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A B S T R A C T   

Background: The recent Cardiovascular Disease in Adolescents with Chronic Disease (CDACD) study showed 
enhanced aortic stiffness and wall thickness in adolescents with various chronic disorders. Enhanced aortic 
stiffness can increase left ventricular (LV) afterload and trigger a cascade of adverse arterioventricular interac-
tion. Here, we investigate the relation between aortic changes and LV function in the CDACD study participants. 
Methods: This cross-sectional study included 114 adolescents 12–18 years old with cystic fibrosis (CF, n = 24), 
corrected coarctation of the aorta (CoA, n = 25), juvenile idiopathic arthritis (JIA, n = 20), obesity (n = 20), and 
healthy controls (n = 25). Aortic pulse wave velocity (PWV), which reflects aortic stiffness, and aortic wall 
thickness (AWT) were assessed with cardiovascular magnetic resonance imaging (CMR). Echocardiography was 
employed to study conventional markers of LV function, as well as LV global longitudinal strain (LVGLS), which 
is an established (pre)clinical marker of LV dysfunction. 
Results: First, aortic PWV and AWT were increased in all chronic disease groups, compared to controls. Second, in 
adolescents with CoA, JIA, and obesity, echocardiography showed a decreased LVGLS, while LV dimensions and 
conventional LV function markers were similar to controls. Third, multivariable linear regression identified 
aortic PWV as the most important determinant of their decreased LVGLS (standardized β − 0.522, p < 0.001). 
Conclusions: The decreased LVGLS in several adolescent chronic disease groups was associated with enhanced 
aortic PWV, which might reflect adverse arterioventricular interaction. Whether the decreased LVGLS in the 
chronic disease groups could negatively impact their long-term cardiovascular outcomes requires further study.   

Abbreviations: ASD, atrial septal defect; AWT, aortic wall thickness; CDACD, ‘cardiovascular disease in adolescents with chronic disease’ study; CF, cystic fibrosis; 
CMR, cardiovascular magnetic resonance imaging; CoA, corrected coarctation of the aorta; JIA, juvenile idiopathic arthritis; LV, left ventricle; LVEF, LV ejection 
fraction; LVFS, LV fractional shortening; LVGLS, LV global longitudinal strain; PWV, pulse wave velocity. 
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1. Introduction 

Children with chronic disease are frequently exposed to systemic 
inflammation, metabolic derangements, and hypertension, which can 
induce arterial changes [1]. The ‘Cardiovascular Disease in Adolescents 
with Chronic Disease’ (CDACD) study recently demonstrated a higher 
aortic wall thickness (AWT) and aortic pulse wave velocity (PWV), the 
latter of which reflects aortic wall stiffness, in adolescents with various 
chronic disorders, compared to controls [2]. The CDACD population 
included various chronic disease-associated risk factors for arterial 
changes, including metabolic risk factors in cystic fibrosis (CF) and 
obesity, inflammatory risk factors in juvenile idiopathic arthritis (JIA), 
and hypertension in corrected coarctation of the aorta (CoA). These 
chronic disease-associated risk factors may not only affect the aortic 
wall, but could have secondary effects on cardiovascular function. Aortic 
abnormalities, and particularly enhanced aortic stiffness, can increase 
left ventricular (LV) afterload by a reduced arterial Windkessel effect, 
and trigger a cascade of adverse arterioventricular interaction [3]. In the 
classical cascade, increased LV afterload leads to compensatory LV hy-
pertrophy, and subsequently to diastolic filling abnormalities, systolic 
LV dysfunction and overt heart failure [4]. We hypothesized that the 
increased aortic stiffness and wall thickness in adolescents with chronic 
disease could induce adverse arterioventricular interaction. Therefore, 
we investigated whether the aortic changes observed in the CDACD 
study coincide with changes in LV dimensions and function. Next to 
conventional echocardiographic markers of LV function, we have stud-
ied LV global longitudinal strain (LVGLS), which is an established pre-
clinical marker of LV systolic dysfunction [5]. Over the last few years, 
LVGLS has emerged as a strong predictor of cardiovascular events, with 
superior prognostic value in several cardiac diseases including heart 
failure and acute myocardial infarction, compared to conventional 
markers such as LV ejection fraction [6]. Our study is the first to 
investigate the association between early aortic abnormalities and LV 
function in adolescents with various chronic disorders. 

