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Abstract

Speckle-tracking echocardiography is increasingly utilized to assess strain in a variety of 

pathologies. Strain measurements have demonstrated utility following heart-transplant (HTx) and 

may aid in the detection of rejection and cardiac allograft vasculopathy (CAV). Strain parameters 

have not been well defined in the pediatric HTx population. This study aimed to describe strain in 

pediatric HTx recipients compared to controls and assess changes over time. All pediatric HTx 

recipients with available echocardiograms (2004–2015) without rejection or CAV were identified. 

Longitudinal and circumferential strain were measured at <1 month, 1-year, 3-years, and 5-years 

post-transplant and compared to controls. A total of 218 echocardiograms were analyzed in 79 

HTx recipients. At <1 month post-transplant, there was significant decrement in longitudinal strain 

(GLS −14.6 vs. −19.2,p<0.001) with concurrent augmentation of circumferential strain (GCS 

−27.3 vs. −24.3,p=0.005). By 1-year post-HTx, all strain parameters normalized and were not 

significantly different from the control population. In the absence of graft complications, strain 

parameters did not change up to 5-years post-transplant. Abnormal longitudinal strain parameters 

are present in the early post-HTx period with a compensatory increase in circumferential strain. 

These changes normalize by 1-year post-transplant and do not change over time in the absence of 

graft complications.

Introduction

Two-dimensional speckle tracking echocardiography (STE) is an emerging technology that 

provides an angle-independent measure of myocardial deformation1,2. Through the 

calculation of myocardial strain and strain rate, deformation imaging allows for a more 

direct quantification of regional and global myocardial contraction and may allow detection 

of subclinical cardiac disease. This technology is becoming increasingly utilized across a 
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wide spectrum of cardiovascular pathology, including patients following heart 

transplantation (HTx). Alterations in strain measured by STE have been documented in the 

setting of allograft rejection3–5 as well as cardiac allograft vasculopathy (CAV)6,7, and may 

aid in the non-invasive assessment of left ventricular diastolic dysfunction8,9.

Numerous studies have reported normal reference values for STE-measured strain in both 

the pediatric and adult populations10–20. Despite this, there are limited published data in 

‘healthy’ HTx recipients. The few studies that are available suggest that longitudinal strain 

parameters as measured by STE are lower in HTx recipients at 1-year post-transplant 

compared to controls21,22. Additionally, while at least one study demonstrated no 

deterioration in strain over time in adult HTx recipients23, the changes in strain parameters 

over time following HTx have not been well-described in the pediatric population.

To fully recognize the potential of STE to detect graft complications, it is critical to define 

reference values and the changes in these parameters over time. Moreover, longitudinal 

assessment of strain in pediatric HTx recipients without rejection or CAV allows for a better 

understanding of myocardial remodeling after HTx. The aim of this study was to define 

reference values of strain, strain rate, and diastolic strain parameters in pediatric HTx 

recipients and to assess changes in these measurements over time in the absence of rejection 

or CAV. We hypothesized that strain parameters would be lower in HTx recipients compared 

to healthy controls and that these values would remain stable over time in the absence of 

graft complications.

Methods

Patient Selection

This was a retrospective study and was approved by the Vanderbilt University Institutional 

Review Board. All pediatric patients who underwent HTx at Vanderbilt University Medical 

Center from 1999–2015 were included. Our center utilizes routine induction therapy with 

anti-thymocyte globulin before transitioning to maintenance immunosuppression with 

tacrolimus and mycophenolate mofetil. Steroids are used sparingly and discontinued prior to 

discharge in the majority of patients. Echocardiograms were identified based on time post-

transplant and included echocardiograms obtained: (1) At the time of initial discharge or 1-

month post-transplant (whichever came first), (2) 1-year post-transplant, (3) 3-years post-

transplant, and (4) 5-years post-transplant. Only one echocardiogram per patient was 

analyzed at each time point. Echocardiogram exclusion criteria were: (1) echocardiogram 

