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ABSTRACT OF THE THESIS 

 

Three Dimensional Speckle Tracking Based Strain Imaging Identifies Alterations in Dynamic 

Left Ventricular Function after Cardiac Surgery 

by 

Kimberly Howard-Quijano 

 

Masters of Science in Clinical Research 

University of California, Los Angeles 2014 

Professor Robert M. Elashoff, Chair 

 

Three-dimensional (3D) echocardiography based strain imaging is an emerging modality to 

assess dynamic left ventricular function in patients undergoing cardiac surgery.  

Adult patients undergoing cardiac surgery (n=182) were prospectively imaged with 3D 

transthoracic echocardiograms (TTE) pre- and post-operatively and analyzed for left ventricular 

3D; ejection fraction (EF), global peak systolic area (GAS), longitudinal (GLS), circumferential 

(GCS), and radial (GRS) strain. 3D strain correlated well with 3D EF. Receiver operating curves 

identified 3D GAS as the best indicator for ventricular function, with a normal cutoff of -25%. 

Pre-operative 3D strain was an independent predictor of ICU stay and inotrope score, increasing 

predictive value of known pre-operative risk factor models, especially in patients with reduced 

ventricular function. Demonstrating that after cardiac surgery, there is an acute reduction in post-

operative left ventricular function that can be accurately measured with 3D speckle tracking 

strain imaging and strain measures may be predictive of post-operative outcomes 
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Introduction 

Over half a million cardiac surgeries are performed in the United States each year and left 

ventricular systolic function is a strong predictor of their outcomes. 
1
 While open heart surgery 

with cardiopulmonary bypass (CPB) is an essential life saving operation, it can lead to 

diminished post-operative cardiac function. 
2
  Following bypass, there is an acute decrease in 

ventricular function due to delayed recovery of myocardial performance after reperfusion. 
3

 

These changes in ventricular function can cause hemodynamic instability in the acute 

postoperative period requiring escalating inotropic support, prolonged hospital stay, and long-

term complications including, increased risk for inpatient morbidity and mortality. 

Systolic cardiac function has routinely been assessed using echocardiography and two-

dimensional (2D) left ventricular ejection fraction (LVEF) calculations. These traditional 

measurements have variable accuracy and are based on mathematical assumptions of left 

ventricular (LV) geometry. 
4
 Through recent advances in echocardiography, strain as a measure 

of myocardial tissue deformation, can now be investigated as an indicator of both regional and 

global myocardial function. 
5-8

 Strain imaging has been shown to measure ventricular function 

with better accuracy and reliability then traditional (2D) LVEF calculations in a variety of non-

surgical patients with varying degrees of ventricular dysfunction. 
4,9 10, 11, 12,13 

 Macron et al, 

demonstrated that in patients with poor acoustic windows, strain values correlated more closely 

with ventricular function assessed from magnetic resonance imaging than traditional 

echocardiography LVEF measurements.
14

 Speckle tracking strain imaging using newly 

developed three-dimensional (3D) echocardiography is an improvement over previous 2D strain 

measurements as speckle tracking is no longer limited to motion in the imaging plane. 15,12,10  
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3D strain may provide new insight into the acute changes in LV myocardial function associated 

with varying open-heart surgical procedures, which has not previously been studied. The primary 

aim of this study is to investigate changes in global left ventricular function after cardiac surgery 

using 3D speckle tracking strain imaging. We hypothesize that ventricular function, measured by 

strain, will be reduced in the acute period after cardiac surgery and that 3D strain will correlate 

with 3D volume based ejection fraction measurements of ventricular function.  The secondary 

aims of this study are to: 1) investigate the changes in LV systolic function associated with 

differing cardiac surgical interventions including aortic valve, mitral valve, and coronary artery 

bypass operations and 2) to determine if pre-operative 3D strain is predictive of outcomes after 

cardiac surgery. 

 

Methods 

After institutional review board approval and informed consent, adult patients schedule for 

elective cardiac surgery between October 2011 and July 2013 at the Ronald Reagan UCLA 

Medical Center were enrolled in this prospective observational study. Surgical interventions 

included; aortic valve replacement for aortic stenosis (AVR), mitral valve repair or replacement 

for mitral regurgitation (MVR), coronary artery bypass graft (CABG), and combined multiple 

valve, CABG/valve, or AVR/aortic surgery for aortic insufficiency (Combined).  Exclusion 

criteria were arrhythmias (such as atrial fibrillation), congenital heart disease, and poor 

transthoracic echocardiography imaging windows. 

 

Clinical Data Collection 
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Preoperative (age, gender, and European System for Cardiac Operative Risk Evaluation score 

(EuroSCORE), intraoperative, and postoperative data were collected.
16

 Definitions of all data 

variables collected were per the Adult Cardiac Surgery Database Training Manual, v2.73.   

