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Abstract
Our principal aim was to describe functional changes in dilated left atrium (LA) of children by using new applications of 
LA strain. We studied 66 patients (age range 0.2–22 years) consisting of 33 with LA enlargement. We utilized speckle-
tracking imaging for assessment LA longitudinal strain (S) and longitudinal displacement (D). S–D loops were generated 
by plotting S and D data along Y and X axes, respectively. We also measured noninvasive LA stiffness index, = E∕e�

LA peak strain
 

(%−1). Peak S in controls was 51.16 ± 19.45% versus 23.16 ± 13.66% in dilated LA (p < 0.0001). S–D loops in dilated LA 
group were significantly smaller compared to controls (2.62 ± 2.88 units vs. 5.24 ± 4.00 units, p < 0.01). Noninvasive LA 
stiffness index was higher in dilated LA group (0.77 ± 0.63%−1 vs. 0.17 ± 0.07%−1, p < 0.0001). A cut-off LA stiffness value 
of 0.25%−1 was found to maximize sensitivity and specificity (84.0% and 84.85%, respectively). Children with enlarged LA 
demonstrate decreased peak S, abnormal S–D loops and increased LA stiffness, providing a newer insight into LA function. 
Evaluation of LA mechanics may be applied in future as a surrogate for left ventricular filling parameters.
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Abbreviations
STE	� Speckle tracking echocardiography
LA	� Left atrium
LV	� Left ventricle
DICOM	� Digital imaging and communications in 

medicine

Introduction

In adults, there is strong evidence that left atrial (LA) 
enlargement measured by echocardiography is a robust pre-
dictor of various cardiovascular outcomes [1, 2]. Numerous 
studies in adults have also evaluated left atrial physiology 
and function and correlated them with clinical conditions 

like heart failure and cardiomyopathies. However, in the 
pediatric population the LA represents the “forgotten” cham-
ber of the heart and noninvasive studies on LA physiology 
and function in children are quite limited.

Studies of LA physiology have revealed a three-phase 
cycle, characterized by reservoir, conduit, and booster pump 
functions [3]. Noninvasive evaluation of LA physiology has 
been difficult in the past due to technical constraints and 
has been studied infrequently in children. However, with 
the advent of speckle-tracking echocardiography (STE), it 
is now possible to analyze some of these physiologic phases 
by quantifying LA deformation over the course of the entire 
cardiac cycle from a single beat. STE can generate both 
strain and displacement data from the same heart beat and 
may be useful in simultaneous assessment of regional and 
global myocardial deformation of a cardiac chamber. The 
longitudinal displacement of the LA wall indicates move-
ment of the atrial wall away from or towards the centroid 
of the LA and may be considered as a surrogate for vol-
ume change. These parameters have been studied in various 
diseases in adults. Notably, in aortic stenosis longitudinal 
strain was noted to increase, while longitudinal displace-
ment was noted to decrease from base to apex of the LV [4]. 
Based on these findings, we were enticed by the feasibility 
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of describing a strain–displacement (S–D) relationship in 
children with dilated LA in various diseased states.

In adults, the E/e′ ratio has been evaluated as a non-
invasive marker for increased LV stiffness [5] and recent 
guidelines published by the American Society of Echocar-
diography (ASE) for evaluation of diastolic dysfunction in 
adults, define an E/e′ greater than 14 as being one of the 
key variables among others [6]. In contrast, in the pediatric 
population, the ASE diagnostic algorithms are not as reli-
able [7]. It is possible that in order to improve diagnostic 
accuracy of E/e′ ratio in children, further refinement of this 
ratio is needed. Recent studies have proposed LA stiffness as 
a potential surrogate for measuring LV diastolic function in 
adults [8]. The stiffness of left atrial myocardium is derived 
from the slope of the pressure-strain relationship [9]. Using 
this concept, Kurt et al. proposed that LA stiffness can be 
measured invasively as the ratio of the pulmonary capillary 
wedge pressure (PCWP) and peak LA strain. Kurt et al. also 
proposed a noninvasive method of measuring LA stiffness, 
where E/e′ was used in lieu of PCWP [8],

However, these parameters of LA stiffness are yet to be 
studied in children. We speculate that by correcting E/e′ with 
LA strain, noninvasive LA stiffness may improve the accu-
racy of E/e′ when applied for assessment of LV filling pres-
sures in children and overcome the shortcoming of simply 
using E/e′.