not in digital imaging and communications in medicine (DICOM) format (echocardiograms 

performed prior to 2004); (2) inadequate image quality; (3) prior episode of rejection or 

diagnosis of CAV (all subsequent echocardiograms were excluded after a diagnosis of either 

rejection or CAV). Rejection was defined as an event that prompted augmentation of the 

immunosuppression regimen. This includes patients with clinical evidence of rejection with 

or without endomyocardial biopsy and those with endomyocardial biopsies with ISHLT 

grade ≥2R (2004 grading system24), grade 1B (1990 grading system25), or ≥pAMR 226. Our 

center routinely performs C4d immunofluorescence on all biopsy specimens. CAV was 

defined as detectable lumen narrowing on routine coronary angiography. Coronary 

angiograms were interpreted by 1 of 3 experienced interventional cardiologists, but not 
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reviewed by study personnel. Our center utilizes primarily non-invasive echocardiographic 

surveillance for rejection with catheterizations and coronary angiography performed 

annually following the first year post-HTx. During the first post-HTx year, 1 to 4 biopsies 

are performed dependent on patient age at HTx. Biopsies are also performed when clinically 

indicated.

Healthy control population

STE measurements were also performed on a group of 142 healthy pediatric patients aged 

0–18 years. Healthy control patients were retrospectively identified and had 

echocardiograms obtained between December 2012 and April 2015 for other indications 

(e.g. murmurs) and were without detectable cardiovascular pathology. A complete chart 

review was conducted for each control patient and all patients with documented 

cardiovascular disease were removed from the study. All echocardiograms were interpreted 

as normal and all studies were reviewed by study personnel to insure that no pathology was 

missed. Exclusion criteria were the following: inadequate image quality, congenital or 

acquired heart disease including arrhythmia, first degree relative with cardiomyopathy, 

history of prematurity, obesity, and a diagnosis of a genetic abnormality. No significant 

variation in strain parameters was noted in our healthy control population based on age or 

gender and therefore no matching was performed and transplant recipients were compared to 

the entire control population.

Echocardiography

Images were obtained on Siemens Acuson Sequoia (Siemens Medical Solutions, Erlangen, 

Germany) and Philips IE33 and EPIQ7 ultrasound machines (Philips Medical Systems, Best, 

The Netherlands). The same machines were utilized for both the control group and the HTx 

group. Echocardiograms were obtained using a standard HTx protocol. To ensure image 

quality and consistency, HTx patients at our institution are imaged by a core group of 6 

sonographers with additional training in the HTx protocol. This protocol includes multiple 

acquisitions of the short axis at the level of the papillary muscles and the apical 4-chamber 

view to ensure adequate visualization of the endocardial border. Although the protocol 

includes functional assessment at the base and apex in the short axis and the 2-chamber and 

3-chamber apical views, these images were not analyzed in this study due to variable image 

quality.

Post-processing

STE measurements were performed using vendor independent software (Cardiac 

Performance Analysis, TomTec Imaging Systems, Unterschleissheim, Germany). Images 

were imported in the standard DICOM format with a standard frame rate of 30 Hz. 

Measurements included global longitudinal strain (GLS), global circumferential strain 

(GCS), longitudinal strain rate (LSR), circumferential strain rate (CSR), peak longitudinal 

early diastolic strain rate (LDSR), and peak circumferential early diastolic strain rate 

(CDSR). Circumferential strain and strain rate measurements were obtained from a 

parasternal short axis image at the level of the papillary muscles and longitudinal strain and 

strain rate measurements were obtained from an apical 4-chamber view. Measurements were 

completed for one cardiac cycle, from end-diastole to end-diastole. Measurements were 
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performed by two readers with expertise in STE (MS and CH), blinded to clinical history. 

One set of measurements was performed for each echocardiogram. To insure consistency in 

tracking and measurement technique, all measurements were reviewed and validated by an 

additional reader with expertise in STE who was also blinded to clinical history (JG). 