Postoperative outcome variables were; duration of tracheal intubation (from intensive care 

admission to extubation), length of intensive care unit (ICU) stay, length of hospital stay, 

inotrope score, and major adverse events. Inotrope score, in the first 24 hours after ICU 

admission, was calculated using the vasoactive-inotrope score described by Wernovsky and 

expanded by Gaies. 
17, 18

 Major cardiac adverse events (MAE) per the Society of Thoracic 

Surgeons database were; cardiac arrhythmias (ventricular tachycardia, ventricular fibrillation, 

and asystole), multiple organ failure, ventricular assist device (balloon pump, or extracorporeal 

membrane oxygenation), and re-operation.  

Echocardiography 

Two transthoracic echocardiograms (TTE) were performed, a preoperative TTE in awake 

spontaneously ventilating patients on the day of surgery and a post-operative TTE 48-72 hours 

after surgery, once participants were extubated, with chest tubes and inotropic support 

discontinued. All echocardiographic studies were performed by the same experienced 

sonographer. Each patient underwent standardized 3D TTE for the determination of LV 

functional parameters according to the American Society of Echocardiography, 3D images were 

taken with Vivid 9, GE healthcare with a 3V transducer at frame rate of 25-55 frame/sec.  

Three-dimensional speckle tracking analysis 

The 3D Echocardiogram data acquisition was obtained in an adjustable imaging sector volume, 

with breath hold lasting 4 heart beats. Images were recorded at the LV apex with minimal 
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volume size to ensure optimal temporal and spatial resolution. Data analysis was preformed 

offline by one of three experienced blinded echocardiographers using 4D Auto LVQ for semi 

automated endocardial surface detection, with manual adjustments of automatic tracing if 

needed. Final 3D software output included measurement of global area, longitudinal 

circumferential, and radial strain. (Figure 1) 

 

Reproducibility Analysis 

32 cases (20% of patients) were randomly selected and assessed for intraobserver and 

interobserver reliability.  Intraobserver reliability was assessed by the same echocardiographer, 

blinded to the previous results, analyzing each study again, greater than 2 weeks from date of 

original study. Two expert echocardiographers greater than 1 week apart, blinded to the previous 

results, evaluated interobserver reliability. Reliability agreement was measured using Bland-

Altman plots, reported as mean difference (bias) ± 95% confidence intervals (precision). 

 

Statistical Analysis 

Histograms and quartile plots were examined in a bivariate analysis to determine whether 

distributions of continuous outcomes were reasonably modeled by a Gaussian distribution 

(parametric) on the normal scale, or after transformation to log scale. Measures of central 

tendency for parametric data were reported as mean (± standard deviation) and non-parametric 

data as median (interquartile range).  
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The correlation between each strain parameter and 3D volume based EF was measured using 

Pearson correlation coefficients. 3D volume based EF has been shown to be closely correlated 

with MRI based measures of ventricular function and was used in this study as the reference 

point to compare the other measures of ventricular function. 
12, 19

 Correlations were done on all 

patients comparing pre- and post-operative EF with each pre- and post-operative strain 

parameter. 

The mean difference between pre-operative and post-operative ventricular function, as measured 

by EF and strain, were compared using paired t-tests. Differences between pre-and post-

operative measures within the surgical categories were tested using repeated measures analysis 

of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test. Differences in 

outcomes between surgical groups were assessed using non-parametric Wilcoxon test for 

multiple comparisons. 

Receiver operating characteristic (ROC) curves were performed for each type of strain, to 

determine the cut-off value for normal (EF>50%), mild-moderate reduction (EF<45%), or 

severely reduced (EF<35%) ventricular function.
9, 20, 21 

Each cut-off value was chosen using 

Wald technique to maximize accuracy. The accuracy was defined as the average of the 

sensitivity and specificity (accuracy = 0.5 sensitivity + 0.5 specificity).  For each strain 

parameter; the area under the curve, 95% confidence interval, sensitivity, and specificity are 

reported. Mean differences in outcomes in patients with normal versus abnormal ventricular 

function were measured using non-parametric Mann-Whitney U test for continuous outcomes 

and Fishers exact test for dichotomous outcome measures. 
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The relationship between primary outcomes (length of stay, duration of intubation, and inotrope 

score) and strain variables was assessed using linear multiple regression models. A log 

transformation was done on outcome variables to normalize distribution.  Pre-operative predictor 

variables of EUROSCORE and surgical procedure were used to construct linear regression 

prediction models for the primary outcomes. Due to high co-linearity between strain measures, 

global area strain (GAS), global longitudinal strain (GLS), circumferential strain (GCS), and 

global radial strain (GRS), were each added individually to separate models to see if they could 

independently contribute to predicting outcome variables given the known covariates. Models 

were examined in patients with EF <45% and EF >45%.  Statistical analyses were run using R 

version 3.0.2 (www.r-project.org <http://www.r-project.org>) and SPSS 22 (IBM Corp., 

Armonk, NY).   Post-hoc corrections were made for multiple hypothesis testing. Statistical 

significance was defined as p ≤ 0.05.  