The objective of our study is to characterize LA func-
tion throughout a single cardiac cycle in both normal and 
diseased states, using strain imaging and the strain–displace-
ment relationship. We also wish to assess LA stiffness in the 
setting of normal and diseased LA. We hypothesize, that 
evaluation of LA strain in combination with LA displace-
ment measured simultaneously during the same cardiac 
cycle, may provide useful insight into the function of both 
the normal and failing LA. We also propose that increased 
LA stiffness measured by a noninvasive technique may 
reflect increased LV filling pressures.

Methods

Patient population

For this retrospective study, normal subjects were recruited 
from children undergoing echocardiography for routine 
indications such as non-cardiac chest pain, benign syncope 
and benign heart murmurs. These patients had structur-
ally and functionally normal hearts and were included in 
the control group. Due to the low incidence in the pediatric 

Noninvasive LA stiffness =
E∕e�

Peak average LA strain

(

%−1
)

.

population, LA dilatation resulting from any etiology was 
accepted (“all comers” with LA dilatation), (Table 2). For 
defining LA dilatation, we followed the classification pro-
posed by the Joint Writing Group of the American Society 
of Echocardiography (ASE) and European Association of 
Cardiovascular Imaging. Indexed LA volume was measured 
by area-length method from biplane two-dimensional echo-
cardiography (2DE), (mild dilatation = 35–41 ml/m2, moder-
ate = 42–48 ml/m2, severe = ≥ 48 ml/m2) [10]. Demographic 
data were obtained from review of charts. This study was 
approved by the Institutional Review Board of the Children’s 
Hospital of Philadelphia.

Echocardiographic studies

All echocardiographic studies were performed on Philips 
iE33 ultrasound machines (Philips Medical Systems, And-
over, MA) and only those 2DE images acquired at frame 
rates > 60 Hz, were accepted for further analyses. Mitral 
inflow Doppler and mitral annular tissue Doppler velocities 
were derived from the septal and lateral sides of the mitral 
valve annulus and were averaged (e′). All patients were 
in sinus rhythm and patients under 6 months of age were 
excluded due to fusion of tissue-velocity e′ and a′ waves. 
We also excluded patients with mitral stenoses from analysis 
of LA stiffness, due to the presence of disproportionately 
high E waves in the latter group. None of the patients had 
undergone any cardiac surgery. To be consistent with pre-
vious studies, left ventricular end-diastole at the onset of 
QRS complex was defined as the starting point of the atrial 
cardiac cycle.

Strain imaging

Speckle tracking echocardiography (STE)

Digital imaging and communications in medicine (DICOM) 
clips of the 2DE apical four-chamber view were uploaded 
to a vendor-independent STE software (2D Cardiac Perfor-
mance Analysis, TomTec Imaging Systems, version 1.1.3, 
Munich, Germany) for tracing the LA endocardial border. 
The TomTec LV software was utilized for measuring LA 
strain (due to lack of a dedicated LA software in the version 
of 2D Cardiac Performance Analysis used in this study). 
The LA tracing for strain was terminated 0.5 cm above the 
atrioventricular junction, to avoid influence of mitral annular 
motion. The entire LA wall and atrial septum was divided 
into six segments by the software. The software also gener-
ated longitudinal strain and longitudinal displacement data 
and corresponding waveforms from each segment from 
the same heart beat (Fig. 1). The averages of peak global 
strain and displacement values were used. By convention, 
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displacement away from the centroid of the cardiac chamber 
is indicated by negative values.

Construction of strain–displacement loops

The S–D loops were generated by plotting LA longitudi-
nal strain along the y-axis versus longitudinal displacement 
along the x-axis. The purpose of constructing the S–D loop 
was to gain insight into all three phases of LA function from 
a single loop. To account for differences in the size of the 
LA between children of different ages, the longitudinal dis-
placement was indexed by body surface area. In a second 
method, longitudinal displacement was indexed by dividing 
it with the largest LA dimension, as described previously by 
our group [11, 12]. The area enclosed by the S–D loop was 
calculated by dividing it into mini trapezoids, with the area 
of the loop equaling the sum of the areas of these trapezoids. 
This is known as the “trapezoidal area of polygon” formula 
and described as the sum of [x(i + 1) − x(i)][y(i) + y(i + 1)]/2 
for i points of a polygon, where x(1), y(1) = x(i + 1), y(i + 1) 
[13]. The unit for this measurement is %.mm/cm and is sim-
ply referred to as unit in this paper.

