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Introduction

Turner syndrome (TS) is an X-chromosomal disease that 
occurs approximately in one out of 2,500 to 3,000 female 
newborns (1). 

Girls and women with TS have an increased cardiovascular 
morbidity (2): congenital heart defects such as the bicuspid 
aortic valve or the coarctation of the aorta are frequently 
seen among this cohort (3). TS is also associated with 

multiple cardiovascular and cardiometabolic risk factors 
such as diabetes, lipid anomalies, arterial hypertension and 
excess weight (4). In addition, arterial stiffness, a predictive 
cardiovascular risk marker (5), has been shown to be elevated 
in TS patients (6-9). 

The accumulation of the above-mentioned risk factors, 
which may also promote the arterial stiffening process 
of the small and major vessels, is assumed to increase 
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left ventricular afterload and thus impair left ventricular 
function. Studies could demonstrate that TS patients display 
lower left ventricular function and higher left ventricular 
mass (10,11). However, in a recent study of our group, the 
previously described left ventricular dysfunction could not 
be confirmed through two-dimensional speckle tracking 
echocardiography (2DSTE) (6).

Recently, a new echocardiographic method has been 
introduced allowing the measurement of myocardial work 
and myocardial efficiency through left ventricular pressure-
strain loops (12,13). 

The aim of this study was to investigate whether 
alterations in myocardial work and work efficiency can be 
found in TS patients through left ventricular pressure-
strain loop analysis (PSL) in comparison to conventional left 
ventricular global strain assessment. 

Methods

Ethical statement

This study was a retrospective analysis of prospectively 
collected data and was approved by the Ethics Committee 
of the Ärztekammer des Saarlandes (State Chamber of 
Physicians of the German federal state of Saarland), 
Faktoreistraße 4, 66111 Saarbrücken, Germany, on March 
23rd, 2018; approval statement No. 07/18. This study 
conformed to the standards set by the latest revision of the 
Declaration of Helsinki. Prior written informed consent was 
obtained from all patients or the parents or legal guardians 
of patients under legal age. 

Study population

Thirty-eight TS patients and 19 healthy, age-matched 
controls participated in this study. Study subjects were 
recruited between November 2016 and April 2018. 
TS patients examined for clinical routine inspection at 
the departments of pediatric cardiology and pediatric 
endocrinology of Saarland University Hospital were chosen. 
In addition, external TS patients were included in this study 
through collaboration with the German Turner Syndrome 
Association (Turner-Syndrom-Vereinigung Deutschland 
e.V.). The control group was composed of healthy, age-
matched volunteers and patients with accidental heart 
murmurs in whom cardiac pathologies were ruled out by 
echocardiography and electrocardiography. Body surface 
area (BSA, m2) was assessed according to Mosteller’s  

formula (14). In study subjects <18 years of age, weight 
classification was evaluated according to body mass index 
(BMI, kg/m2) percentiles established by Kromeyer-Hauschild 
et al. (15). In study participants ≥18 years of age, normal 
weight was defined as BMI <25 kg/m2, overweight as BMI 
≥25 kg/m2 but <30 kg/m2 and obesity as BMI ≥30 kg/m2.

Echocardiography

A 2.5–3.5 MHz phased array transducer with a Vivid 9 
ultrasound system (General Electrics Healthcare, Fairfield, 
CT, USA) was applied for the entire echocardiographic 
examination. 

Left ventricular dimensions 
Left ventricular dimensions were obtained through M-Mode 
echocardiography in parasternal long axis view at the tip of 
the mitral valve. Left ventricular borders were evaluated at 
end-diastole (QRS complex in ECG) and end-systole (end of 
T-wave in ECG). The variables listed below were assessed: 
interventricular septum thickness at end-diastole (IVSd, cm), 
interventricular septum thickness at end-systole (IVSs, cm), 
left ventricular internal dimension at end-diastole (LVIDd, 
cm), left ventricular internal dimension at end-systole (LVIDs, 
cm), left ventricular posterior wall thickness at end-diastole 
(LVPWd, cm), left ventricular posterior wall thickness at end-
systole (LVPWs, cm), left ventricular end-diastolic volume 
(EDV, mL), left ventricular end-systolic volume (ESV, mL), 
stroke volume (SV, mL), ejection fraction (EF, %), fractional 
shortening (FS, %), left ventricular end-diastolic mass (LV 
Mass, g). “Z-scores of cardiac structures” were measured 
according to Pettersen et al. for IVSd, IVSs, LVIDd, LVIDs, 
LVPWd and LVPWs (16). EDV, ESV, SV and LV Mass were 
put in relation to BSA. 

