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Abstract

Background: Assessment of left ventricular (LV) systolic function can be achieved by conventional echocardiographic

methods, but quantification of contractility, regional myocardial function, and ventricular synchrony is challenging.

The goal of this study was to investigate the applicability of two-dimensional speckle tracking (2DST) to characterize

segmental and global wall motion for assessment of LV function and LV synchrony in healthy goats. We aimed

to describe the techniques, report normal values of a variety of 2DST indices, and determine the influence of

general anesthesia.

Methods: Prospective study on 22 healthy female Saanen goats (3.7 ± 1.1 y, 60.2 ± 10.5 kg [mean ± SD]). All goats

underwent two transthoracic echocardiographic examinations, the first standing and unsedated and the second

7.4 ± 3.5 days later during isoflurane anesthesia and positioned in sternal recumbency. Data analyses were

performed offline, blinded, and in random order. Left ventricular longitudinal, radial and circumferential strain and

strain rate as well as longitudinal and radial displacement were measured using 2DST methods. Summary statistics

were generated and differences of 2DST variables between myocardial segments and treatments (i.e., awake vs.

anesthetized) were assessed statistically (alpha level=0.05).

Results: Echocardiographic analyses by 2DST were feasible in all goats and at both time points. Longitudinal

systolic strain, strain rate and displacement followed a gradient from apex to base. Absolute systolic strain was

generally lower and strain rate was higher in awake goats compared to anesthetized goats. Circumferential and

radial indices did not consistently follow a segmental pattern. Generally, peak strain occurred later in anesthetized

goats compared to awake goats. General anesthesia did not significantly influence LV synchrony.

Conclusions: 2SDT is a valid method for non-invasive characterization of LV wall motion in awake and anesthetized

goats. The results of this study add to the understanding of LV mechanical function, aid in the diagnosis of global

and segmental LV systolic dysfunction, and will be useful for future cardiovascular studies in this species. However,

effects of anesthesia and species-specific characteristics should be considered when goats are used as animal

models for human disease.
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Background
The echocardiographic assessment of myocardial function

is a pivotal part of every clinical or experimental cardiologic

examination, but still presents a considerable challenge for

every cardiologist. Traditionally, myocardial function has

been assessed by use of two-dimensional (2D), M-Mode,

and Doppler echocardiography [1,2]. Although these

methods are well established, they serve to assess overall

systolic function, but do not provide specific data for quan-

tification of myocardial contractility, regional myocardial

function, or ventricular synchrony. At best, conventional

echocardiographic methods can be used for subjective vis-

ual assessment of regional wall motion or manual tracking

of myocardial movement, which requires considerable ex-

perience and is highly operator dependent [3-6].

Echocardiographic strain and strain rate imaging using

two-dimensional speckle tracking (2DST) has been advo-

cated for assessment of regional and global ventricular

function beyond the conventional echocardiographic

approach [7-9]. The high sensitivity of this method for

early detection of myocardial dysfunction or dyssynchrony

related to coronary artery disease, myocardial ischemia,

myocardial infarction, or heart failure render this non-

invasive diagnostic method suitable for clinical use in

humans [4]. It has been used in a variety of species, in-

cluding humans, dogs, cats, horses, and pigs [4,10-16].

The goat is commonly used as an animal model for the

study of human cardiovascular disease [17-20]. Therefore,

novel echocardiographic techniques are also pertinent to

this species, despite the fact that natural cardiac disease is

of minor relevance in goats [21]. However, to our know-

ledge there are no comprehensive studies investigating the

use of strain and strain rate by 2DST in goats.

Therefore, the goal of this study was to investigate the

applicability of 2DST to characterize segmental and global

wall motion for assessment of LV function and LV syn-

chrony in healthy Saanen goats. We hypothesized that

2DST can be applied to characterize myocardial function

in standing, awake goats as well as in anesthetized goats

during general anesthesia. We aimed to describe the tech-

niques, report normal values of a variety of 2DST indices,

and determine the influence of general anesthesia. We fur-

ther intended to explore the agreement of the findings of

this study to other studies conducted in people and in

other animal species to identify similarities and disparities

with regard to the physiology of LV mechanics. The results

of this study provide fundamental information on the use

of 2DST for assessment of LV mechanics in goats and will

be useful for future cardiovascular studies in this species.

Methods
Study population

22 female Saanen goats aged 3.7 ± 1.1 [mean ± SD] years

and with a body weight of 60.2 ± 10.5 kg were studied

prospectively. All goats were considered healthy based

upon physical examination, cardiac auscultation, and

routine echocardiographic examination [1].