Noninvasive measure of LA stiffness

LA stiffness index was calculated from the following for-
mula, to derive a dimensionless parameter: The E/e′ ratio 
was used in lieu of LA pressure to calculate LA stiffness 
noninvasively, as suggested by Kurt et al. [8].

Cardiac catheterization data

We recorded PCWP measurements from the subset of 
patients that underwent diagnostic catheterization within 3 
months of their echocardiograms. From these data corre-
lations between noninvasive LA stiffness and PCWP were 
performed.

Statistical analysis

Continuous variables were reported as mean ± standard 
deviation (SD). Since the data were normally distributed, 

LA stiffness index =
E∕e�

LA peak strain

(

%−1
)
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Fig. 1   Left atrial S–D loop was generated by plotting the LA longi-
tudinal strain along the Y-axis and indexed longitudinal displacement 
along the X-axis. This results in a characteristic counter-clockwise, 
elliptical loop, starting with the mitral valve closure (MVC). The 
S–D loop was constituted by reservoir, conduit and contractile phases 

of LA function. The reservoir phase continues from MVC to mitral 
valve opening (MVO), after which starts the conduit phase, followed 
by a brief contractile phase. The contractile phase in children is not as 
pronounced as in adults and is not well detected in the wave forms, as 
it does not produce a distinct incisura
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comparisons between two variables were performed using 
Student’s t test. Statistical analysis was performed using 
commercially available Stata software (StataCorp. 2011. 
Stata Statistical Software: Release 12. College Station, TX: 
StataCorp LP). Inter-observer and intra-observer analysis 
was assessed by intra-class correlation coefficients (ICC).

For generating cut-off values of LA stiffness, a receiver 
operator characteristic (ROC) curve was derived by plotting 
the sensitivity against 1-specificity. The area under curve 
(AUC) was calculated to assess the ability of LA stiffness to 
differentiate control patients from those with diseased states. 
A cut-off value was selected to maximize both sensitivity 
and specificity.

Results

Population demographics

A total of 66 patients were included in this study and clinical 
data are depicted in Table 1. LV ejection fraction was rela-
tively preserved in the dilated LA group. LA enlargement 
was due to a number of etiologies, as described in Table 2. 
Of the patients with LA dilatation, 18% were classified as 
mild, 48% as moderate, and 33% as severe.

LA function

LA peak longitudinal strain differed significantly between 
the normal and dilated LA groups, with normal chil-
dren demonstrating a mean peak longitudinal strain of 
51.16 ± 19.45% compared to 23.16 ± 13.66% in the dilated 

group, p < 0.0001 (Table 3). The S–D loop had a char-
acteristic elliptical shape and counterclockwise rotation, 
and was reflective of the reservoir, conduit, and contrac-
tile phases of LA function (Fig. 1). The reservoir phase 
began with MVC and continued until mitral valve opened 
(MVO). The conduit phase began at MVO and was fol-
lowed by a brief contractile (booster pump) phase. The 
contractile phase in children is not as pronounced as in 
adults and was not well detected in both the wave forms 
due to lack of a distinct incisura.

The S–D loop also showed a second distinctive pattern, 
labeled as the “figure-of-eight” pattern (Fig. 2). This pat-
tern was noted in a subset of patients in both control group 
(42%) and dilated LA group (36%). In the figure-of eight 
group, the longitudinal displacement ended 67 ± 23 ms 
earlier than in the elliptical group. The implications of 
these two types of loops will be discussed later.

Notable differences emerged when S–D loops from 
normal children were compared to those with dilated LA 
due to diseased states. The S–D loops in diseased patients 
with a dilated LA were significantly smaller in size com-
pared with normals (Fig. 2). The average area enclosed 
by the S–D loop differed significantly between the normal 
and dilated LA groups (5.24 ± 4.00 vs. 2.62 ± 2.88 units, 
p < 0.01) as shown in Fig. 3.

Noninvasive LA stiffness index was also signifi-
cantly different between the normal and diseased groups 
(Table 3). To evaluate its role as a potential tool for dif-
ferentiating these two groups, ROC curves were gener-
ated with resultant AUC of 0.89 (95% confidence inter-
val 0.80–0.98), (Fig. 4). A LA stiffness cut-off value of 
0.25%−1 was found to maximize sensitivity and specificity 
for differentiating patients with dilated LA from normal 
controls, with values of 84.0% and 84.8%, respectively.