End-systolic wall stress 
End-systolic wall stress (ESWS, ×103 dynes/cm2), which 
is considered to reflect left ventricular afterload, was 
calculated according to Wilson et al. using the following 
formula (17,18):

0.3340.98 1 2SBP LVIDs LVPWsESWS
LVPWs LVIDs
× ×  = × × + − 

   
[1]

TS patients with history of coarctation of the aorta or 
prior cardiac surgery were excluded from ESWS analysis. 

Left ventricular systolic deformation 
Left ventricular systolic deformation was evaluated 
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through 2DSTE. Detailed information on methodological 
procedure of 2DSTE has been described in a recent 
publication of our group (6). In short: A constant frame 
rate of 60–90 fps was applied during echocardiographic 
examination of the left ventricle in apical two chamber 
view, apical three chamber view and apical four chamber 
view. We then utilized a separated workstation (EchoPAC 
PC version 202, General Electrics Healthcare) to 
analyse recorded loops offline. The endocardium of the 
left ventricle was marked precisely, and the region of 
interest was adapted to the myocardial thickness. Time 
of end-systole was represented by aortic valve closure. 
The software then generated a GLPS for the apical two 
chamber view (GLPS_A2C, %), the apical three chamber 
view (GLPS_A3C, %) and the apical four chamber view 
(GLPS_A4C, %). In addition, an average (GLPS_AVG, %) 
of the three assessed chamber views (GLPS_A2C, GLPS_
A3C, GLPS_A4C) was determined. TS patients with 
history of coarctation of the aorta or prior cardiac surgery 
were excluded from left ventricular 2DSTE analysis.

Left ventricular myocardial work and efficiency 
To assess left ventricular myocardial work and efficiency, a 
non-invasive pressure-strain loop was generated (PSL). The 
procedure was executed offline through a semi-automatic 
software (EchoPAC PC version 202, General Electrics 
Healthcare). Brachial systolic blood pressure (SBP, mmHg) 
was measured simultaneously during echocardiographic 
examination. Left ventricular strain, which was required 
for PSL composition, was assessed through 2DSTE. 
Time of isovolumic and ejection phase was set manually 
by evaluating mitral and aortic valvular events through 
echocardiography in the apical three chamber view. 

The left ventricular pressure curve generation was 
validated by Russell et al. through invasive cardiac 
catheterization. For the individual non-invasive PSL 
analysis the left ventricular pressure curve of reference is 
then adjusted by modifying its amplitude (SBP) and width 
(valvular events) (13). 

The area within the PSL is considered as an index 
of global myocardial work (mmHg*%) (18). Global 
constructive work (mmHg*%) comprises myocardial work 
leading to myocardial shortening and thus to left ventricular 
ejection (18). Myocardial work that is not leading to left 
ventricular ejection is considered as global wasted work 
(mmHg*%) and includes dyssynchronous muscle fibres 
which are stretching during systole (13,18). 

The rat io :  
  

    
Global ConstructiveWork

Global ConstructiveWork GlobalWasted Work+  i s 
defined as global myocardial work efficiency (%) (18). For 
better comparability of the TS and the control group, 
global myocardial work index, global constructive work and 
global wasted work were indexed to BSA (mmHg*%/m2).  
In addition, TS patients with history of coarctation of the 
aorta or prior cardiac surgery were excluded from PSL 
analysis. Figure 1 illustrates the non-invasive left ventricular 
PSL, myocardial work and myocardial efficiency.