 

Results 

In total, 182 patients were enrolled in this study. Fourteen patients had echocardiography studies 

unsuitable for speckle tracking strain imaging (10 for post-operative arrhythmias, 4 technically 

difficult studies), 4 patients refused post-operative TTE, and 1 lost to follow-up.  Data on 163 

patients were analyzed; AVR=45, MVR=45, CABG=50, and Combined=23. Of patients 

undergoing aortic valve surgery, 38% had a bicuspid aortic valve. The medians for; patient 

age=63 years, weight=77 kilograms, pre-operative EUROSCORE=1.7, cardiopulmonary bypass 

times=134 min, and post-operative APACHE II score upon admission to ICU=9 out of a possible 

299. (Table 1) 

http://www.r-project.org/
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Comparison of Different Measures of Ventricular Function: Ejection Fraction and Strain 

3D strain measurements were well correlated with volume based EF calculations for all strain 

measures. There was no significant difference between EF and strain correlations when looking 

at pre- versus post-operative measures of ventricular function. (Figure 2)  

 

Pre- versus Post-Operative Ventricular Function: Changes in Ejection Fraction and Strain  

Ejection fraction as measured by 3D echocardiography significantly decreased after surgery with 

collective mean pre-operative measurements of 47% as compared to post-operative 40%. 

Speckle tracking strain imaging measurements also decreased with preoperative mean values of; 

(3D) GAS= -25%, GLS= -13%, GCS= -17%, GRS=41% as compared to post-operative values of 

GAS= -18%, GLS= -9%, GCS= -11%, GRS=25% respectively, with all post-operative 

reductions being statistically significant (p<0.005).  

 

By surgical subdivision (AVR, MVR, CABG, Combined), the only statistically significant pre-

operative differences were increased measures of ventricular function in MVR as compared to all 

other surgical groups, likely due to the reduced afterload associated with mitral regurgitation.  

There was no difference seen after surgical repair. A reduction in ventricular function was seen 

after surgery across all surgical subgroups. (Table 2). However, there was a significant difference 

in the mean magnitude of change between the surgical groups. The largest magnitude of 

reduction (3D EF) was seen after MVR (23%) and combined procedures (21%), with the 

smallest reduction after AVR (9%) and CABG (7%). The same difference in magnitude of 

reduction by surgical subgroup analysis was seen across all strain measurements as well.  
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Receiver Operating Characteristic (ROC) Curves  

ROC curves were constructed for each measure of 3D peak systolic global strain (GAS, GLS, 

GCS, and GRS) to determine a threshold value for normal ventricular function (EF>50%), mild 

to moderately reduced ventricular function (EF<45%), and severely reduced function (EF<35%). 

Global area strain (GAS) had the best performance characteristics for determining ventricular 

function (Figure 3). GAS threshold value of – 25% was associated normal ventricular function, 

with an area under the curve (AUC) of 0.86 (95% CI; 0.81-0.89), - 21% with mild to moderate 

reduced function AUC 0.85 (0.81-0.89), and -18% with severely reduced ventricular function 

AUC 0.89 (0.85-0.93). 

 

Post-Operative Outcomes 

Post-operative outcome measures for study cohort can be seen in table 3. Collectively, the 

median ICU stay (LOS ICU ) was 4 days, hospital stay (LOS Hospital) was 7 days, duration of 

intubation was 6 hours, highest inotrope score was 3, and 18% of patients suffered from a major 

adverse event (MAE). The subgroup of Combined surgical procedures had significantly worse 

outcomes with higher inotrope score than AVR, longer length of ICU stay and intubation than 

AVR and MVR, and longer hospital stay and MAEs than all groups, p <0.05. (Table 3) 

 

Association Between Clinical Outcomes and Pre-operative Strain  

Using 3D GAS cut-point of – 25%, patients were dichotomized into normal versus abnormal 

ventricular function prior to surgical intervention. Patients with abnormal pre-operative measures 

of GAS had longer length of ICU stay (LOSICU: 4 vs. 3 days), length of total hospitalization 
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(LOSHospital: 7 vs. 6 days), and length of post-operative intubation (7 vs. 5 hrs). There was no 

significant difference in post-operative inotrope score (3 vs. 2) or major adverse events (10.3% 

vs. 8.5%). (Table 4) 

  

Pre-operative Strain as a Predictor of Post-Operative Outcomes 

Multivariate regression analyses showed pre-operative strain measures are independent 

predictors of post-operative outcomes including; length of ICU stay and increased inotrope 

score, after controlling for clinical predictors (EUROSCORE and surgery type). In addition 

strain adds predictive value to clinical risk factor models, as reported by model r
2
 values, in table 

5. Pre-operative strain was found to be more beneficial in predicting outcomes in patients with 

reduced pre-operative ventricular function (EF <45%). 

 

In patients with pre-operative EF >45%; pre-operative all 3D strain types were independently 

associated with length of ICU stay. Clinical predictors alone produced a baseline model r
2 

value 

of 0.22 for length of ICU stay. The addition of strain independently increased the model 

predictive value up to 32% as demonstrated by increased r
2 

values; GAS = 0.29, GCS = 0.29, 

GLS 0.26, and GRS = 0.28 (p<0.05).  