Cardiac catheterization data were available in 15 
patients in the dilated LA group and showed a statisti-
cally significant curvilinear relationship between PCWP 
and noninvasive LA stiffness. An exponential relation pro-
vided the best fit for the data (r = 0.78, p < 0.01, Fig. 5).

Table 1   Demographic, clinical, and echocardiographic characteristics

BSA body surface area, LVIDd LV internal dimension in diastole, 
LVED LV end diastolic, Average e′ average of lateral and septal tissue 
Doppler imaging e′, LVEF LV ejection fraction, LVSF LV shortening 
fraction
Data are expressed as mean ± standard deviation

Control
n = 33

Dilated LA
n = 33

p Value

Age (y) 11.46 ± 13.00 10.55 ± 6.98
Male 16 (48%) 15 (45%)
Mitral E (m/s) 1.04 ± 0.22 1.37 ± 0.62 0.006
Average e′ (m/s) 0.14 ± 0.02 0.10 ± 0.03 < 0.001
E/e′ ratio 7.55 ± 2.22 11.20 ± 4.62 0.001
E/A ratio 2.04 ± 0.68 2.06 ± 0.78 0.95
LVEF (%) 63.63 ± 7.25 55.55 ± 15.46 0.01
LVSF (%) 38.12 ± 4.90 32.63 ± 10.34 0.01
LV longitudinal strain (%) − 20.40 ± 3.57 − 17.39 ± 5.81 0.01

Table 2   Etiology of left atrial dilatation

Etiology of LA dilatation Number of 
patients
(n = 33)

Mitral valve regurgitation 12
Mitral valve stenosis 2
Dilated cardiomyopathy 5
Left-to-right shunt 5
Restrictive cardiomyopathy 4
Hypertrophic cardiomyopathy 5
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Intra‑observer and inter‑observer variability

ICC coefficient of 0.82 was calculated for serial measure-
ments of LA strain. Similarly, inter-observer variability 
was assessed by two investigators. For inter-observer vari-
ability, ICC coefficient of 0.85 was calculated, indicating 
good agreement between the two observers.

Discussion

This pilot study provides a new approach for evaluating LA 
mechanics in normal and diseased states in children. To our 
knowledge, this is the first study in children that describes the 
concept of S–D loops and LA stiffness index, in both nor-
mal and diseased states of the LA. The S–D loop reflects all 
three phases of LA cycle measured from a single beat. Those 
patients with enlarged LA demonstrate decreased longitudinal 
strain, small S–D loops and an increased LA stiffness index.

Left atrial function

Measurement of LA strain represents an exciting new tool 
in the assessment of LA physiology that was not available 

Table 3   Left atrial data Control Dilated LA p Value

LA peak longitudinal strain (%) 51.16 ± 19.45 23.16 ± 13.66 < 0.0001
LA S–D loop area (units) 5.24 ± 4.00 2.62 ± 2.88 < 0.01
Noninvasive LA stiffness index (%−1) 0.17 ± 0.07 0.77 ± 0.63 < 0.0001
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in the past. Our data demonstrate a significant difference 
in the magnitudes of LA strain between control and dis-
eased states. This preliminary study may provide a basis 
for newer studies assessing the role of the LA in cardiac 
dysfunction in the pediatric population.

LA strain–displacement loops

A new physiologic approach of this study was the construc-
tion of characteristic LA S–D loops with turning points cor-
responding to mitral valve closing and opening (Figs. 1, 2). 
Strain represents local deformation of a small myocardial 
segment, whereas, displacement evaluates the movement of 
the whole-chamber. The S–D loops may serve as a helpful 
index comparing atrial segmental deformation against the 
overall movement of the atrial wall and may provide a useful 
“composite view” of atrial filling (reservoir phase) and emp-
tying (conduit + contractile phases). The concept of simulta-
neous measurement of longitudinal strain and displacement 
has been applied in adults with constrictive pericarditis [14], 
right ventricular pressure overload [15, 16] and in the evalu-
ation of carotid artery stiffness [17]. Longitudinal strain and 
displacement have been used to describe the elasticity of 
the dilated aorta. Elasticity of the aorta incorporates both 
the property of dilating and the property of recoiling to its 
initial shape [18]. Similarly, the atrial strain–displacement 
relationship may provide indirect evidence of the elasticity 
of the atrial tissue. We also speculate that during the conduit 
phase (when mitral valve remains open), the LA S–D loop 
may also reflect LV diastolic stiffness. We have applied the 
concept of S–D relationship in the right atrium of children 
with primary pulmonary hypertension, where it was able to 
identify patients who are at risk for future adverse outcomes 
associated with right ventricular failure [12].