None of the goats received medications during the

2 weeks preceding entry into the study. The goats were

acclimatized to the hospital for one week before the

study. They were housed indoors, kept on straw and had

free access to water and hay. Animal experiments were

carried out in accordance with the Swiss law on animal

protection. All animal studies were approved by the dis-

trict veterinary office of the Canton of Zurich.

Study design

All goats underwent a complete echocardiographic

examination while standing in a quiet room, unsedated

and restrained by an experienced handler. A second

echocardiographic examination within 7.4 ± 3.5 days of

the first examination was performed immediately follow-

ing a computed tomography scan conducted within the

scope of another investigation, with the goats in general

anesthesia and positioned in sternal recumbency. The

mean time from induction of anesthesia to the start of

the echocardiographic examination was 68 (52–103) min

[mean (range)].

General anesthesia

The animals were fasted for 24 h and deprived of water

for 2 h prior to anaesthesia. A 14 G/1.88 in catheter (BD

Angiocath, Becton Dickinson, Allschwil, Switzerland) was

placed aseptically into the right jugular vein. All animals

were premedicated intravenously with 0.1 mg/kg xylazine

(Rompun 2%, Provet, Lyssach, Switzerland), diluted in

20 mL of saline (NaCl 0.9%, Braun Medical, Sempach,

Switzerland) and given over 5 min with a syringe pump

(Syramed μ6000, Arcomed, Regensdorf, Switzerland). An-

aesthesia was then induced with either 3 mg/kg racemic

ketamine (Narketan 10%, Vetoquinol, Ittigen, Switzerland)

or 1.5 mg/kg S-ketamine (Keta-S 6%, Dr. Graeub AG,

Bern, Switzerland) i.v. given by manual injection.

Once the animals were recumbent, they were positioned

sternally, intubated, and connected to an anesthesia ma-

chine. Generally, the goats were allowed to breathe spon-

taneously throughout the entire duration of anesthesia.

Mechanical ventilation was only applied when arterial

blood gas analysis revealed a PaCO2 > 50 mmHg. In this

case, intermittent positive pressure ventilation was used

with a tidal volume of 10-15 mL/kg at a rate of 10-15

breaths per minute. Anesthesia was maintained with iso-

flurane (IsoFlo®, Abbott, Baar, Switzerland) delivered in

oxygen and air via a semi-closed circle absorption system

with a flow of 60 mL/kg/min during the first 10 min and a

flow of 35 mL/kg/min thereafter. The vaporizer was ini-

tially set to 2.5% and after 15 min it was reduced and held

between 1.5 and 2% to maintain an end-tidal isoflurane
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concentration of 1.1%. Lactated Ringer’s solution (Ringer-

Laktat, Fresenius Kabi, Stans, Switzerland) was adminis-

tered i.v. at a dose rate of 10 mL/kg/h. During anesthesia,

the goats were kept in sternal recumbency.

Each goat was instrumented with an electrocardio-

gram, a pulse oximeter and an end-tidal gas analyzer. A

portable multiparameter monitor (Datex-Ohmeda AS/3

Compact Monitor; Anandic, Schaffhausen, Switzerland)

continuously displayed the physiologic monitoring data

during the anesthetic period. The ear artery was cannu-

lated for intraarterial blood pressure monitoring and

blood sampling for blood gas analyses. Heart rate (HR),

respiratory rate, saturation of arterial oxygen, direct ar-

terial blood pressures, end-tidal CO2, end-tidal isoflur-

ane, and rectal temperature were monitored. Blood gas

analysis was performed at 10 minutes after anesthesia in-

duction and then every 30 minutes for the duration of

anesthesia. Following anesthesia, the goats were placed

sternally in a padded box. The endotracheal tube was re-

moved once swallowing reflex returned.