Pulse wave velocity 

Pulse wave velocity (PWV, m/s), a parameter to evaluate 
vascular stiffness, was evaluated non-invasively through 
an oscillometric blood pressure measuring device (Mobil-
O-Graph, I.E.M. GmbH, Stolberg, Germany). Detailed 
information on methodological background has been 
described in a recent publication of our group (6). The 
Mobil-O-Graph has been validated through invasive 
catheter examinations (19). In addition, device specific 
PWV reference values exist for healthy pediatric and adult 
cohorts (20,21). Cuff sizes were chosen according to the 
left upper arm circumference. The PWV analysis was only 
executed after the study participant had been resting for at 
least 5 to 10 minutes in a seated position. 

TS patients with history of coarctation of the aorta or 
prior cardiac surgery were excluded from PWV analysis. 

Figure 2 represents schematically the influence of PWV 
on central hemodynamics. 

Statistical analyses 

For statistical analyses SPSS 24 (Released 2016. IBM SPSS 
Statistics for Windows, Version 24.0. IBM Corp., Armonk, 
NY, USA) was used. The Kolmogorov–Smirnov test was 
utilized to evaluate normality of continuous variables. Data 
are presented as mean ± SD or as median, minimum and 
maximum if not normally distributed. The independent-
samples t-test was applied to compare continuous variables 
with normal distribution. Non-normally distributed 
continuous variables were compared using the Mann-
Whitney U test. For correlation analyses, the Pearson 
correlation was utilized for normally distributed variables 
or the Spearman correlation for non-normally distributed 
variables. A P value <0.05 was considered as statistically 
significant. 
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Figure 2 Schematic illustration of the influence of pulse wave velocity on central hemodynamics. (A) Healthy blood vessel. The periphery 
reflected pulse wave arrives at the end of the forward pulse wave due to a normal pulse wave velocity. The composite of both pulse waves 
leads to a small increase of the augmentation pressure and hence a small increase of the central systolic blood pressure and the left ventricular 
afterload. (B) Stiff blood vessel. An increase in a blood vessel’s arterial stiffness results in a higher pulse wave velocity and therefore an earlier 
arrival of the periphery reflected pulse wave into the forward pulse wave. The composite of both pulse waves leads to a larger increase of 
the augmentation pressure and hence a larger increase of the central systolic blood pressure and the left ventricular afterload. cSBP, central 
systolic blood pressure; AP, augmentation pressure; cPP, central pulse pressure; cDBP, central diastolic blood pressure.
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Figure 1 Non-invasive left ventricular pressure-strain loop, myocardial work and myocardial efficiency. (A) Illustration of the non-invasive left 
ventricular pressure-strain loop. The area within the pressure-strain loop represents the global myocardial work index (%*mmHg). I, mitral 
valve opening; II, mitral valve closure; III, aortic valve opening; IV, aortic valve closure; I–II, diastolic filling; II–III, isovolumic contraction; 
III–IV, ejection; IV–I, isovolumic relaxation. (B) Illustration of the global myocardial work efficiency (%) for single left ventricular segments. (C) 
Illustration of the left ventricular global constructive- and global wasted work (%*mmHg). ANT_SEPT, anteroseptal segment; SEPT, septal 
segment; ANT, anterior segment; INF, inferior segment; LAT, lateral segment; POST, posterior segment.



19Quantitative Imaging in Medicine and Surgery, Vol 10, No 1 January 2020

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(1):15-25 | http://dx.doi.org/10.21037/qims.2019.09.19

Results

Patient characteristics 

The median age was 16.00 years for the TS group and 
16.35 years for the control group. Both groups did not 
differ significantly in age. TS patients were, compared 
to controls, significantly smaller in height (P<0.001) and 
showed a significantly lower BSA (P=0.004). BMI (P=0.025) 
and resting heart rate (P<0.001) were significantly increased 
in the TS group. No significant differences were assessed 
in weight, SBP and DBP between TS patients and control 
subjects. Detailed information on patient characteristics are 
summarized in Table 1. 

Karyotype and cardiovascular morbidity of TS patients

Out of 38 TS patients, 21 (55.3%) displayed a monosomy 
X, 12 (31.6%) a mosaic form of TS, and 2 (5.3%) structural 
chromosomal aberrations. Three (7.9%) TS patients had 
diagnosis of “TS unspecified (Q. 96.9)”.