Based on the present study we speculate that the reduced 
area of the S–D loop may provide a visual display of the 
decreased elasticity of the stretched atrial tissue in a dilated 
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Fig. 5   Receiver operating 
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interval 0.8–0.98). LA stiffness 
cut-off value of 0.25%−1 was 
found to maximize sensitivity 
and specificity with values of 
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LA (Fig. 3). However, this is a pilot study that aimed to 
show the feasibility of constructing S–D loops in normal 
and dilated LA. To transfer this physiologic data to clinical 
data, would clearly require further studies of S–D loops in 
different disease states.

The S–D loops in ours study had two different shapes: 
(1) elliptical or (2) figure-of-eight. The exact mechanisms 
that produce these different patterns are not clear from our 
study. We speculate that the elliptical pattern was created by 
synchronized decrease in both strain and displacement, after 
the opening of the mitral valve. In contrast, the figure-of-
eight pattern may be the consequence of slower decrease in 
longitudinal strain after MVO. In this group, we also noted 
that the longitudinal displacement ended earlier and the dis-
placement curve became quiescent for a brief period prior 
to MVO. There may be other factors that may play a role 
in generating the figure-of-eight loop. The end result is a 
descending limb of the loop that is less steep and crosses the 
ascending limb to produce a figure-of-eight pattern. Due to a 
limited number of patients in each sub-group, more detailed 
sub-group analysis of these loops, regarding age, size of the 
LA etc. was not feasible. However, since this pattern was 
noted in a sizeable number of patients in the control group, 
we can merely speculate that that the figure-of-eight pattern 
may represent a normal variant. LA pressure volume-loops 
generated by invasive instrumentation in the normal canine 
model, also have a figure-of-eight appearance [19]. In nor-
mal children, during the construction of torsion–displace-
ment loops we have also noted such figure-of eight patterns 
during untwisting of the LV [20].

Role of LA stiffness

Studies in adults have depicted an inverse correlation 
between LA strain and mean wedge pressure obtained by 
catheterization [21]. In our limited subgroup analysis, we 
found a good correlation between the new concept of non-
invasive LA stiffness and PCWP. Moreover, the curvilinear 
relationship made prudent physiologic sense, suggesting that 
LA stiffness increases more steeply at very high LV filling 
pressures.

Over more than 15 years, E/e′ ratio has been used suc-
cessfully in adults as one of the important noninvasive indi-
ces among others, for predicting LV filling pressures. The 
most recent guidelines published by the ASE, suggest a cut-
off value of E/e′ ratio of > 14 be used as one of the criteria to 
accurately predict elevated LA pressures (Grade III diastolic 
dysfunction) [6].

However, the E/e′ ratio is not as reliable in children with 
LV diastolic dysfunction as it is in adults. In fact, in children 
with various types of cardiomyopathies criteria for diastolic 
dysfunction were discrepant in a majority of patients and 
half of the patients exhibited E/e′ values that were within the 

normal range for age [7]. In the pediatric age group, the E/e′ 
ratio showed significant overlap between normal patients 
and those with established diagnoses of dilated, hypertrophic 
and restrictive cardiomyopathies. While recent data have 
established normal values for tissue Doppler parameters in 
healthy children [22, 23], no consensus has yet been reached 
on which values indicate elevated LV filling pressures.

The adult progression of diastolic dysfunction proceeds 
through a continuum, characterized by delayed relaxation, 
followed by a pseudo-normal filling pattern and, thereafter, 
transitioning to a restrictive filling pattern. Progression of 
these pathophysiologic changes may be captured at each 
stage by established echocardiographic criteria in adults 
[24]. However, the diagnosis and progression of diastolic 
dysfunction in children using these adult ASE guidelines 
remain poorly defined, for example, E/A wave reversal 
is quite infrequent in children with established diastolic 
dysfunction.