Echocardiography

Transthoracic echocardiography was performed using a

high-end digital echocardiograph (GE Vivid 7 Dimension,

BTO6, GE Medical Systems, Glattbrugg, Switzerland) with

a phased array transducer (M4S, GE Medical Systems,

Glattbrugg, Switzerland) at a frequency of 1.9/4.0 MHz

(octave harmonics) [22]. A single lead electrocardiogram

(lead I) was recorded simultaneously. The lead position

was consistent among animals and between repeat echo-

cardiograms. The aortic valve was imaged in 2D grayscale

mode in a right parasternal long-axis view of the left ven-

tricular outflow tract (LVOT) and in M-mode in a right

parasternal short-axis view, respectively, for subsequent

determination of the time of aortic valve closure. The left

ventricle (LV) was imaged in 2D mode using a right para-

sternal four-chamber view optimized to obtain an image

of the entire LV at its largest dimensions, including the LV

apex. Subsequently, the LV was imaged in three short-axis

views, namely at the level of the apex, at the level of the

papillary muscles, and at the level of the chordae tendi-

neae. Imaging depth and sector width, respectively, were

adjusted to achieve a frame rate > 50 frames/second in 2D

imaging mode. Three representative, non-consecutive

cardiac cycles were recorded in each view and stored as

cine-loops in digital raw data format. Data analyses were

performed offline, blinded, and in random order, using a

dedicated software package (EchoPAC Software version

6.1.2, GE Medical Systems, Glattbrugg, Switzerland).

Three cardiac cycles were analyzed for each imaging

plane. For each measured or calculated variable, the aver-

age of the three measurements was reported.

The time to aortic valve closure was measured manually

(tAVCm). It was defined as the time interval between the

peak of the electrocardiographic R wave and the closure

point of the aortic valve identified on an M-mode recording

of aortic valve motion. In cases, in which the closure point of

the aortic valve was not clearly identifiable on the M-mode

recording, anatomical M-mode was applied to the recorded

two-dimensional echo loop of the LVOT, and cursor place-

ment was adjusted to identify the point of aortic valve clos-

ure. The corresponding heart rate (HRAVCm) for each cycle

was calculated as 60,000/R-R interval.

The 2D speckle tracking (2DST) analyses were per-

formed using the 2D Strain module of the analysis soft-

ware (EchoPAC Software version 6.1.2, GE Medical

Systems, Glattbrugg, Switzerland). The 2DST variables

were measured as follows: (1) The appropriate long-axis

or short-axis image was selected and the Q-Analysis mod-

ule was started. (2) A single heart cycle was selected by

moving the left and the right cursor, respectively, to the

peak of the R waves of the electrocardiogram. Each cycle

was identified by the image number, the time when the

image was recorded, and the first and the last frame of the

cycle. The R-R interval was measured and the frame rate

was recorded. (3) Subsequently, the 2D Strain module was

started. The long-axis (subsequently called LAX) grayscale

loops of the LV were analyzed using the “4CH” option,

and the short-axis grayscale loops of the LV were analyzed

using the “SAX-AP” (apical level, subsequently called

SAX-AP), “SAX-PM” (papillary muscle level, subsequently

called SAX-PM), and “SAX-MV” option (chordal level,

subsequently called SAX-CH), respectively. Once the

option had been selected, a region of interest (ROI) was

determined by tracing the endocardial border of the LV

at end-systole. For the long-axis images, tracing started

at the septal mitral valve (MV) annulus and ended at

the lateral MV annulus; for the short-axis images, tra-

cing was started at mid-septum and proceeded in a

clockwise direction. The papillary muscles were not in-

cluded in the tracings. The ROI width was adjusted, so

that the entire myocardial thickness was covered

throughout the cardiac cycle. Subsequently the speckle

tracking analysis was started. The software algorithm

automatically divided the myocardium into 6 segments,

performed the speckle tracking analysis, and provided

confirmation of adequate tracking for each segment

(Additional file 1: Figure S5). The segments were prese-

lected by the software based on regional wall motion

analysis standards applied to human patients and were

not adjusted for use in the goat. Hence, apart from

slight individual variations, the short-axis segments

termed “Sept”, “AntSept” and “Ant” generally depict the

interventricular septum, whereas “Lat”, “Post”, and “Inf”

depict the cranial, lateral, and caudal LV free wall.

The quality of the tracking was visually assessed by the

operator during motion playback. If necessary, the line

tracing of the endocardium was adjusted and the speckle
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tracking analysis was repeated until adequate tracking was

achieved. If adequate tracking was not possible despite re-

peated adjustments of the ROI, another cardiac cycle was

chosen for analysis. If the software failed to adequately

track a segment even after repeated manual tracing of

multiple cycles, the loop was excluded from analysis.

Six curve profiles were obtained corresponding to the

average of each myocardial segment (Additional file 1:

Figure S6). For the long-axis images (4CH), the following

variables were reported by the software: Longitudinal

strain (εL), longitudinal strain rate (SRL), longitudinal

displacement (DL), and transverse displacement (DT).