Overall, 15 (39.5%) TS patients presented with 
congenital heart disease. Ten (26.3%) TS patients were 
diagnosed with bicuspid aortic valve and 2 (5.3%) with 
monocuspid aortic valve. Five (13.2%) TS patients had 
prior diagnosis of coarctation of the aorta. Four (10.5%) 
TS patients displayed partial anomalous pulmonary venous 
drainage and 3 (7.9%) showed dilatation of the ascending 
aorta. Four (10.5%) TS patients underwent prior cardiac 
surgery. Of note, some TS individuals demonstrated 
multiple congenital heart defects. 

Twenty-two (57.9%) TS patients were classified as normal 

weight, 9 (23.7%) as overweight and 7 (18.4%) as obese. 
Five (13.2%) TS patients had arterial hypertension and  
3 (7.9%) showed carbohydrate metabolism disorders. Results 
on karyotype and cardiovascular morbidity of TS patients are 
summarised in Table 2. 

Echocardiography

Left ventricular dimensions 
Compared to controls, TS subjects displayed significantly 
higher values for IVSd Z score (P=0.030). Detailed 
information on left ventricular dimension is summarized in 
Table 3 for both groups. 

End-systolic wall stress
No significant difference was assessed in ESWS between TS 
patients (n=33) and controls (n=19) in regard to different 
parameters indicating left ventricular wall stress (median, 
minimum/maximum: 125.77×103, 91.22×103/187.96×103 
vs.  122.98×103, 103.07×103/156.10×103 dynes/cm2; 
P=0.403). However, within the TS group, overweight 
and obese TS subjects  (n=13) showed,  compared 
to normal weight TS subjects (n=20), significantly 
higher values in ESWS (median, minimum/maximum: 
131.43×103, 111.16×103/187.96×103 vs. 123.68×103, 
91.22×103/172.40×103 dynes/cm2; P=0.006). Figure 3 
visualizes differences in ESWS between normal weight and 
overweight/obese TS subjects. 

Left ventricular systolic deformation
No significant difference in GLPS_A2C, GLPS_A3C, 

Table 1 Patient characteristics

Variables Turner syndrome (n=38) Controls (n=19) P value

Age (years) 16.00 (4.28/44.13) 16.35 (11.14/43.82) 0.236

Height (cm) 148.00 (100.00/163.00) 164.00 (142.00/176.00) <0.001***

Weight (kg) 48.63±20.16 54.69±9.07 0.124

BMI (kg/m2) 22.98±6.27 20.35±2.26 0.025*

BSA (m2) 1.37±0.35 1.57±0.16 0.004**

Heart rate (bpm) 90.08±14.79 73.95±15.05 <0.001***

SBP (mmHg) 119.45±15.51 116.68±8.25 0.384

DBP (mmHg) 73.61±12.69 69.84±9.41 0.258

Mean ± standard deviation is used for normally distributed variables and median (minimum/maximum) for non-normally distributed 
variables; *, P<0.05; **, P≤0.01; ***, P≤0.001. BMI, body mass index; BSA, body surface area; SBP, brachial systolic blood pressure; DBP, 
brachial diastolic blood pressure.
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GLPS_A4C and the subsequently calculated GLPS_AVG 
was found between the TS and the healthy control group. 
Detailed data on measured left ventricular deformation is 
summarized in Table 4 for both groups. 

Left ventricular myocardial work and efficiency 
Using the novel PSL analysis method, TS patients 
achieved, compared to controls, significantly higher values 
in global myocardial work index (BSA) (P=0.027) and 
global constructive work (BSA) (P=0.011). Both groups 
did not show significant differences in global wasted work 
(BSA) and global myocardial work efficiency. Within the 
TS cohort, heart rate correlated significantly with global 
myocardial work index (BSA) (r=0.558, P=0.001) and global 
constructive work (BSA) (r=0.445, P=0.009). Detailed 
results on left ventricular myocardial work and efficiency 
are summarized in Table 4. 