Standard echocardiographic measurements were also collected for each study including 

ejection fraction (measured using either Simpson’s biplane technique or 5/6 area length 

method), medial and lateral tissue Doppler velocities as well as medial and lateral E/E’.

Statistical analysis

Patient demographics were assessed with standard summary statistics. Longitudinal changes 

in strain measurements were described and at each time point post-transplant, strain 

measurements were compared to the healthy control population using the Wilcoxon rank 

sum test. A Bonferroni correction was used given multiple comparisons. Given the variable 

patient populations at each time point, data were subsequently analyzed only for patients 

with measurements at each time interval using a repeated measures ANOVA. Standard 

deviations were calculated for this group to assess intra-patient variability. Changes in 

standard echocardiographic measures over time including ejection fraction and tissue 

Doppler velocities were described. Linear regression was performed to assess the impact of 

donor ischemic time and donor-to-recipient weight ratio on baseline strain measurements 

post-transplant. Approximately 10% of the transplant recipients were randomly selected and 

strain measurements were repeated to assess reproducibility and intraclass correlation 

coefficients were calculated. All statistical analyses were performed in R version 3.3.3 (R 

core team (2017), R: A language and environment for statistical computing. R foundation 

for statistical computing, Vienna, Austria) or STATA version 13 (StataCorp LLC; College 

Station, TX) with α<0.05 considered statistically significant. Study data were collected and 

managed using REDCap (Research Electronic Data Capture) electronic data capture tools 

hosted at Vanderbilt27.

Results

A total of 247 echocardiograms were obtained during the study period and eligible for 

inclusion. Echocardiographic images were suboptimal for accurate STE assessment in 29 

studies (11.7%) and these were excluded. In total, 218 echocardiograms were analyzed from 

79 unique HTx recipients. A total of 63 echocardiograms were analyzed <1 month, 68 at 1-

year, 51 at 3-years, and 36 at 5-years post-transplant. The decline in echocardiogram 

numbers was secondary to varying follow-up intervals and exclusion secondary to the 

development of rejection or CAV. A total of 26 patients were excluded due to rejection or 

CAV. Demographics of the included patients are shown in Table 1. This group was 

predominantly male (58.2%), Caucasian (68.4%), and UNOS status 1A at transplant 

(65.8%). The control population was comprised of 142 pediatric patients with normal 

echocardiograms. In this group, 79 patients were male (55%) and the median age was 5.5 

years (range 0 – 18 years).

Strain measurements from HTx recipients and the normal control population are shown in 

Table 2 with graphical representation of strain parameters in HTx recipients shown in 
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Figures 1a–1f. In the control population, median GLS and GCS were −19.18 (IQR −17.31, 

−21.61) and −24.27 (IQR −21.91, −28.03) respectively. At baseline, HTx recipients 

demonstrated significantly worse GLS (−14.59, p<0.001) and augmented GCS (−27.30, 

p=0.005) compared to the control group. LSR (−0.84 vs. −1.03, p<0.001) and LDSR (0.98 

vs. 1.25, p<0.001) were also noted to be worse in HTx recipients with concurrent 

augmentation of CSR (−1.74 vs. −1.45, p<0.001) and CDSR (1.69 vs. 1.51, p=0.002) (Table 

2). These results remained significant when accounting for multiple comparisons using a 

Bonferroni correction (p<0.0125 considered statistically significant). No significant 

association was found between baseline GLS or GCS and donor ischemic time or donor-to-

recipient weight ratio (R2<0.05 for all analyses).