For the short-axis images (SAX-AP, SAX-PM, SAX-CH),

the following variables were reported by the software:

Circumferential strain (εC), circumferential strain rate

(SRC), radial strain (εR), radial strain rate (SRR), radial

displacement (DR). The time of aortic valve closure was

automatically calculated and displayed by the software

(AVCa, Additional file 1: Figure S6).

The measurements for strain, strain rate, and displace-

ment, respectively, were performed on the “Results”

screen of the 2D Strain software module. Automated de-

tection of the peak values was verified on the graphical

display and corrected as necessary. The mean of the 6 seg-

mental measurements of each variable was calculated to

obtain indices of averaged strain, strain rate, and displace-

ment. Strain measurements for each segment included

longitudinal, radial, and circumferential peak strain (peak

independent of aortic valve closure; termed εL, εR, and εC)

as well as peak systolic strain (peak prior to or at the time

of aortic valve closure; termed εL-sys, εR-sys, and εC-sys).

Where the highest strain value occurred before or at the

time of aortic valve closure, peak strain (ε) was identical

with peak systolic strain (εsys). Where 2 peaks for strain

were present and εsys was followed by a 2nd, higher peak

after aortic valve closure, the 2nd peak was considered ε.

Where only 1 peak occurring after aortic valve closure

was present, εsys was defined as strain at the time of aortic

valve closure and the 2nd peak was termed ε. Post-systolic

motion was diagnosed where the highest strain value oc-

curred after automatically determined aortic valve closure

(AVCa) [7,9,13,14].

Strain rate measurements for each segment included

peak systolic strain rate (SRL-sys, SRR-sys, and SRC-sys),

peak early-diastolic strain rate (SRL-E, SRR-E, and SRC-E)

and peak late-diastolic strain rate (SRL-A, SRR-A, and

SRC-A). Displacement measurements for each segment

included peak displacement (DL, DT, DR). The R-R inter-

val was measured for each cycle. The time to automatic-

ally determined aortic valve closure (tAVCa) was

calculated as the time interval between the peak of the

electrocardiographic R wave and AVCa displayed on the

“Trace” screen. The corresponding heart rate (HRAVCa)

for each cycle was calculated as 60,000/R-R interval.

The time interval from the electrocardiographic R

wave to longitudinal, circumferential, and radial peak

strain (tεL, tεC, tεR) of each segment was measured in

each cycle. The synchrony time index (STIε), a measure

of myocardial dyssynchrony, was calculated as the differ-

ence in tε from the earliest to the latest segment [12,13].

Data analysis and statistics

All statistical and graphical analyses were performed using

standard computer software (Microsoft Office Excel 2003,

Microsoft Corporation, Redmond, WA; SigmaStat v3.5,

SPSS Inc, Chicago, IL; GraphPad Prism v5.00 for Windows,

GraphPad Software, San Diego California USA). The agree-

ment between tAVCa and tAVCm was compared by paired

t test and Bland-Altman statistics. The corresponding heart

rates (HRAVCm and HRAVCa) were compared by paired t

test. For segmental 2DST indices, 2-way repeated-measures

analysis of variance was used to detect differences between

segments and treatment (i.e., awake vs. anesthetized).

When the F test indicated significant differences, all

pairwise multiple comparisons were performed using

the Holm-Sidak post hoc test. The effect of general

anesthesia on averaged 2DST indices and on STIε was

assessed by paired t tests, reporting the 95% confidence

intervals for the difference of means. Validity of the nor-

mality assumption was confirmed by assessment of nor-

mal probability plots of the residuals. The level of

significance was set at P=0.05.

Results
Feasibility and quality of recordings

Echocardiographic analyses by 2DST were feasible in all

22 goats and at both time points (i.e., awake, anesthe-

tized). Accidentally, in one goat the LAX and in another

one the SAX-CH images had not been recorded.

The frame rate of the recordings ranged between 70.2

and 103.8 frames per seconds (85.1 ± 2.6 [mean ± SD]).

Tracking was considered inaccurate in 1,869 of total

31,512 measured segments (5.93%) based on automated

verification and visual assessment of tracking by the op-

erator (LAX, 178 segments; SAX-AP, 488 segments;

SAX-PM, 724 segments; SAX-CH, 479 segments).

AVC and HR

There was no significant difference between tAVCa and

tAVCm except for measurements obtained at the apical

short-axis level during anesthesia and at the chordal

short-axis level in awake and anesthetized goats (Table 1).

Generally, tAVCa occurred later at the chordal level

compared to the papillary muscle and the apical level,

respectively. Mean bias was lowest for long-axis analyses

and short-axis analyses at the papillary muscle level.