 

In patients with reduced pre-operative ventricular function (EF<45%), pre-operative GAS, GCS, 

and GRS were independently associated with increased length of ICU stay, and all strain types 

were independently associated with inotrope score after surgery. When predicting increasing 

length of ICU stay; clinical factors alone produced baseline r
2 

value of 0.26, with the addition of 

pre-operative strain predictive r
2 

values increased up to 31%: GAS = 0.32, GCS = 0.34, GRS = 
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0.33 (p<0.05).  Strain was also independently associated with inotrope score after cardiac surgery 

and increased predictive value of models up to 68%; baseline r
2 

= 0.22, with strain: GAS = 0.33, 

GCS = 0.37, GLS =0.28, GRS = 0.36 (p< 0.05).  Pre-operative strain was not found to be an 

independent predictor of duration of intubation.  

 

Reproducibility Analysis 

There was good intra- and inter-rater reliability observed for both pre and post-operative 3D EF 

and strain analysis; reported as mean difference (bias) and 95% confidence interval as ± two 

standard deviations (precision), as shown in table 6.  

 

Discussion 

 

Changes in left ventricular function after cardiac surgery have important prognostic implications 

and influence clinical decision-making. The results of this study show that in the acute period 

after cardiac surgery, there is a reduction in ventricular function that was accurately measured 

with 3D speckle tracking TTE strain imaging. In addition, pre-operative strain was shown to be 

an independent predictor of acute post-operative outcomes, especially in patients with reduced 

ventricular function. 

 

Speckle tracking via 3D echocardiography is a new imaging modality to measure myocardial 

strain, which is no longer limited to tracking only in the imaging plane. 3D strain allows 

concurrent measurement of longitudinal, circumferential, radial strain, and a new measurement 

unique to 3D, area strain. 3D echocardiography allows faster, more reliable measures of strain, 

with increased accuracy and reproducibility. 
22-24

 The results of our study show that all measures 
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of global strain correlate well with 3D EF and accurately measure the associated dynamic 

changes in ventricular function associated with cardiac surgery.  

 

When comparing different strain measures, longitudinal strain was found to have a slightly lower 

correlation with 3D ejection fraction (EF) than area, circumferential and radial strain. This is 

supported by work in non-surgical patients, where Luo found 3D global area strain had the 

highest correlation to EF.
8
 While Luis et al, found global circumferential strain to have the 

highest correlation in patients with varying ejection fractions.
22

 There was no difference in strain 

and EF correlations due to pre-operative surgical diagnoses, after varying surgical procedures, or 

between pre and post-operative exams. Therefore for the first time, this study shows that 3D 

strain is an accurate measure of ventricular function in patients with valvular and ischemic 

cardiac disease, as well as, after complex surgical repairs and prosthetic valve placement.  

 

Using traditional imaging modalities, it has been described that long term myocardial function 

improves after AVR for aortic stenosis and decreases after MVR for mitral regurgitation.
25, 26

  

However, the acute post-operative changes in ventricular mechanics still remain undefined. For 

example, in patients undergoing AVR for aortic stenosis, the results of studies using 2D strain 

are inconclusive.  One week after AVR, Rost et al, showed no significant change, whereas, 

Carasso et al, demonstrated an increase in post-operative 2D strain.
25, 27

  

 

In this study, we were able to evaluate and characterize these acute post-operative ventricular 

changes associated with cardiac surgery, using 3D strain imaging. The results of this study show 

that there was a significant reduction in ventricular function immediately following cardiac 
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surgery in all surgical subgroups, with the smallest reduction in ventricular function after AVR 

for aortic stenosis and CABG for ischemic coronary artery disease. In contrast, the largest 

reduction in function was seen after MVR for mitral regurgitation. The difference between the 

acute versus long-term changes in observed ventricular function may be seen because strain is a 

remodeling-dependent parameter. Changes in acute ventricular function may be more dependent 

on intra- and acute post-operative management then immediate hemodynamic changes associated 

with valvular surgery.
25

 The observation in this study that there is an acute reduction in 

ventricular function immediately following all types of cardiac surgery suggests that this is an 

area requiring further investigation to help define ways to improve intra-operative and post-

operative management of patients undergoing cardiac surgery.  