Pulse wave velocity 
Arterial stiffness was non-invasively assessed through PWV 
analysis as described in the methods. Of note, PWV analysis 
was not executed in three control subjects. PWV did not 
differ significantly between TS patients (n=33) and controls 
(n=16) (median, minimum/maximum: 4.80, 3.80/6.90 vs. 
4.75, 3.90/6.50 m/s; P=0.661). Overweight and obese TS 

Table 2 Karyotype and cardiovascular morbidity of Turner 
syndrome patients

Variables Turner syndrome (n=38)

Karyotype, n (%)

45, X0 21 (55.3)

Mosaic form 12 (31.6)

Structural chromosomal aberration 2 (5.3)

Unspecified (Q. 96.9) 3 (7.9)

Congenital heart disease, n (%) 15 (39.5)

Bicuspid aortic valve 10 (26.3)

Monocuspid aortic valve 2 (5.3)

Coarctation of the aorta 5 (13.2)

Partial anomalous pulmonary venous 
drainage

4 (10.5)

Dilatation of the ascending aorta 3 (7.9)

Cardiac surgery, n (%) 4 (10.5)

Weight classification, n (%)

Normal weight 22 (57.9)

Overweight 9 (23.7)

Obese 7 (18.4)

Arterial hypertension, n (%) 5 (13.2)

Carbohydrate metabolism disorders,  
n (%)

3 (7.9)

Table 3 Left ventricular dimensions in Turner syndrome patients and controls

Variables Turner syndrome (n=38) Controls (n=19) P value

IVSd Z score 0.71±0.83 0.13±1.10 0.030*

IVSs Z score 0.40±0.89 −0.05±0.73 0.058

LVIDd Z score −0.52±0.93 −0.33±0.81 0.433

LVIDs Z score −0.31±0.91 −0.13±0.78 0.465

LVPWd Z score 0.79 (−2.19/2.46) 0.94 (−1.88/2.58) 0.933

LVPWs Z score −0.40±0.91 −0.31±0.92 0.727

EDV (BSA) (mL/m2) 58.64±13.95 57.30±11.02 0.717

ESV (BSA) (mL/m2) 18.36 (8.69/33.11) 17.84 (12.62/28.12) 0.813

SV (BSA) (mL/m2) 39.81±9.98 38.34±7.57 0.573

EF (%) 65.50 (54.00/80.00) 67.00 (57.00/76.00) 0.773

FS (%) 35.50 (27.00/49.00) 37.00 (30.00/44.00) 0.684

LV Mass (BSA) (g/m2) 69.31 (43.93/109.73)† 62.60 (47.29/104.53) 0.197

Mean ± standard deviation is used for normally distributed variables and median (minimum/maximum) for non-normally distributed 
variables; *, P<0.05; †, results include 37 patients with Turner syndrome. IVSd, interventricular septum thickness at end-diastole; IVSs, 
interventricular septum thickness at end-systole; LVIDd, left ventricular internal dimension at end-diastole; LVIDs, left ventricular internal 
dimension at end-systole; LVPWd, left ventricular posterior wall thickness at end-diastole; LVPWs, left ventricular posterior wall thickness 
at end-systole; BSA, body surface area; EDV, left ventricular end-diastolic volume; ESV, left ventricular end-systolic volume; SV, stroke 
volume; EF, ejection fraction; FS, fractional shortening, LV mass, left ventricular end-diastolic mass.
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patients (n=13) tended to have, compared to normal weight 
TS subjects (n=20), higher values for PWV (mean ± SD: 
5.06±0.41 vs. 4.75±0.73 m/s; P=0.174). Within the TS 
cohort, PWV correlated significantly with ESWS (r=0.582, 
P<0.001).

Discussion

Increased myocardial work in TS patients

To the best of our knowledge, this is the first study that 
applies the novel PSL analysis method in patients with 
TS. Compared to controls, TS patients demonstrated 
a significantly higher myocardial workload according 

to global myocardial work index (BSA) and global 
constructive work (BSA) which were assessed through PSL 
analysis. 

The elevated myocardial work, observed in the TS 
cohort, might be primarily explained by the cumulative 
overall cardiovascular morbidity linked with TS (2-4,6-8)  
which leads to increased left ventricular afterload and 
possible functional myocardial impairment.