No significant differences were identified between HRAVCa

and HRAVCm in any of the views and treatments.
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Table 1 Agreement between manually measured and automatically determined time of aortic valve closure and corresponding heart rates

View Treatment tAVCm (ms)
[mean ± SD]

tAVCa (ms)
[mean ± SD]

Bias (ms) 95% LoA (ms) 95% CI for
difference of
means (ms)

p value HRAVCm (min−1)
[mean ± SD]

HRAVCa (min−1)
[mean ± SD]

95% CI for
difference of
means (min−1)

p value

Awake 281.6 ± 23.5 98 ± 19.6

Anesthetized 335.8 ± 24.4 85 ± 11.1

LAX Awake 285.68 ± 27.57 −4 −33 to +25 −10.53 to 2.24 0.192 95 ± 20.39 −1.1 to +6.6 0.157

LAX Anesthetized 331.11 ± 22.9 +6 −30 to +43 −2.38 to 14.60 0.149 84 ± 10.46 −0.3 to +1.3 0.186

SAX-AP Awake 274.59 ± 30.36 +5 −22 to +32 −1.11 to 11.17 0.103 99 ± 21.92 −4.1 to +3.3 0.812

SAX-AP Anesthetized 323.97 ± 24.18 +12 −31 to +55 2.07 to 21.66 0.020 85 ± 10.97 −0.8 to +0.7 0.960

SAX-PM Awake 284.79 ± 31.13 −4 −50 to +41 −14.33 to 5.75 0.385 97 ± 23.46 −4.7 to +5.8 0.823

SAX-PM Anesthetized 330.78 ± 18.89 +5 −34 to +44 −3.85 to 13.95 0.251 85 ± 11.02 −0.5 to +0.8 0.625

SAX-CH Awake 311.14 ± 24.26 −30 −66 to +7 −38.11 to −21.55 <0.0001 96 ± 19.71 −1.9 to +6.4 0.277

SAX-CH Anesthetized 346.41 ± 25.35 −11 −52 to +31 −20.04 to −1.109 0.030 85 ± 10.83 −1.0 to +0.8 0.825

LAX, long axis view; SAX-AP, short axis view at apical level; SAX-PM, short axis view at papillary muscle level; SAX-CH, short axis view at chordal level; tAVCm, manually measured time of aortic valve closure based on

M-mode recordings of aortic valve motion; tAVCa, automatically determined time of aortic valve closure based on 2DST-based strain analyses; HRAVCm, heart rate derived from cardiac cycles used for measurement of

tAVCm; HRAVCa, heart rate derived from cardiac cycles used for measurement of tAVCa; LoA, limits of agreement; CI, confidence interval.
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Post-systolic motion

The occurrence of post-systolic motion is summarized

in Figure 1. Peak longitudinal strain occurred before or

at AVC in the apical segments of most animals, whereas

post-systolic motion, with tεL occurring after AVC, was

more common in mid and basal segments. In circumfer-

ential direction, the occurrence of post-systolic motion

differed depending on imaging plane and myocardial

segments. Finally, in radial direction, post-systolic mo-

tion was seen in the majority of animals in all three im-

aging planes.

Averaged strain and strain rate

Heart rate, arterial blood pressure, averaged strain and

strain rate values in awake and anesthetized goats, re-

spectively, are presented in Table 2. The difference in

heart rate between awake and anesthetized goats did not

reach statistical significance. Absolute strain values of

awake goats were generally lower compared to those in

anesthetized goats, but not all differences reached statis-

tical significance. Conversely, absolute systolic strain rate

values in awake goats were all significantly higher than

those recorded under anesthesia, except SRR-sys at the

SAX-AP level. No clear trend was detected for early-

diastolic strain rate, whereas absolute values for late-

diastolic strain rate were generally lower during anesthesia

compared to the awake state.

Absolute values for peak systolic strain (εsys) were sig-

nificantly lower than those for peak strain (ε), except for

circumferential strain in awake goats recorded at the

SAX-AP level (Table 3).

