ehjci/jew190
https://doi.org/10.3390/healthcare9070871
https://doi.org/10.1097/j.pbj.0000000000000235
https://doi.org/10.3390/jcm12165292
https://www.ncbi.nlm.nih.gov/pubmed/37629333
https://doi.org/10.1016/j.ijcard.2014.07.191
https://www.ncbi.nlm.nih.gov/pubmed/25127965
https://doi.org/10.1016/j.echo.2019.07.001
https://www.ncbi.nlm.nih.gov/pubmed/31740370
https://doi.org/10.1007/s11886-022-01765-7
https://doi.org/10.1093/ehjci/jead250
https://doi.org/10.3390/children10020218
https://www.ncbi.nlm.nih.gov/pubmed/36832347
https://doi.org/10.1186/s12885-022-10310-2
https://doi.org/10.2214/AJR.11.8319
https://doi.org/10.1016/S0140-6736(12)60815-0
https://doi.org/10.1111/j.1747-0803.2012.00702.x
https://doi.org/10.1016/j.acvd.2014.04.004
https://doi.org/10.1111/chd.12539
https://www.ncbi.nlm.nih.gov/pubmed/28944584
https://doi.org/10.1111/j.1747-0803.2010.00434.x
https://www.ncbi.nlm.nih.gov/pubmed/20653704
https://doi.org/10.1161/JAHA.111.000349
https://www.ncbi.nlm.nih.gov/pubmed/23130120
https://doi.org/10.1111/chd.12335
https://www.ncbi.nlm.nih.gov/pubmed/26918410
https://doi.org/10.1016/j.ijcard.2006.04.080
https://www.ncbi.nlm.nih.gov/pubmed/16844244
https://doi.org/10.1186/1476-7120-8-38
https://www.ncbi.nlm.nih.gov/pubmed/20813061
https://doi.org/10.1016/S0300-8932(04)77260-7
https://www.ncbi.nlm.nih.gov/pubmed/15617641
https://doi.org/10.1093/ejechocard/jen070


J. Clin. Med. 2024, 13, 2191 14 of 14

42. Saeed, S.; Vegsundvåg, J. Usefulness of Stress Echocardiography in Assessment of Dynamic Left Ventricular Obstructions: Case
Series and Review of the Literature. Cardiology 2021, 146, 441–450. [CrossRef]

43. Alhaj, E.K.; Kim, B.; Cantales, D.; Uretsky, S.; Chaudhry, F.A.; Sherrid, M.V. Symptomatic exercise-induced left ventricular outflow
tract obstruction without left ventricular hypertrophy. J. Am. Soc. Echocardiogr. 2013, 26, 556–565. [CrossRef] [PubMed]

44. Dores, H.; Mendes, L.; Ferreira, A.; Santos, J.F. Symptomatic Exercise-induced Intraventricular Gradient in Competitive Athlete.
Arq. Bras. Cardiol. 2017, 109, 87–89. [CrossRef] [PubMed]

45. Wittlieb-Weber, C.A.; Cohen, M.S.; McBride, M.G.; Paridon, S.M.; Morrow, R.; Wasserman, M.; Wang, Y.; Stephens, P. Elevated left
ventricular outflow tract velocities on exercise stress echocardiography may be a normal physiologic response in healthy youth.
J. Am. Soc. Echocardiogr. 2013, 26, 1372–1378. [CrossRef] [PubMed]

46. Tozzi, R.J. Left ventricular outflow tract velocities-all in context. J. Am. Soc. Echocardiogr. 2014, 27, 340–341. [CrossRef] [PubMed]
47. Knuuti, J.; Wijns, W.; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Prescott, E.; Storey, R.F.; Deaton, C.;

Cuisset, T.; et al. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes. Eur. Heart J. 2020, 41,
407–477, Erratum in Eur. Heart J. 2020, 41, 4242. [CrossRef] [PubMed]

48. Lee, C.; Dow, S.; Shah, K.; Henkin, S.; Taub, C. Complications of exercise and pharmacologic stress echocardiography. Front.
Cardiovasc. Med. 2023, 10, 1228613. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1159/000516188
https://doi.org/10.1016/j.echo.2013.02.007
https://www.ncbi.nlm.nih.gov/pubmed/23534983
https://doi.org/10.5935/abc.20170075
https://www.ncbi.nlm.nih.gov/pubmed/28767885
https://doi.org/10.1016/j.echo.2013.08.020
https://www.ncbi.nlm.nih.gov/pubmed/24139056
https://doi.org/10.1016/j.echo.2013.11.018
https://www.ncbi.nlm.nih.gov/pubmed/24565396
https://doi.org/10.1093/eurheartj/ehz425
https://www.ncbi.nlm.nih.gov/pubmed/31504439
https://doi.org/10.3389/fcvm.2023.1228613

	Introduction and Aims 
	Materials and Methods 
	Results and Statistical Analysis 
	Discussion 
	Limitations of the Study 
	Conclusions 
	References