2. Methods 

2.1. Study design and population 

In the cross-sectional CDACD study, 114 adolescents aged 12–18 
were prospectively enrolled between April 2017 and June 2019, as 
recently published [2]. The study population included patients with 
metabolic, inflammatory, and hemodynamic disorders: cystic fibrosis 
(CF, n = 24), corrected coarctation of the aorta (CoA, n = 25), rheu-
matoid factor negative polyarticular or extended oligoarticular juvenile 
idiopathic arthritis (JIA, n = 20), obesity (n = 20), and as a control 
group healthy adolescents with a corrected atrial septal defect (ASD), 
who showed normal cardiac dimensions and functions during follow-up 
(n = 25). Obesity was defined as a body mass index > 30 kg/m2 pro-
jected to the age of 18 years, according to the international Obesity Task 
Force [7]. Exclusion criteria for all participants were acute illness, 
mental retardation, pregnancy, or contraindications for MRI with 
gadolinium-based contrast agents. Ethical approval was obtained from 
the institutional Medical Research Ethics Committee (protocol number 
16–589), and the study complied with the Declaration of Helsinki. 
Written informed consent was obtained from all participants and if 
applicable also of their parents/guardians. 

2.2. Clinical measurements 

Waist and hip circumference were measured following established 
clinical standards [2]. Blood pressure was measured three times at the 
right arm after 10 min rest while seated. The lowest measurement of 
three readings was used. 

2.3. Echocardiography 

Echocardiographic examinations were performed on a GE Vivid E95 
ultrasound system (General Electric Healthcare, Wauwatosa, Wisconsin, 
USA), using established clinical protocols including two-dimensional 
(2D) imaging, pulsed-wave Doppler velocities and tissue Doppler im-
aging (TDI) [8]. All data were analyzed offline by a blinded observer, 
using commercially available software (‘EchoPAC’ version 203, General 
Electric, Milwaukee, Wisconsin, USA). 2D-imaging of the parasternal 
short axis view was used to measure LV dimensions, LV ejection fraction 
(LVEF) as assessed with the Teichholz method, and LV fractional 
shortening (LVFS) [8]. LV dimensions were converted to Z-scores based 
on body surface area (BSA), and were expressed as LV end-diastolic 
(LVEDd) and LV end-systolic (LVESd) diameter, interventricular 
septum thickness (IVSd) and LV posterior wall thickness (LVPWd) at 
end-diastole. Reference values for the obese group are not available, so 
that Z-scores for the obese adolescents could not be calculated.(9) LVEF, 
LVFS, TDI peak systolic mitral annular velocity (TDI S’) and LVGLS were 
calculated for assessment of global systolic LV function. Grey-scale im-
ages in the apical two-, three-, and four-chamber views were acquired 
for myocardial strain analysis with speckle tracking and analyzed for 
LVGLS. Speckle tracking analysis was performed using EchoPAC soft-
ware as previously reported [10]. Briefly, the endocardial border was 
manually traced, and aortic valve closure was used for timing of end- 
systole. Tracking was automatically performed and the endocardial 
border was manually retraced if needed. LVGLS analysis was accepted 
when the software and visual inspection indicated adequate tracking. 
LVGLS was calculated by averaging the peak longitudinal strain in the 
two-, three- and four-chamber views. LVGLS values were excluded if one 
of these views had insufficient quality. Due to strict quality control, 
LVGLS could be calculated for 70 out of 114 cases (12 ASD, 19 CF, 19 
CoA, 14 JIA, and 6 obese). LVGLS reflects longitudinal myocardial 
shortening of the LV during systole and is traditionally expressed as a 
negative value (e.g. − 20 %). However, we use absolute (positive) values 
for LVGLS (e.g. 20 %), as interpreting changes in negative percentages 
can be challenging. Values closer to zero (e.g. 10 %) are indicative of 
impaired LVGLS and are referred to as ‘decreased LVGLS’ throughout 
the paper. For assessment of diastolic LV function, mitral valve (MV) 
inflow velocities were analyzed using pulsed-wave Doppler early (E) and 
late (A) peak velocity measurements to calculate the MV E/A ratio [8]. 