Segmental strain, strain rate, and displacement

Segmental analyses are presented in Figures 2 and 3 and

in Additional file 1: Table S5. In LAX (Figure 2), there was

a gradient in εL from apex to the base, with the largest

strain at the apex and the lowest at the base. Furthermore,

anesthesia significantly influenced εL independent of seg-

ment, with absolute values for εL being higher during

anesthesia than in awake goats. Similarly, SRL-sys signifi-

cantly differed between segments (highest strain rate

in apical segments) and between treatments (higher abso-

lute strain rate in awake compared to anesthetized goats,

independent of segment). SRL-E significantly differed be-

tween segments (highest strain rate in apical segments)

but not between treatments. SRL-A significantly differed

between segments (without a clear gradient) and be-

tween treatments (higher strain rate in awake compared

to anesthetized goats, independent of segment). Longi-

tudinal displacement differed significantly between seg-

ments (with the largest displacement in basal segments

and the smallest in apical segments) and between treat-

ments (with varying effect of anesthesia depending on

segment). Transverse displacement differed significantly

between segments (with an apparent gradient from lat-

eral basal over apical to septal basal segments) and be-

tween treatments (higher displacement in anesthetized

compared to awake goats).

In SAX views (Figure 3), εC significantly differed be-

tween segments and treatments (with varying effect of

anesthesia depending on segment) and with an apparent

gradient in anesthetized goats at PM and CH levels. At

PM and CH levels, εR significantly differed between seg-

ments (without a clear gradient) but not between treat-

ments. DR significantly differed between segments (with

highest values in LVFW segments) and between treat-

ments. SRC-sys differed significantly between segments

and treatments (with effect of anesthesia depending on

segment, except at AP level). SRC-E differed between seg-

ments at all levels (without an obvious gradient), with a

segmental effect of anesthesia at PM and CH levels. At

AP level, SRC-A differed significantly between segments

(without an obvious gradient), with varying segmental

effects of anesthesia. SRR-sys significantly differed between

segments (without an obvious gradient), with a segmental

effect of anesthesia at the PM and CH level. SRR-E differed

significantly between segments at the PM and CH, but not

the AP level. Finally, absolute SRR-A was significantly

higher in the awake state at the AP and PM level, and it

differed between segments at the PM and the CH level.

Segmental timing of peak strain

Segmental timing of peak strain values (tεL, tεC, tεR) are pre-

sented in Figure 4A-G and in Additional file 1: Table S6.

Generally, peak strain occurred significantly later in anes-

thetized goats compared to awake goats. Longitudinal

peak strain occurred slightly earlier in apical segments

compared to mid and basal segments. Circumferential

peak strain generally occurred later in segments “Ant” and

“Lat” in the anesthetized goats (although not all SAX-

levels reached the level of significance), whereas segmental

differences in radial peak strain did not follow an obvious

pattern.

Synchrony time index

There were no significant differences between synchrony

time indices between anesthetized and awake goats

(Table 4).

Discussion
The present study shows that 2DST is applicable to

characterize LV wall motion in goats in an awake, stand-

ing position and in sternal recumbency under general

anesthesia.

Aortic valve closure and post-systolic motion

The time interval between the electrocardiographic R wave

and AVC reflects the duration of the electromechanical
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systole. Since positioning of the ECG leads might in-

fluence QRS conformation and thereby the ability to

depict the true onset of electrical events in the ven-

tricle, consistent ECG lead placement is important.

Automatically determined tAVCa may be less suscep-

tible to variability compared to manually measured

tAVCm using M-mode recordings, because the aortic

valve is moving relative to the M-mode cursor line

during the cardiac cycle [8]. Furthermore, automated

timing of aortic valve closure on each cardiac cycle

may in fact be superior to an averaged estimation of

tAVCm, as the latter cannot account for variations of

heart rate between different cycles [23]. However, rela-

tive bias between tAVCa and tAVCm can differ de-

pending on imaging plane. The findings of this study

are consistent with previous findings in horses [16],

indicating that tAVCa occurs later at the chordal level

compared to the papillary muscle and the apical level,

respectively, and that mean bias is small in the long-

axis plane (Table 1). However, even the largest relative

mean bias (for awake recordings at the chordal level

in a short-axis view) was less than 10% and might not

be clinically relevant. Therefore, we suggest that auto-

mated tAVCa can be readily used for routine 2DST

analyses in goats.

The timing of AVC may become important for identi-

fication of post-systolic myocardial motion, which is re-

ported to occur in > 30% of myocardial segments in

normal human subjects, but may be pathologic if there

is a concomitant reduction in systolic strain, especially

if the post-systolic thickening is marked [7,9,24]. In

previous studies in healthy horses, post-systolic myo-

cardial motion was present in 15 of 16 horses, affecting

31–96% of myocardial segments [13,15,16]. Similarly,

the high prevalence of post-systolic motion in this

study suggests that this phenomenon might be physio-

logical in goats (Figure 1), with absolute peak strain

values (independent of AVC) generally being higher

than peak systolic strain values occurring before or at

AVC (Table 3). However, no attempts were made to

grade the degree of post-systolic motion or to investi-

gate its causes or its clinical relevance. Therefore, it re-

mains uncertain whether the definition of post-systolic

motion used in this study would be clinically useful and

relevant.