In a recent publication of our group, we were able to 
demonstrate signs of significantly increased arterial stiffness 
in TS patients by means of abdominal aortic 2DST (6). 
In this study, we evaluated arterial stiffness only through 
oscillometric PWV which is a validated non-invasive 
method (19). However, no significant differences in arterial 
stiffness were found between both groups by means of the 
oscillometric PWV method used. This may be explained 
by the relatively young age of the population studied. In 
addition, oscillometric PWV analysis may not be sensitive 
enough to detect early manifestations of arterial stiffening 
in young age.

Previous studies have shown that excess weight 
negatively affects arterial stiffness (22,23). In this study, 
PWV tended to be higher in overweight and obese TS 
subjects, compared to normal weight TS subjects. In 
addition, we were able to demonstrate that overweight 
and obese TS subjects showed significantly higher ESWS 
when compared to normal weight TS subjects (Figure 3). 
Interestingly, PWV correlated significantly with ESWS 
within the TS cohort. These results might suggest that 

Table 4 Left ventricular deformation, myocardial work and myocardial efficiency in Turner syndrome patients and controls

Variables Turner syndrome (n=33) Controls (n=19) P value

GLPS_A2C (%) 20.70 (5.80/29.90) 20.70 (15.10/23.80) 0.690

GLPS_A3C (%) 19.34±3.40 19.91±2.48 0.531

GLPS_A4C (%) 20.10±2.70 19.73±2.29 0.617

GLPS_AVG (%) 20.20 (10.20/31.00) 19.60 (15.00/22.40) 0.524

GWI (BSA) (mmHg*%/m2) 1,497±505 1,214±245 0.027*

GCW (BSA) (mmHg*%/m2) 1,611 (440/3,758) 1,313 (963/1,815) 0.011*

GWW (BSA) (mmHg*%/m2) 57.07 (19.74/321.17) 50.80 (16.64/135.34) 0.812

GWE (%) 96.00 (77.00/99.00) 96.00 (92.00/97.00) 0.757

Mean ± standard deviation is used for normally distributed variables and median (minimum/maximum) for non-normally distributed 
variables; *, P<0.05; GLPS_A2C, global peak systolic strain apical two chamber view; GLPS_A3C, global peak systolic strain apical three 
chamber view; GLPS_A4C, global peak systolic strain apical four chamber view; GLPS_AVG, averaged global peak systolic strain; GWI, 
global myocardial work index; GCW, global constructive work; GWW, global wasted work; GWE, global myocardial work efficiency; BSA, 
body surface area.
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left ventricular afterload is higher in overweight and obese 
TS patients secondary to an increased arterial stiffness. 
We therefore assume that TS patients with excess weight 
display an even higher cardiovascular risk when compared 
to normal weight TS patients.  Consequently,  the 
promotion of a healthy lifestyle is crucial in cardiovascular 
risk management of TS.

Effects of heart rate on myocardial work in TS patients 
TS is linked with an elevated resting heart rate, presumably 
caused by a sympathetic dysregulation (10,24,25). The 
examined TS subjects in this study demonstrated, 
compared to healthy, age-matched controls, significantly 
increased values for resting heart rate. Interestingly, higher 
values for resting heart rate were closely associated with 
increased myocardial work within the TS group. Opdahl 
et al. demonstrated that an increase in resting heart rate is 
related to left ventricular dysfunction and an elevated risk 
of developing heart failure (26). A permanent increase in 
resting heart rate is accompanied by higher myocardial 
oxygen demand which possibly promotes the process of 
left ventricular remodelling (26). These results might 
suggest the use of resting heart rate as risk stratification 
for left ventricular dysfunction within the TS cohort 
possibly leading to an earlier therapeutic pharmacological 
intervention in at-risk patients to prevent further 
cardiovascular morbidities. Further studies are required to 
investigate whether heart rate lowering medications (e.g., 
beta-blockers or funny channel inhibitors) might reduce 
myocardial work in TS patients.

GLPS vs. PSL 
Interestingly, left ventricular GLPS was not significantly 
altered between TS patients and healthy controls. These 
results might be due to the fact that GLPS is a load 
dependent parameter (18). Through PSL construction, 
however, left ventricular afterload is considered in the left 
ventricular function analysis (18). In patients with increased 
left ventricular afterload, the myocardium must apply more 
work to maintain left ventricular systolic function, which 
is conventionally measured by EF and GLPS (18). In this 
case, the global myocardial work index would be increased 
while the GLPS would still seem to be unchanged (18). 
In the long-term, however, a permanently raised global 
myocardial work index might result in left ventricular 
remodelling and left ventricular dysfunction (18). According 
to our preliminary results, myocardial work and efficiency 
parameters assessed by means of the recently developed 

PSL analysis method may help to identify patients at risk 
of left ventricular remodelling and left ventricular systolic 
dysfunction even before abnormalities in GLPS can be 
detected.