 

There are no studies to date defining reference values for 3D strain in patients with normal, mild-

moderate, and severely reduced ventricular function.  Our results show that while the receiver 

operating curve characteristics vary slightly with strain type, global area strain performs the best 

across varying degrees of ventricular function. Global area strain reflects the changes in 

endocardial surface area with LV contraction and incorporates simultaneous changes in 

longitudinal, circumferential, and radial strain.
28

 Patients with pre-operative ventricular 

dysfunction, as defined by reduced 3D global area strain, had worsening post-operative outcomes 

and pre-operative 3D strain was found to be an independent predictor of these outcomes. The 

addition of 3D strain measurements to multivariate pre-operative risk models increased the 

predictive value for length of ICU stay by up to 32% and post-operative inotrope score up to 

68%. The greatest increase in predictive value was seen in patients with pre-operative ventricular 

dysfunction. 
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Pre-operative strain was shown to be an independent predictor for length of ICU stay in all 

patients. Increased length of ICU stay is indicative of prolonged recovery and leads to increased 

utilization of hospital resources. Reduced pre-operative EF has been demonstrated to increase 

post-operative morbidity and mortality and prolong patient recovery after cardiac surgery. 
29

 This 

finding of pre-operative strain as a predictor of length of ICU stay, even in patients with normal 

ventricular function, as defined by EF, demonstrates the potential for strain measures to be a 

valuable addition to current risk stratification for patients undergoing cardiac surgery.  

 

Pre-operative strain was also found to be an independent predictor of post-operative inotrope 

score. Inotrope score is a pharmacologic measure of cardiovascular support. Increasing amounts 

of cardiovascular support after cardiac surgery have been associated with higher likelihood of 

postoperative complications. 
18

  We found that strain was a predictor of inotrope score in patients 

with reduced ventricular function, but not in those starting with normal cardiac function. These 

results suggest that patients with normal ventricular function, have more myocardial reserve. 

Thus, the use of inotropes post-operatively is less dependent on the starting ventricular function, 

and likely; more dependent on other factors associated with the surgical procedure or related 

complications. Pre-operative strain was not found to be an independent predictor for post-

operative duration of intubation. This lack of association is likely due to the confounding 

variables of baseline pulmonary status, pain control and narcotic administration, as well as, 

residual anesthetics, which play a large role in the clinical decision regarding extubation timing. 
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Limitations 

This study included patients undergoing a variety of cardiac surgical procedures, which lends to 

increased applicability of results across patients. However, the heterogeneity of the study cohort 

and smaller numbers in surgical subgroups may not provide adequate power to detect all 

differences between groups.  While this study was able to measure acute changes in left 

ventricular function after cardiac surgery, long-term follow-up is needed to determine the 

association between changes in acute post-operative function and long-term ventricular function.  

 

The use of 3D speckle tracking strain imaging to detect changes in ventricular function, is 

associated with improved speckle tracking and strain measurement however, the decreased frame 

rate associated with full-volume image acquisition, leads to decreased temporal resolution.  

While 3D strain analysis has been shown to require significantly less time to analyze than 

traditional 2D strain imaging, it requires off line analysis, which is a limitation. Advances in 

technology will likely soon alleviate this limitation.  

 

Conclusions 

This study demonstrates that in patients undergoing a wide variety of cardiac surgical 

procedures, there is an acute reduction in post-operative left ventricular function that can be 

accurately measured with 3D speckle tracking strain imaging. Pre-operative 3D strain was found 

to be an independent predictor of acute post-operative outcomes, especially in patients with 

reduced pre-operative ventricular function. The use of non-invasive 3D TTE strain imaging prior 

to cardiac surgery may provide added information to aid in risk stratification for these high-risk 

patients, thus improving patient care and allocation of resources. 
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Tables 

 

Table 1. Demographic data by surgical classification 

  
Aortic Valve             

(n=45) 
Mitral Valve                           

(n=45) 
Coronary Artery 

Bypass (n=50) 
Combined 

 (n=23) 

Age (years)                 65 (56-74) 62 (52-71) 64 (57-72) 63 (43-70) 

Gender (% ) 
M=33 (73%)                 
F=12 (27%) 

M=28 (62%)                 
F=17 (38%) 

M=41 (82%)                       
F=9 (18%) 

M=18 (78%)                 
F=5 (22%) 

Weight (kg)  77 (68-88) 74 (57-83) 76 (68-86) 77 (69-88) 

Height (cm)     172 (162-177) 170 (162-179) 168 (163-177) 167 (165-174) 

EUROSCORE II             1.4 (0.7-2.2) 1.4 (0.7-2.2) 1.9 (1.2-3.0) 3.6 (1.9-8.8) 

CPB time (min)                      124 (101-151) 178 (122-218) 109 (88-127) 180 (146-224) 

APACHE Score                                                                                                                            9 (7-12) 8 (7-10) 10 (8-15) 11 (6-16) 

Data reported as median and interquartile range (IQR). EUROSCORE= European System for Cardiac  

Operative Risk Evaluation Score, APACHE = Acute physiology and chronic health evaluation II score, 

CPB = cardiopulmonary bypass 

 

 

Table 2. Ventricular function measurements by surgical classification 

  
Aortic Valve             

(n=45) 
Mitral Valve                           

(n=45) 
Coronary Artery 

Bypass (n=50) 
Combined 

 (n=23) 

Ejection Fraction (%) 

  
Pre vs. Post 
(% Change) 

Pre vs. Post 
(% Change) 

Pre vs. Post 
(% Change) 

Pre vs. Post 
(% Change) 