Averaged strain and strain rate

Myocardial function during the heart cycle is determined

by preload, contractility, afterload, and heart rate,

which are all influenced by autonomic traffic [25,26].

Traditional echocardiographic ejection phase indices

of systolic LV function generally do not reflect con-

tractility per se, since they are also influenced by

loading, rate, and rhythm. Peak strain correlates well

with stroke volume and ejection fraction and is there-

fore also influenced by changes in loading conditions,

contractility, and heart rate [6,8]. In this study, heart

rate during anesthesia was slightly lower compared to

heart rate in awake goats, although the difference was

not statistically significant. However, the relationship

between strain and conventional indices of LV func-

tion was not assessed and the study design did not

allow detailed investigation of the influence of loading

conditions and heart rate. Longitudinal and circum-

ferential strain measurements were generally higher

in anesthetized compared to awake goats, consistent

with an overall increase in systolic LV performance.

These findings were in agreement with previously re-

ported findings obtained from the same population of

goats, indicating that M-mode-based and 2DE-based

LV ejection phase indices and peak systolic LV wall

thickness were significantly higher under general

anesthesia [22].

Peak systolic strain rate seems to be more resistant

against changes in heart rate and loading conditions and

more closely reflects myocardial contractility [5,7,8]. In

this study, the lower peak systolic strain rate values in

anesthetized compared to awake goats therefore suggest

depressed myocardial contractility, which could be ex-

plained by negative inotropic drug effects and decreased

sympathoadrenergic activity in anesthetized goats. How-

ever, overall LV systolic performance appeared to be in-

creased (see above). This can be attributed to the sum of

interacting effects of altered loading, contractility, and

heart rate caused by anesthetic drugs, fluid therapy, and

mechanical ventilation [22].

Overall, longitudinal and circumferential peak strain

and strain rate appear most sensitive to detect differ-

ences between awake and anesthetized goats, suggesting

that these variables best be used for assessment of LV

systolic function in goats.

(See figure on previous page.)

Figure 1 Post-systolic motion in left ventricular long-axis and short-axis recordings. Prevalence of post-systolic motion (PSM) in awake

and anesthetized goats. Post-systolic motion was diagnosed where peak strain occurred after aortic valve closure. A: PSM based on timing of

longitudinal peak strain (tεL), B: PSM based on timing of circumferential peak strain (t
εC) at the apical short-axis level (SAX-AP), C: PSM based on

timing of radial peak strain (tεR) at the apical short-axis level (SAX-AP), D: PSM based on tεC at the papillary muscle short-axis level (SAX-PM), E:

PSM based on tεR at the papillary muscle short-axis level (SAX-PM), F: PSM based on tεC at the chordal short-axis level (SAX-CH), G: PSM based on

t
εR at the chordal short-axis level (SAX-CH).
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Table 2 Averaged strain and strain rate of the left ventricle obtained in different imaging planes in awake and

anesthetized goats

Variable Units Awake (mean ± SD) Anesthetized (mean ± SD) 95% CI for difference of means p value