Differences in strain parameters resolved by 1-year post-HTx across all measurements. In 

the absence of rejection or CAV, no changes in strain parameters were observed over time 

from 1 year post-HTx up to 5 years post-HTx (Table 2). Ejection fraction in HTx recipients 

remained stable across all time points with a mean of 62%, 63.2%, 62.3%, and 63.2% at 

baseline, 1-year, 3-years, and 5-years respectively. Medial and lateral tissue Doppler 

velocities were lower at baseline compared to all other time points (medial E’: 9.7 cm/s at 

baseline vs. 13.2, 13.9, and 13 cm/s at 1-, 3-, and 5-years respectively; lateral E’: 13.4 cm/s 

at baseline vs. 16.3, 16.9, and 16 cm/s at 1-, 3-, and 5-years respectively) (p<0.001 for all 

pairwise comparisons of baseline with other time points using a paired t-test). There were no 

differences in medial or lateral E/E’ values across any time points. In total, 25 (32%) 

patients had data collected at all time intervals. Strain measurements for this group are 

shown in Table 3. Repeated measures ANOVA demonstrated significant changes from 

baseline values for all longitudinal and circumferential strain parameters. Excluding baseline 

measurements, standard deviations were calculated at the patient level for each measurement 

and reported in Table 4.

Strain measurements were repeated on a total of 22 transplant patients by a second 

independent reviewer who was blinded to the initial results. GCS and CSR both 

demonstrated good interrater reliability with intraclass correlation coefficients of 0.873 

(95%CI: 0.723–0.945) and 0.847 (95%CI: 0.671–0.933) respectively. Peak diastolic 

circumferential strain rate demonstrated less optimal but still acceptable interrater reliability 

with an intraclass correlation coefficient of 0.643 (95%CI: 0.320–0.834). Interrater 

reliability for longitudinal strain measurements was good for GLS with an intraclass 

correlation coefficient of 0.793 (95%CI: 0.570–0.908), but not as good for LSR and LDSR 

with intraclass correlation coefficients of 0.525 (95%CI: 0.150–0.770) and 0.599 (0.254–

0.810) respectively.

Discussion

Our analysis demonstrates that pediatric HTx recipients have decreased longitudinal strain 

parameters with concurrent augmentation of circumferential strain in the early post-HTx 

period. These changes normalize by 1-year and do not change significantly up to 5-years 

post-HTx in the absence of clinically evident rejection or CAV. These results further 

elucidate the myocardial remodeling that occurs after HTx and suggest that minimal changes 
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occur after 1-year post-HTx. These data will aid in graft assessment using STE by providing 

reference values in this unique population.

The relative decrement in longitudinal strain and augmentation in circumferential strain 

following a period of ischemia is not surprising and may be explained by myocardial fiber 

structure and myocardial blood supply. Longitudinal fibers are present in a subendocardial 

location and therefore may be more susceptible to ischemic challenges22,28–30. Additionally, 

it has been suggested that circumferential fibers have a greater functional reserve compared 

to longitudinal fibers and this may help to explain the relative augmentation of 

circumferential strain early post-HTx30. Prior studies have demonstrated augmentation of 

circumferential strain in the presence of a systemic right ventricle, suggesting that these 

fibers may adapt to ventricular stress31. Lastly, it is unclear how denervation and subsequent 

catecholamine dependence impacts myocardial fiber function and this may also contribute to 

the changes seen in the early post-HTx period.

Similar to our study, two prior reports have documented abnormal longitudinal strain in HTx 

recipients21,22. However, in contrast to these studies, we demonstrate that differences in 

longitudinal strain occur early post-HTx and resolve by 1-year. The reason for these 

differences is unclear, but may result from center variation in myocardial preservation, 

ischemic time, and post-transplant management. Each of these studies has a relatively small 

sample size and our analysis is the largest reported cohort of ‘healthy’ HTx recipients to 

date. Importantly, we also demonstrate that longitudinal and circumferential strain 

measurements remain stable up to 5-years post-HTx following initial normalization. This 

finding is similar to the study by Pichler et al. that demonstrated no deterioration in 

longitudinal strain 3 years following HTx in adults23. While left ventricular strain 

measurements normalized by 1-year post-HTx in our analysis, prior studies have 

demonstrated the persistence of right ventricular systolic dysfunction up to 1-year post-

HTx32. Therefore, measurable differences may be present beyond 1-year post-HTx that are 

not evident based on the assessment of left ventricular strain in isolation.