3D EF  
43±10 vs. 39±9* 

(9%) 
53±10 vs. 41±13*‡ 

(23%) 
46±9 vs. 43±11* 

(7%) 
47±8 vs. 37±14* 

(21%) 

3D Peak Systolic Global Strain (%) 

  Pre vs. Post Pre vs. Post Pre vs. Post Pre vs. Post 

Area  
-22±7 vs. -17±6* 

(23%) 
-30±7 vs. -20±7*† 

(33%) 
-24±6 vs. -17±7* 

(29%) 
-27±7 vs. -16±6*† 

(41%) 

Longitudinal 
-10±4 vs. -9±3* 

(20%) 
-15±6 vs. -11±4*† 

(33%) 
-12±4 vs. -9±4* 

(25%)  
-14±4 vs. -9±4* 

(36%) 

Circumferential 
-15±5 vs. -10±4* 

(33%) 
-19±4 vs. -12±5*‡ 

(37%) 
-15±4 vs. -11±5* 

(33%) 
-17±5 vs. -9±5*‡ 

(47%) 

Radial 
35±14 vs. 24±10* 

(29%)  
51±17 vs. 29±12*‡ 

(43%) 
37±13 vs. 24±12* 

(35%) 
42±13 vs. 22±10*† 

(45%) 

Data reported as mean ± standard deviation, *=p<0.05 for significant reduction in post-operative ventricular 
function. † = % Difference > AVR,  ‡ = % Difference > AVR and CABG. EF = Ejection fraction.  
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Table 3. Outcome measures by surgical classification 

  
Aortic Valve             

(n=45) 
Mitral Valve                           

(n=45) 
Coronary Artery 

Bypass (n=50) 
Combined 

 (n=23) 

LOS ICU (days)  4 (2-5) 3 (2-5) 5 (3-5) 5 (3-9)* 

LOS Hospital (days)   6 (5-8) 7 (5-7) 6 (5-9) 9 (7-16)† 

LOI (hours)     5 (3-8) 5 (4-8) 7 (5-10) 10 (5-20)* 

Inotrope Score      1 (0-5) 0 (0-7) 3 (0-9) 7 (3-13)‡ 

Major Adverse 
Events (%) 

Y=6 (13%) Y=2 (4%) Y=11 (22%) Y=11 (48%)† 

Data reported as median (IQR), LOS = length of stay, LOI = length of intubation, ICU = Intensive care unit 

*=Combined > AVR/MVR, †=Combined > AVR/MVR/CABG, ‡=Combined > AVR (p<0.05)  

 

 

 

 

 

Table 4. Post-operative outcomes in patients with normal versus 
decreased pre-operative 3D Global Area Strain 

  Normal Reduced p-value 

ICU Length of Stay (days)  3 (1-18) 4 (1-19) p = 0.002* 

Hospital Length of Stay (days)   6 (3-36) 7 (3-27) p = 0.03* 

Length of Intubation (hours)     5 (0-318) 7 (2-191) p = 0.01* 

Inotrope Score      2 (0-38) 3 (0-26) p = 0.14 

Major Adverse Events (%) 8.5% 10.3% p = 0.89 

Data reported as median (IQR) or percentages. Reduced 3D global area strain defined as  
< -25%.  ICU = Intensive care unit  
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Table 5.  Pre-operative 3D strain measures in multivariate prediction models of post-
operative outcome measures 
  

Length of ICU Stay Inotrope Score 
Duration of 
Intubation 

EF>45% (n=105)                    r2 r2 r2 

Clinical Predictors  0.22 0.16 0.22 

Clinical Predictors + Pre-op 3D Strain  (% improvement) 

Area  0.29** (32%) 0.16  0.25 

Circumferential  0.29** (32%) 0.16  0.25 

Longitudinal   0.26*     (18%) 0.16  0.24 

Radial  0.28** (27%) 0.16  0.25 

EF<45% (n=58)                       

Clinical Predictors   0.26 0.22 0.08 

Clinical Predictors + Pre-op 3D Strain (% improvement) 

Area  0.32* (23%)    0.33* (50%) 0.12 

Circumferential  0.34* (31%)    0.37** (68%) 0.12 

Longitudinal     0.31 (19%) 0.28* (27%) 0.10 

Radial  0.33* (27%)    0.36** (64%) 0.13 

Clinical predictors: EUROSCORE and surgery type. Pre-operative global strain measures as independent 
variables in addition to baseline model.  EF= ejection fraction.  * = p<0.05,  ** = p<0.001 

Table 6. Intraobserver and interobserver reliability of 3D Ejection 
Fraction (EF) and global strain measurements 
 Pre-Operative  

(Mean difference ± SD) 

Post-operative 
(Mean difference ± SD) 