2.4. Cardiovascular magnetic resonance imaging (CMR) 

CMR was performed on a Philips 3.0 Tesla CMR system, as reported 
previously [2]. In short, aortic PWV was assessed using 2D velocity- 
encoded CMR. Two through-plane phase contrast acquisitions were 
obtained at the levels of the ascending aorta and in the abdominal aorta. 
Velocity mapping was performed using Mass software (Medis, Leiden), 
and subsequent calculation of the aortic PWV was performed using in- 
house developed and validated Matlab software. The thoracic and 
abdominal wall were imaged using a three-dimensional (3D) T1- 
weighted black blood VISTA sequence. Analysis was performed by 
manual tracing of the inner and outer contours of the vessel wall with 
0.6 mm increments and 1.2 mm slice thickness, analyzing 1 out of 5 
slices using VesselMass software (Medis, Leiden), according to a previ-
ously established protocol [2]. 

2.5. Statistical analysis 

In case of normally distributed variables, mean and standard devi-
ation were reported and groups were compared against controls using 
independent t tests. In case of non-normality, median and interquartile 
range were shown and groups were compared against controls using 
Mann-Whitney U tests. Benjamini & Hochberg’s correction for false 
discovery was applied to correct for multiple testing when appropriate. 
To study correlations between the aortic parameters (PWV and AWT) 
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and cardiac function (LVFS, LVEF, TDI S’, LVGLS and MV E/A ratio), 
normally- or non-normally distributed parameters were assessed using 
Pearson’s- or Spearman’s correlation coefficients, respectively. For 
multivariable linear regression analysis, determinants were tested for 
normality and for multicollinearity by calculation of the Variance 
Inflation Factors. Relevant determinants were identified using back-
wards selection. The number of patients analyzed for a particular 
analysis is presented in the tables and figures. Statistical analysis was 
performed using IBM SPSS statistics 26. A p-value of < 0.05 was 
considered statistically significant. 

3. Results 

3.1. Clinical characteristics 

All groups showed similar subject numbers, with a higher number of 
girls in the control group, compared to the cystic fibrosis, corrected 
coarctation, and obesity groups (Table 1). Adolescents with cystic 
fibrosis, corrected coarctation, and obesity showed a higher waist-to-hip 
ratio (WHR) than controls, which is associated with visceral adipose 
tissue accumulation (Table 1) [11]. Adolescents with juvenile idiopathic 
arthritis were generally in remission, with similar clinical characteristics 
as the healthy controls (Table 1). Corrected coarctation and obese ad-
olescents showed an elevation of their systolic blood pressure (SBP), 

Table 1 
Clinical characteristics and arterial measurements.   

Controls CF CoA JIA Obesity Na 

N (m/f) 25 (3/22) 24 (13/11)** 25 (17/8)*** 20 (6/14) 20 (8/12)* 114 
Age (years) 14.32 (12.66–17.02) 15.92 (14.18–17.29) 14.55 (12.73–16.46) 16.10 (13.82–16.95) 14.61 (12.99–16.72) 114 
Height (m) 1.68 (1.55–1.70) 1.70 (1.62–1.74)* 1.71 (1.58–1.77) 1.68 (1.61–1.76) 1.67 (1.62–1.72) 114 
Weight (kg) 51.7 (40.9–65.8) 54.6 

(50.3–60.0) 
57.2 (45.7–66.2) 57.7 (48.4–63.9) 89.4 (83.0–97.4)*** 114 

BMI (SD) − 0.15 ± 0.99 − 0.36 ± 0.93 0.19 ± 1.26 0.07 ± 1.06 3.23 ± 0.33*** 114 
Waist-to-hip ratio 0.76 (0.73–0.79) 0.84 (0.78–0.89)** 0.81 (0.77–0.85)* 0.79 (0.73–0.83) 0.91 (0.83–0.96)*** 114  

Hemodynamic 
HR (bpm) 69.83 ± 6.72 77.29 ± 12.05* 68.76 ± 11.32 71.20 ± 12.18 74.45 ± 12.35 114 
SBP (mmHg) 114.28 ± 11.44 115.63 ± 11.35 122.20 ± 11.62* 114.45 ± 11.66 122.50 ± 9.76* 114 
SBP percentile 62.00 (28.50–90.00) 55.5 (39.25–83.75) 91.00 (62.00–96.00)* 66.50 (22.50–85.00) 84.50 (77.75–92.50) 114 
DBP (mmHg) 64.00 (60.00–67.00) 65.00 (61.50–67.75) 66.00 (63.00–70.00) 66.00 (65.00–70.75) 65.50 (63.50–68.50) 114 
DBP percentile 46.08 ± 26.11 45.38 ± 23.78 51.12 ± 20.20 54.25 ± 18.11 50.50 ± 20.17 114  