Given the apparent stability of longitudinal and circumferential strain measurements over 

time, a significant change from baseline may prove to be a valuable tool for non-invasive 

graft assessment. In fact, decreases in strain have been reported with allograft rejection as 

well as CAV7,33–35. More recently, diastolic strain parameters have been shown to correlate 

with pulmonary capillary wedge pressure, indicating that diastolic strain measurements may 

be a useful tool for non-invasive graft assessment9. Our analysis provides baseline 

measurements of peak diastolic strain rate and lays the groundwork for further research on 

this topic.

Patients in our analysis demonstrated stable ejection fraction over time despite measurable 

differences in both longitudinal and circumferential strain parameters. Similar changes were 

also noted in medial and lateral tissue Doppler velocities. Strain measured by STE may 

allow detection of subclinical myocardial dysfunction and is likely more sensitive than 

ejection fraction alone in detecting alterations in graft function.

Godown et al. Page 6

Pediatr Transplant. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Limitations

Our study has inherent limitations. There is significant center variation in the management 

of pediatric HTx recipients, and differences in management strategies may impact the 

generalizability of these results. Additionally, given the unavailability of certain 

echocardiographic views, segmental analysis was not possible and therefore our study 

focused on global strain assessment. While the 12% of echocardiograms with inadequate 

image quality may have skewed the study results, we consider this a low rate of 

unacceptable images, reinforcing the potential utility of STE in this patient population. 

Given differences in echocardiogram quality, follow-up intervals, and dropout due to the 

development of rejection or CAV, our study cohort varied over time, representing a potential 

limitation. The use of third party strain analysis software improves the generalizability of 

this study as images from multiple vendors can be analyzed with Cardiac Performance 

Analysis Software. However, the lower temporal resolution of images at 30 Hz may lead to 

underestimation of values. While longitudinal and circumferential strain values are less 

likely to be affected by frame rate36,37, strain rates may be more susceptible. In addition, 

there may be variation in strain measurements based on the software package used, as robust 

standardization has not yet been pursued36,38. In addition, our analysis demonstrates the 

potential for significant intra-patient variability, which may limit the clinical utility of serial 

strain measurements. While ischemic time was not found to be associated with baseline 

strain measurements in our analysis, ischemic time is fairly normally distributed at our 

center and therefore it is unclear what impact significantly shorter or longer ischemic times 

may have on these parameters. Lastly, it is possible that subclinical rejection episodes 

occurred during the study period, as our center utilizes surveillance biopsy sparingly.

Conclusions

Pediatric HTx recipients demonstrate worse longitudinal systolic and diastolic strain in the 

early post-HTx period with concurrent augmentation in circumferential strain parameters. 

These changes normalize by 1-year post-HTx and do not change over time in the absence of 

clinically evident rejection or CAV. For this reason, a significant change from baseline in 

strain parameters may warrant further investigation.
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STE speckle tracking echocardiography

GLS global longitudinal strain

GCS global circumferential strain

LSR longitudinal strain rate

CSR circumferential strain rate

LDSR peak longitudinal early diastolic strain rate

CDSR peak circumferential early diastolic strain rate
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Figure 1. 
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a–f. Percentiles at each time point for a) global circumferential strain, b) circumferential 

strain rate, c) peak circumferential early diastolic strain rate, d) global longitudinal strain, e) 

longitudinal strain rate, and f) peak longitudinal early diastolic strain rate.
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Table 4

Range of standard deviations at the patient level for all measurements

Standard Deviation

Minimum Maximum Average

Circumferential Strain

  Global circumferential strain 0.28 8.67 3.15

  Average circumferential strain rate 0.02 0.44 0.2

  Peak diastolic circumferential strain rate 0.07 0.56 0.26

Longitudinal Strain

  Global longitudinal strain 0.36 4.12 2.12

  Average longitudinal strain rate 0.05 0.35 0.2

  Peak diastolic longitudinal strain rate 0.05 0.46 0.23

*
For patients with measurements at all time points (N=25)

*
Excluding baseline measurements
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