Myocardial efficiency measured by global myocardial 
work efficiency did not differ significantly between TS 
patients and controls. The global myocardial work efficiency 
is mainly reduced by a relative increase in global wasted 
work compared to global constructive work. Global wasted 
work, however, has been shown to be primarily elevated in 
patients displaying heart rhythm disorders (e.g., left bundle 
branch block) leading to dyssynchronous movements 
of single myocardial segments (13). In this study, no 
significant differences in global wasted work (BSA) and 
global myocardial work efficiency were assessed between 
TS patients and controls. Since none of the examined TS 
patients presented with significant arrythmia, left bundle 
branch block or advanced heart failure, these results seem 
to be plausible. However, TS has been described to be 
associated with heart rhythm disorders (27-29). Further 
studies will have to investigate whether TS patients 
displaying heart rhythm disorders also show abnormalities 
in global wasted work and hence global myocardial work 
efficiency.

Limitations

Study population 
This study was a cross-sectional single-center study. 
Taking into consideration the low prevalence of TS in 
the general population, the TS sample size applied in this 
study was relatively high. However, due to the heterogenic 
cardiovascular morbidity of the TS cohort studied, the 
effects of single cardiovascular risk factors on left ventricular 
function are still speculative. By establishing longitudinal 
multi-center studies, that include larger TS cohorts, the 
cardiovascular pathophysiology of TS could be better 
evaluated.

Moreover, the examined TS cohort consisted of relatively 
young study participants. It therefore remains unclear 
whether TS patients develop more advanced left ventricular 
systolic dysfunction later in life and whether PSL analysis 
might be beneficial for risk stratification. 

PSL and speckle tracking echocardiography 
PSL construction is dependent on visual determination of 
valve opening and closure time in the apical three chamber 
view. In the present study, we used a relatively low frame 
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rate of 60–90 fps. To adequately determine short time 
intervals (e.g., isovolumetric contraction period), higher 
frame rates might be required. Especially in patients with 
elevated heart rates, the precise visual assessment of short 
time intervals through valve motion is difficult. An increase 
in frame rate, however, might result in less accurate tracking 
of myocardial speckles and therefore in lower quality strain 
assessment and calculation. The determination of short 
time intervals through Doppler echocardiography might 
be a possible solution to assess isovolumetric time intervals 
more precisely. In addition, the accuracy of 2DSTE is 
dependent on the sonographic window and on heart rate. 
Excess weight, which often leads to reduced image quality, 
as well as an elevated heart rate, impair myocardial speckle 
tracking which might result in imprecise strain values. 

Pulse wave velocity 
In this study, PWV was assessed non-invasively through 
the validated oscillometric Mobil-O-Graph device. In 
comparison to other similar non-invasive PWV measuring 
devices, the Mobil-O-Graph is reported to underestimate 
PWV values (30). Therefore, the PWV values received in 
this study might be device specific and not entirely applicable 
with other non-invasive PWV measuring devices (30).

Conclusions

In this study, TS patients showed signs of increased 
myocardial workload that were only detectable by means 
of the novel PSL analysis method and not through 
conventional GLPS. In addition, elevated resting heart 
rate was linked with increased myocardial workload in 
TS subjects. The changes in myocardial work might 
be interpreted as an adaptative remodelling of the left 
ventricular myocardium in response to an abnormal left 
ventricular afterload and to structural as well as functional 
vascular impairments in TS patients. 

Further studies will have to investigate whether 
TS patients develop advanced left ventricular systolic 
dysfunction later in life and whether PSL analysis might be 
beneficial for risk stratification in these patients. Moreover, 
the possible influence of interventional therapeutic 
medications on lowering heart rate and myocardial work in 
TS should be evaluated in future studies.
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