Aortic parameters 
Aortic pulse wave velocity (m/s) 3.74 ± 0.28 4.10 ± 0.50** 4.11 ± 0.58* 4.10 ± 0.46** 4.01 ± 0.31** 101 
Aortic wall thickness (mm) 1.83 (1.70–1.95) 1.97 (1.85–2.10)** 1.95 (1.83–2.11)* 1.99 (1.86–2.06)* 2.00 (1.93–2.11)** 104 

Mean ± standard deviation or median (lower quartile-upper quartile) were reported. All chronic disease groups were compared with healthy ASD controls. *p < 0.05, 
**p < 0.01, ***p < 0.001. aTotal number analyzed. Abbreviations: controls: healthy adolescents with a corrected atrial septal defect; CF: cystic fibrosis; CoA: corrected 
coarctation of the aorta; JIA: juvenile idiopathic arthritis; bpm: beats per minute; BMI (SD): body mass index standard deviation from the age- and sex matched 
population mean; SBP: systolic blood pressure; SBP percentile: systolic blood pressure percentile based on the age-, sex-, and height matched population; DBP: diastolic 
blood pressure; DBP percentile: diastolic blood pressure percentile based on the age-, sex-, and height matched population. 

Table 2 
Cardiac dimensions and function measurements.   

Controls CF CoA JIA Obesity Nb 

Left ventricular dimensions 
LVEDd (mm) 47.38 ± 4.84 48.45 ± 4.64 47.51 ± 3.70 46.96 ± 3.94 49.02 ± 2.64 114 
LVEDd Z-score 0.27 ± 0.59 0.42 ± 0.64 0.05 ± 0.97 − 0.01 ± 0.73 a 94 
LVESd (mm) 31.30 (27.05–34.30) 31.05 (29.00–33.88) 28.30 (25.60–33.00) 31.05 (26.33–34.13) 31.40 (29.40–34.10) 114 
LVESd Z-score 0.44 ± 0.82 0.72 ± 0.67 − 0.16 ± 0.98 0.36 ± 0.94 a 94 
IVSd (mm) 6.60 (6.15–7.40) 6.90 (6.05–7.40) 7.30 (6.80–8.65) 6.25 (5.65–6.70) 7.55 

(6.93–8.75)* 
114 

IVSd Z-score − 0.40 ± 0.59 − 0.46 ± 0.67 − 0.01 ± 0.77 − 0.72 ± 0.73 a 94 
LVPWd (mm) 6.76 ± 1.17 7.24 ± 0.92 7.57 ± 1.57 7.03 ± 1.10 7.80 ± 1.24* 114 
LVPWd Z-score − 0.06 ± 0.67 0.24 ± 0.57 0.34 ± 0.70 0.00 ± 0.79 a 94  

Left ventricular function 
LVEF (%) 65.20 ± 5.62 64.27 ± 4.49 69.00 ± 6.00 65.03 ± 5.92 64.76 ± 5.35 114 
LVFS (%) 35.92 ± 4.00 35.34 ± 3.05 38.90 ± 4.61 35.85 ± 4.36 35.65 ± 4.20 114 
TDI S’ (cm/s) 9.41 (8.34–11.57) 10.04 (9.11–11.77) 8.39 (7.37–9.93) 10.21 (8.75–12.04) 11.66 

(10.27–13.06)* 
113 

LVGLS (%) 20.00 ± 1.82 18.93 ± 1.53 17.75 ± 2.12* 18.11 ± 1.91* 18.00 ± 1.11* 70 
MV E/A ratio 2.00 (1.82–2.38) 1.82 (1.46–2.40) 1.97 (1.67–2.76) 1.97 (1.66–2.61) 1.99 (1.73–2.42) 114 