Intraobserver                           

EF (%) -0.34 ± 6.68 0.06 ± 4.53 

Area (%) 0.27 ± 2.81 -0.04 ± 2.36 

Longitudinal (%) 0.48 ± 2.05 -0.55 ± 1.64 

Circumferential (%) -0.16 ± 1.58 0.26 ± 1.76 

Radial (%) -0.84 ± 5.62 0.89 ± 3.27 

Interobserver    

EF (%) -1.38 ± 6.45 -0.88 ± 6.13 

Area (%) 0.12 ± 2.80 0.11 ± 2.79 

Longitudinal (%) -0.06 ± 2.34 0.08 ± 2.01 

Circumferential (%) 0.25 ± 2.14 0.02 ± 2.11 

Radial (%) -0.86 ± 6.58 -0.15 ± 4.24 

SD = Two standard deviations 
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Figures/Figure Legend  

 

 
 

 
 

 

 

 

 

 

 
 

Figure 1. 3D left ventricular global area strain diagram depicting 

pre-operative results (panel A) and post-operative results (panel 

B), following mitral valve replacement. 
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Preoperative Measurements 

  

  
Postoperative Measurements 

  

  
Figure 2. Scatterplots depicting correlation between 3D ejection fraction (EF) 

and GAS =area strain, GLS=longitudinal strain, GCS=circumferential strain, 

and GRS=radial strain. 
 

r=-0.76* r=-0.68* 

r=-0.76* 

r=0.77* 

r=-0.69* r=-0.53* 

r=-0.68* 

r=0.70* 
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Strain 

 Measure 

Area Under Curve 

(95% CI) 

Threshold 

Value 

Sensitivity and 

Specificity 

EF 50% - Normal 

3D GAS 0.86   (0.81-0.89) - 25 85% 70% 

3D GLS 0.82   (0.77-0.87) - 12 79% 71% 

3D GCS 0.84   (0.80-0.89) - 16 80% 73% 

3D GRS 0.86   (0.82-0.90)   35 81% 75% 

EF 45% - Mild to Moderate Reduction 

3D GAS 0.85   (0.81-0.89) - 21 84% 74% 

3D GLS 0.80   (0.75-0.85) - 11 78% 67% 

3D GCS 0.86   (0.20-0.90) - 14 83% 72% 

3D GRS 0.85   (0.81-0.89)   32 83% 72% 

EF 35% - Severe Reduction 

3D GAS 0.89   (0.85-0.93) - 18 82% 78% 

3D GLS 0.83   (0.78-0.88) - 9 76% 73% 

3D GCS 0.89   (0.85-0.93) - 11 81% 82% 

3D GRS 0.89   (0.85-0.93)   24 81% 81% 

Figure 3. Receiver Operating Characteristics Curves (ROC) demonstrating 

3D global area (GAS), longitudinal (GLS), circumferential (GCS), and 

radial strain, as determinants of ventricular function; normal (EF > 50%), 

mild to moderate reduction (EF < 45%), and severe reduction (EF < 35%). 
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Statistical Appendix 

 

Study Design 

This was a prospective observational cohort study designed to investigate the new technology of 

three-dimensional (3D) speckle tracking strain imaging to determine changes in left ventricular 

function after cardiac surgery. This prospective study design was chosen to allow control over 

subject enrollment and ensure equal distribution of patients undergoing different classifications 

of surgical procedures. This study design was also necessary, as this is new technology, and there 

is no available database of 3D echoes to investigate retrospectively. Patients were followed as a 

cohort after surgery to establish a chronologic sequence of events between changes in ventricular 

function and post-operative outcomes in order to determine the association of pre-operative 

ventricular function with post-operative outcomes. 

Patients enrolled had a wide variety of pre-operative ejection fractions, as well as, several 

different classifications of valvular lesions to enable results to be generalized to a large 

population of cardiac surgical patients. However, care was taken during data analysis to perform 

subgroup analyses and ensure that the pre-operative differences in physiology, that could be 

confounding variables, were adequately addressed.   

 

Three-dimensional Ejection Fraction and Strain Correlations 

Pearson correlation matrices were analyzed to examine the relationship between each strain 

parameter and our reference three-dimensional (3D) volume based ejection fraction (EF %). EF 
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and 4 global strain parameters were measured for each patient during pre and post-operative 

echocardiograms. Correlations were analyzed separately for pre and post-operative measures to 

determine the potential for differential association with EF and each strain parameter before and 

after surgery. Expanded correlation matrices show the different relationship between 3D EF and 

each strain measure for pre versus post-operative exams. (Appendix figures 1 and 2) 

The correlations were also investigated by performing a subgroup analysis of patients with 

normal versus reduced ventricular function (EF<45%). There was a difference in the magnitude 

of the correlation between EF and strain for the collective cohort, as compared to the subgroup 

analysis. For example the pre-operative correlation for global area strain and EF was r=0.76 for 

all patients. However, subgroup analysis demonstrated EF>45% r=0.65 and EF<45% r=0.55. 

The difference in correlations seen between subgroups, and the collective cohort, is likely due to 

mild differential associations between the subgroups. Expanded correlation matrices between 

normal and reduced ventricular function groups, are shown in Appendix figures 3-6. Correlation 

scatter plots between pre-operative EF and strain measures, showing subgroup differences are 

shown in Appendix figure 7.  