To aid in quantifying elevated LV filling pressures in 
the pediatric population, we propose the use of LA stiff-
ness index as an additive parameter which may improve the 
accuracy of E/e′ ratio when applied in children. In adults, 
E/e′ has been used in lieu of LA pressure to calculate LA 
stiffness [8] and we have borrowed this concept and the term 
from our adult counterparts. At the same time, we are aware 
of the shortcomings of applying E/e′ in children. Therefore, 
our goals were more modest compared to studies performed 
in adults. In this study, we wished to improve the usefulness 
of E/e′ by combining it with peak LA strain and create a 
new index (LA stiffness) that may have incremental value 
over E/e′. In our study, the LA stiffness index demonstrated 
a distinct cutoff value (0.25%−1), in the diseased group with 
good sensitivity and specificity. It is true that measurement 
of LA stiffness is not necessary for diagnosing LA enlarge-
ment. However, increase in LA size and LA stiffness may go 
hand in hand in response to increased LV filling pressures. 
Increase LA stiffness may detect increase in LV filling pres-
sures (Fig. 6).

In adults suffering from heart failure with preserved ejec-
tion fraction (HFpEF), LA dilatation is often considered 
a hallmark of LV diastolic dysfunction [25]. We wish to 
point out that we have used the model of a dilated LA to 
serve as surrogate for impaired atrio-ventricular coupling, 
in conditions where LV systolic function is preserved. Our 
description of LA stiffness was intended to describe a new 
physiologic parameter that could be applied in the clinical 
arena in the future. It is our hope that future studies will be 
pursued in children to validate this new concept in a wider 
spectrum of cardiac conditions, like in different types of 
cardiomyopathies that result in significantly elevated LV 
filling pressures. Invasive validation of LA stiffness using 
catheterization data, was not a primary goal of this study 
as this is a retrospective study and we were aware that 
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diagnostic catheterization data would not be available in all 
our patients. Therefore, we have simply reported the PCWP 
data that were available in a subset of patients.

Study limitations

We used “all comers” for patient recruitment since the inci-
dence of LA dilatation is much less in children compared to 
adults, even at a large tertiary, pediatric cardiac center. This 
is an inherent limitation of performing research in children. 
Due to this shortcoming, the patients with enlarged LA form 
a heterogeneous group of patients. Since this is a prelimi-
nary study, it was important to include as many patients with 
LA enlargement as possible. Longitudinal studies may shed 
additional light on the changes in S–D loops measured in 
the same patient over time. The small sample size of each 
subset of patients, precluded further sub-group analysis 
e.g. etiological differences, pressure- vs. volume-overload 
or between age groups. The current trend of performing 
limited number of diagnostic catheterizations in children, 
is reflected in our LA stiffness-PCWP analysis, where only 
small number of patients in whom LA stiffness was evalu-
ated, also had catheterization data.

In adult studies, LA reservoir, conduit and pump func-
tions have been reported using various parts of the LA 
strain curve. In adults, the LA reservoir function has been 
calculated typically from peak LA strain, which was also 
measured in our study. However, we chose not to calculate 
conduit or booster pump functions due to lack of a dis-
tinct incisura on the strain curve of children that depicted 
the onset of the pump function. Finally, measurements of 
LA stiffness and construction of S–D loops represent new 
advancements in assessing atrial mechanics. Future studies 
are needed to further validate our preliminary observations.

Clinical implications

The mathematical calculations for measuring these indices 
can be incorporated into calculation packages of commer-
cial echocardiography machines. Automation of S–D loops 
and stiffness indices into commercial ultrasound machines 
may encourage more use of these indices in busy clinical 
settings and not limit them to the research arena only. In 
adults along with E/e′ ratio, dilatation of the LA maxi-
mal volume is also a key variable utilized in identifying 
diastolic dysfunction [6, 25]. However, the measurement 
of LA volume is not as prevalent in pediatric cardiology. 
Nevertheless, dilatation of the LA should be considered 
an important characteristic of diastolic dysfunction. Using 
the dilated LA as an indirect consequence of diastolic dys-
function, we have proposed the use of S–D loops and LA 
stiffness to serve as additional variables for detecting dias-
tolic dysfunction in children.

Conclusions

Simultaneous measurement of LA longitudinal strain and 
displacement from the same cardiac cycle, may provide 
a new insight into LA mechanics. Increased LA stiffness 
index > 0.25%1 may suggest increased LV filling pres-
sures. Evaluation of LA mechanics may serve as an indirect 
method of evaluating LV filling parameters in children.
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Fig. 6   Correlation between 
PCWP and LA stiffness. 
An exponential relationship 
provided the best fit for the 
data and showed a statistically 
significant curvilinear relation-
ship between the two variables 
(r = 0.78, p < 0.01). The LA 
stiffness increased dramatically 
at higher PCWP
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