Mean ± standard deviation or median (lower quartile-upper quartile) were reported. All chronic disease groups were compared with healthy ASD controls. Analyses 
were corrected for multiple testing. *p < 0.05. a Z-scores for obese adolescents are not available. b Total number of patients available for analysis (missing cases due to 
strict quality control). Abbreviations: controls: healthy adolescents with a corrected atrial septal defect; CF: cystic fibrosis; CoA: corrected coarctation of the aorta; JIA: 
juvenile idiopathic arthritis; LVEDd: left ventricular end diastolic diameter; LVESd: left ventricular end systolic diameter; IVSd: interventricular septum thickness at 
end-diastole; LVPWd: left ventricular posterior wall thickness at end-diastole; LVEF: left ventricular ejection fraction; LVFS: left ventricular fractional shortening; TDI 
S’: tissue doppler imaging of the peak systolic mitral annular velocity; LVGLS: left ventricular global longitudinal strain; MV E/A ratio: mitral valve early (E) over late 
(A) peak velocity. 
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compared to controls. Altogether, obese adolescents exhibited a char-
acteristic phenotype including a higher weight and body mass index 
(BMI) (Table 1). As recently demonstrated in the CDACD study, aortic 
PWV and AWT were higher in all adolescent chronic disease groups 
when compared to controls (Table 1) [2]. 

3.2. Cardiac left ventricular dimensions and function 

All groups showed LV dimensions within normal ranges, with Z- 
scores < 1, except for the obese adolescents for whom indexation by Z- 
scores could not be performed due to a lack of available reference values 
(Table 2) [9] .The thicker interventricular septum and LV posterior wall 
in obese adolescents may reflect a higher LV mass. With respect to 
systolic LV function, conventional markers including LV ejection frac-
tion, LV fractional shortening and peak systolic mitral annular velocity 
(TDI S’), were preserved in all chronic disease groups (Table 2). In 
contrast, LVGLS was significantly decreased in CoA, JIA, and obese 
adolescents compared to the ASD controls (Table 2). Regarding diastolic 
LV function, mitral valve early over late peak velocity (MV E/A) ratio 
was preserved in all chronic disease groups (Table 2). 

3.3. Arterioventricular interaction 

To assess whether the decreased LVGLS in several chronic disease 
groups was associated with aortic abnormalities, bivariate and multi-
variable analyses were performed. Bivariate correlation analysis showed 
a negative correlation between aortic PWV and LVGLS (Spearman’s rho 
= -0.479, p = 0.0001, Fig. 1A). AWT was also inversely correlated with 
LVGLS (Pearson’s r = -0.307, p = 0.014, Fig. 1B). Multivariable linear 
regression analysis showed that aortic PWV, rather than AWT, was a 
significant determinant of the decreased LVGLS (β − 0.522, p < 0.001, 
Table 3) next to height (β − 0.315, p = 0.013) and SBP (β − 0.247, p =
0.039). The inverse correlation of aortic PWV with LVGLS coincided 
with a positive correlation of aortic PWV and conventional function 
markers, including LVEF (Spearman’s rho = 0.237, p = 0.017) and LVFS 
(Spearman’s rho = 0.248, p = 0.012) (Fig. 2A and 2B). No correlation 
was observed between PWV, and TDI S’ and the MV E/A ratio (Fig. 2C 
and 2D). Furthermore, we did not observe a correlation between aortic 
measurements and IVSd Z-score or LVPWd Z-score (supplemental 
Fig. 1). 

4. Discussion 

The CDACD study is the first to investigate the relationship between 
aortic stiffness and cardiac function in adolescents with various chronic 
disorders, employing CMR and echocardiography. Here, we would like 
to discuss two key findings. First, LVGLS is a preclinical marker of LV 
dysfunction, and was significantly decreased in CoA, JIA and obese 
adolescents, compared to controls. Second, enhanced aortic PWV, which 
reflects aortic stiffness, was identified as a key determinant of the 
decreased LVGLS in adolescents with chronic disease. 

While global LV function by conventional echocardiography was 
preserved in all chronic disease groups, myocardial strain expressed by 
LVGLS was significantly decreased in CoA, JIA, and obese adolescents. 
These results are consistent with earlier studies, indicating preclinical 
LV dysfunction in CoA, JIA, and obese adolescents [12–14]. A previous 
study also showed a decreased LVGLS in CF adolescents after adjustment 
for lung function, suggesting subtle alterations in cardiac function in 
young CF patients as well [15]. We observed a similar trend of decreased 
LVGLS in CF patients, compared to the control group. The decreased 
LVGLS in adolescents with a chronic disease may have clinical impli-
cations, as LVLGS is a strong predictor of heart failure and other adverse 
cardiovascular outcomes in adults [6,16,17]. Whether the decreased 
LVGLS in the adolescent chronic disease groups negatively impacts their 
long-term cardiovascular outcomes remains to be determined, and 

Fig. 1. Bivariate correlation analysis between left ventricular global longitu-
dinal strain (LVGLS) and aortic measurements: A) LVGLS showed a negative 
correlation with aortic pulse wave velocity (PWV) (Spearman’s rho = -0.479, p 
= 0.0001) (n = 61) and B) LVLGS showed a negative correlation with aortic 
wall thickness (AWT) (Pearson’s r = − 0.307, p = 0.014) (n = 64). *p < 0.05, 
***p < 0.001. 