  

Regression Models 

Multivariate regression analysis, controlling for known pre-operative risk factors, was performed 

to determine if each 3D strain parameter was an independent predictor of post-operative 

outcomes including; length of ICU stay, inotrope score, and duration of intubation. As the above 

correlation matrices show, strain parameters were very highly correlated and as such combining 

them into one model would result in unstable regression coefficients. Therefore, each model was 
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run individually with each of the 4 strain parameters separately, for each of the three outcome 

variables. The r
2
 of a baseline model with known pre-operative risk factors for each outcome was 

calculated. The preoperative risk factors were fixed in model and then the change in r
2
 with the 

addition of each strain parameter was calculated, to determine the additional predictive value that 

each strain parameter may add to our known risk factor models. Detailed methods and results of 

the above models are described in text and shown in Chapter 1, table 6. Log transformations 

were applied to each outcome variable after analyzing histograms of distribution (Appendix 

Figure 8). Log transformation decreased the degree to which data was skewed and therefore 

decreased possible deviations from model assumptions (normality, homoscedasticity). 

 

Principal Components Analysis 

Principal components analysis was run to test the effect of combining the multiple (correlated) 

strain measurements into one predictor variable. Principal components analysis used orthogonal 

transformation to convert our set of highly correlated 4 global strain parameters into a set of 

linearly uncorrelated values or principal components. This transformation is defined such as the 

first principal component has the largest possible variance and accounts for the largest variability 

in each outcome and then each succeeding component has the highest variance under the 

constraints that is orthogonal to the preceding components. The results of the principle 

components analysis (PCA1) did not show dramatic increase in predictive value above and 

beyond the multivariate regression analysis models and therefore was not included in manuscript 

for publication; however results are shown in Appendix tables 1-3. 
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Tables 

 

Appendix Table 1. Length of ICU Stay 

Type Variables R^2 p-val R^2 log p-val log 

Baseline*   0.25   0.29   

3D EF 0.26 0.31 0.32 0.11 

  GAS 0.30 0.05 0.36 0.02 

  GCS 0.32 0.02 0.36 0.02 

  GLS 0.28 0.14 0.34 0.04 

  GRS 0.31 0.03 0.36 0.02 

  PCA1 0.31 0.04 0.35 0.02 

 

Appendix Table 2. Inotrope Score 

Type Variables R^2 p-val R^2 log p-val log 

Baseline*   0.24   0.25   

3D EF 0.37 0 0.44 0 

  GAS 0.3 0.03 0.36 0 

  GCS 0.33 0.01 0.39 0 

  GLS 0.27 0.1 0.32 0.02 

  GRS 0.33 0.01 0.39 0 

  PCA1 0.36 0 0.4 0 

 

 

Appendix Table 3. Duration of Intubation 

Type Variables R^2 p-val R^2 log p-val log 

Baseline*   0.05   0.11   

3D EF 0.06 0.53 0.11 0.93 

  GAS 0.06 0.59 0.15 0.11 

  GCS 0.05 0.88 0.15 0.13 

  GLS 0.07 0.44 0.14 0.17 

  GRS 0.06 0.54 0.16 0.07 

  PCA1 0.05 0.91 0.14 0.21 
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Figures 

 

 

 

 

Appendix Figure 1.  3D EF and strain correlations: All patients, pre-op measurements 

Appendix Figure 2.  3D EF and strain correlations: All patients, post-op measurements 
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Appendix Figure 3.  3D EF and strain correlations: Pre-op measurements for patients with normal pre-

operative ventricular function (EF>45%) 

Appendix Figure 4.  3D EF and strain correlations: Post-op measurements for patients with normal pre-

operative ventricular function (EF>45%) 
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Appendix Figure 5.  3D EF and strain correlations: Pre-op measurements for patients with reduced pre-

operative ventricular function (EF<45%) 

Appendix Figure 6.  3D EF and strain correlations: Post-op measurements for patients with reduced pre-

operative ventricular function (EF<45%) 
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Figure 2. Scatterplots depicting correlation between pre-operative 3D ejection fraction (EF) and 

global strain, showing the reduction in correlation in patients with abnormal ventricular function, 

EF <45%. GAS =Area strain, GLS=longitudinal strain, GCS=circumferential strain, GRS=radial 

strain. 
 

r= -0.54 

r= -0.65 

 
r= -0.55 

r= -0.65 

r= -0.47 

r= -0.57 

r= 0.70 

r= 0.53 

 

 

 

 

 

Appendix Figure 7.  Scatterplots depicting correlation between pre-operative 3D ejection fraction (EF) 

and global strain, showing the reduction in correlation in patients with abnormal ventricular function, EF 

<45%. GAS =global Area strain, GLS=longitudinal strain, GCS=circumferential strain, GRS=radial 

strain. 
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Appendix Figure 8.  Histograms of outcome variable data distribution, showing improved spread of 

distribution with log transformation (LOG). LOS=length of stay, ICU=intensive care unit, 

LOI=length of intubation 
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