Table 3 
Multivariable linear regression to identify determinants of left ventricular global 
longitudinal strain (LVGLS).  

LV global longitudinal strain 
(LVGLS)  

R2 = 0.40 N =
59  

Standardized 
β 

Unstandardized β (CI) P-value  

Age (years)  0.245 0.258 (− 0.019–0.535)  0.067  
SBP (mmHg)  − 0.247 − 0.040 (− 0.077- 

− 0.002)  
0.039*  

Height (cm)  − 0.315 − 0.065 (− 0.115- 
− 0.014)  

0.013*  

Aortic PWV 
(m/s)  

− 0.522 − 2.027 (− 2.932- 
− 1.123)  

<0.001***  

Variables were selected using backwards selection. Variables added for selec-
tion: age, sex, height, BMI (SD), SBP (mmHg), DBP (mmHg), AWT, PWV. Ab-
breviations: CI: confidence interval; LV: left ventricular; BMI (SD): body mass 
index standard deviation from the age- and sex matched population mean; SBP: 
systolic blood pressure; DBP: diastolic blood pressure; AWT: aortic wall thick-
ness; PWV: pulse wave velocity. *p < 0.05, ***p < 0.001. N = Total number 
analyzed. 
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requires further study. 
The decreased LVGLS in most adolescent disease groups was asso-

ciated with increased aortic stiffness as measured by a higher aortic 
PWV. In earlier studies in children with and without chronic disease, a 
higher aortic PWV was associated with dyslipidemia, obesity and 
chronic disease, and was adversely associated with cardiac function and 
cardiorespiratory fitness [2,18–23]. In adults, aortic PWV is the gold 
standard for assessing aortic stiffness, and a strong predictor of athero-
sclerotic disease and cardiovascular events, independent of established 
cardiovascular risk factors [24–27]. The observed association between 
aortic PWV and LVGLS might reflect adverse arterioventricular inter-
action in adolescents with chronic disease. This relationship has previ-
ously been shown in adults with rheumatoid arthritis, and the impact of 
aortic stiffness on LV dysfunction was established in large cohort studies 
[28,29]. Our study is yet one of the first showing the association be-
tween aortic stiffness and decreased LVGLS in adolescents with several 
chronic disorders, encompassing a variety of metabolic, inflammatory, 
and hemodynamic risk factors. Adverse arterioventricular interaction 
has previously been suggested in CoA and obese adolescents [30,31]. In 
young CF and JIA patients however, this study is the first to show 
adverse correlation between aortic PWV and LVGLS. Prior studies 
revealed preclinical LV dysfunction in CF and JIA adolescent but did not 
investigate the association with aortic stiffness [13,15]. 

In the classical cascade of adverse arterioventricular interaction, a 
higher LV afterload causes augmentation of LV wall stress, which 

stimulates the development of LV hypertrophy to maintain normal LV 
wall stress levels. LV hypertrophy subsequently increases myocardial 
stiffness and this may, in combination with abnormal myocardial 
relaxation, result in diastolic LV filling abnormalities. Ultimately, dia-
stolic LV dysfunction and/or systolic LV dysfunction may develop [3,4]. 
LV hypertrophy was not observed in our study population, but the 
decreased LVGLS in CoA, JIA and obese adolescents may suggest a 
preclinical stage of LV dysfunction. In preclinical stages of LV dysfunc-
tion, the arrangement of the myocardial fibers preserves systolic LV 
function, which is a result of the contraction of longitudinal myocardial 
fibers in the subendocardial region, oblique myocardial fibers in the 
subepicardium, and a layer of circumferential myocardial fibers in be-
tween (midmyocardial orientation). LVGLS assesses systolic shortening 
of the longitudinal myocardial fibers in the subendocardial region [32]. 
A higher LV afterload and augmentation of LV wall stress will first 
reduce LVGLS, as subendocardial located fibers are most vulnerable to 
increased LV wall stress. The midmyocardial and subepicardial 
myocardial fibers remain relatively unaffected in the early stages of 
myocardial disease. Upon further augmentation of LV wall stress, 
increased circumferential strain can even compensate for the decreased 
LVGLS to preserve LV systolic performance, leading to compensatory LV 
hypertrophy [32,33]. The positive correlation between aortic PWV, and 
LVEF and LVFS in our study could be explained by similar compensatory 
mechanisms to preserve LV function. Taken together, the decreased 
LVGLS in absence of LV hypertrophy in adolescents with chronic disease 

Fig. 2. Bivariate correlation analysis between conventional left ventricular (LV) function markers and aortic pulse wave velocity (PWV): A) LV ejection fraction 
(LVEF) showed a positive correlation with PWV (Spearman’s rho = 0.237, p = 0.017) (n = 101), B) LV fractional shortening (LVFS) showed a positive correlation 
with PWV (Spearman’s rho = 0.248, p = 0.012) (n = 101), C) Tissue doppler imaging peak systolic velocity (TDI S’) (n = 100) and D) Mitral valve (MV) E/A ratio (n 
= 101) showed no significant correlation with PWV (Spearman’s rho = 0.037, p = 0.711 and Spearman’s rho = -0.119, p = 0.237). *p < 0.05. 
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may reflect a preclinical stage of LV dysfunction. As mentioned earlier, 
the impact on long-term cardiovascular outcomes remains to be deter-
mined, and requires further study. 

Our study has several limitations. First, the cross-sectional design of 
the study enables identification of associations and determinants, but 
precludes causality studies. In other words, the observed adverse asso-
ciation between aortic stiffness and decreased LVGLS is no proof of a 
causal relationship. A causal role for adverse arterioventricular inter-
action in this association is merely speculative. Second, the number of 
patients per group is relatively small, which limits group-to-group 
comparisons. Our study may be underpowered to identify differences 
between the disease groups. Third, there were small sex and age dif-
ferences between groups, partly explained by disease epidemiology. 
ASD is more common in females, and CoA is more common in males, for 
example [34]. Earlier studies showed that aortic PWV and LVGLS 
measurements are similar for boys and girls [27,35]. With respect to age 
differences however, slightly higher aortic PWV has been reported in 
older adolescents, compared to younger children [27]. As a conse-
quence, the higher mean age in the CF and JIA group (15.92 and 16.10 
years compared to 14.32 years in the control group) could induce a small 
positive bias towards a higher aortic PWV in the CF and JIA group. 
Fourth, our study included adolescents with corrected ASD as controls. 
We included ASD controls because they underwent medical treatment 
and follow-up just like the disease groups, but without any known long- 
term arterial effects. The ASD controls underwent elective surgery early 
in life and had normal cardiac dimensions and function during follow- 
up. Previous studies on the long-term outcome after ASD repair 
showed that these children are not at risk for early arterial changes or 
atherosclerosis [36]. Nonetheless, an additional control group of healthy 
peers could have strengthened our findings. Fifth, some echocardio-
graphic measurements could not be provided for all study participants 
due to impaired echo windows in some adolescents, particularly ado-
lescents with obesity, and due to strict quality control for the LVGLS 
analysis. The lower number of available measurements impacts statis-
tical power. In addition, we were not able to perform myocardial work 
analysis with our GE ultrasound system since the necessary pre- 

echocardiographic blood pressure measurements in the study were not 
performed at time of the echocardiographic examination. Finally, 
studies in adults have established LVGLS and aortic PWV as predictors of 
future cardiovascular events and all-cause mortality [6,24]. Their pre-
dictive value in adolescents may be different. Longitudinal studies are 
needed to assess the predictive value of aortic PWV and LVGLS during 
adolescence for cardiovascular health later in life. 

In conclusion, the CDACD study showed a decreased LVGLS in 
several adolescent chronic disease groups. Whether the decreased 
LVGLS in the adolescent chronic disease groups negatively impacts their 
long-term cardiovascular outcomes remains to be determined, and re-
quires further study. The decreased LVGLS is associated with enhanced 
aortic stiffness in adolescent chronic disease groups, which might reflect 
adverse arterioventricular interaction (Fig. 3). Altogether, our findings 
substantiate the emerging call for tailored cardiovascular follow-up and 
prevention programs in children with chronic disease, to study whether 
atherosclerotic disease and LV dysfunction later in life can be prevented 
[37]. 
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