HR 1/min 94 ± 20 85 ± 11 −2 to 18 0.103

MAP mmHg n/a 87 ± 18 n/a n/a

LAX

εL % −27.44 ± 2.22 −28.65 ± 2.21 0.28 to 2.15 0.014

εL-sys % −26.17 ± 2.23 −27.17 ± 2.49 −0.13 to 2.13 0.080

SRL-sys 1/s −2.29 ± 0.36 −1.96 ± 0.30 −0.51 to −0.15 0.001

SRL-E 1/s 2.92 ± 0.60 3.11 ± 0.35 −0.56 to 0.17 0.276

SRL-A 1/s 1.92 ± 0.81 1.50 ± 0.47 0.02 to 0.82 0.039

SAX-AP

εC % −23.11 ± 2.17 −25.58 ± 3.11 0.96 to 3.98 0.003

εC-sys % −22.80 ± 2.45 −25.10 ± 3.21 0.75 to 3.84 0.006

εR % 58.58 ± 7.97 58.41 ± 11.65 −7.03 to 6.48 0.932

εR-sys % 55.24 ± 8.94 55.59 ± 12.65 −8.06 to 6.53 0.828

SRC-sys 1/s −2.15 ± 0.37 −1.9 ± 0.42 −0.48 to −0.03 0.028

SRC-E 1/s 2.93 ± 0.59 3.24 ± 0.62 −0.66 to 0.53 0.092

SRC-A 1/s 1.49 ± 0.89 1.08 ± 0.49 0.01 to 0.80 0.047

SRR-sys 1/s 2.36 ± 0.34 2.14 ± 0.49 −0.04 to 0.47 0.088

SRR-E 1/s −2.74 ± 0.77 −2.81 ± 0.74 −0.42 to 0.47 0.921

SRR-A 1/s −2.18 ± 1.39 −1.38 ± 0.80 −1.30 to −0.16 0.015

SAX-PM

εC % −22.98 ± 2.87 −24.64 ± 2.92 0.09 to 3.24 0.040

εC-sys % −22.35 ± 2.97 −23.96 ± 3.23 −0.07 to 3.29 0.060

εR % 58.44 ± 9.21 63.92 ± 15.25 −14.71 to 2.22 0.139

εR-sys % 55.26 ± 9.95 61.86 ± 15.67 −14.74 to 1.45 0.102

SRC-sys 1/s −2.07 ± 0.32 −1.86 ± 0.3 −0.39 to −0.04 0.016

SRC-E 1/s 3.16 ± 0.49 3.20 ± 0.39 −0.33 to 0.25 0.783

SRC-A 1/s 1.28 ± 0.51 1.09 ± 0.45 −0.08 to 0.47 0.162

SRR-sys 1/s 2.50 ± 0.48 2.21 ± 0.29 0.06 to 0.50 0.016

SRR-E 1/s −2.72 ± 0.53 −2.67 ± 0.67 −0.40 to 0.34 0.869

SRR-A 1/s −1.83 ± 0.72 −1.38 ± 0.54 −0.81 to −0.03 0.038

SAX-CH

εC % −22.12 ± 3.05 −25.43 ± 3.03 −5.26 to −1.41 0.002

εC-sys % −14.19 ± 1.94 −24.84 ± 3.24 −12.53 to −8.88 <0.001

εR % 57.71 ± 10.31 63.36 ± 12.53 −0.69 to 14.12 0.073

εR-sys % 53.90 ± 9.62 59.80 ± 12.88 0.33 to 14.04 0.041

SRC-sys 1/s −2.11 ± 0.48 −1.82 ± 0.21 0.11 to 0.48 0.004

SRC-E 1/s 3.09 ± 0.62 3.34 ± 0.50 −0.06 to 0.60 0.101

SRC-A 1/s 1.32 ± 0.43 1.19 ± 0.46 −0.40 to 0.18 0.420

SRR-sys 1/s 2.60 ± 0.43 2.33 ± 0.26 −0.55 to −0.03 0.031

SRR-E 1/s −3.05 ± 0.74 −2.79 ± 0.73 −0.19 to 0.61 0.290

SRR-A 1/s −1.71 ± 0.60 −1.59 ± 0.57 −0.27 to 0.44 0.617

HR, heart rate; MAP, mean arterial pressure; LAX, long axis view; SAX-AP, short axis view at apical level; SAX-PM, short axis view at papillary muscle level; SAX-CH,

short axis view at chordal level; εL, longitudinal peak strain; εL-sys, longitudinal peak systolic strain; SRL-sys, longitudinal peak systolic strain rate; SRL-E, longitudinal

peak early-diastolic strain rate; SRL-A, longitudinal peak late-diastolic strain rate; εC, circumferential peak strain; εC-sys, circumferential peak systolic strain; εR, radial

peak strain; εR-sys, radial peak systolic strain; SRC-sys, circumferential peak systolic strain rate; SRC-E, circumferential peak early-diastolic strain rate; SRC-A, circumferential

peak late-diastolic strain rate; SRR-sys, radial peak systolic strain rate; SRR-E, radial peak early-diastolic strain rate; SRR-A, radial peak late-diastolic strain rate.
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Strain rate measurements can also be applied for assess-

ment of LV diastolic function. Early-diastolic strain rate

(SRE) is determined by active LV relaxation, LV compli-

ance, and filling pressures [8]. Late-diastolic strain rate

(SRA) is related to active atrial contraction (determined by

atrial contractility, preload, and afterload) and LV com-

pliance at end-diastole [8]. In this study, SRE was not

significantly different in anesthetized compared to

awake goats, suggesting that LV relaxation and filling

was not markedly altered by anesthesia or that 2DST is

not sensitive enough to detect slight alterations. Con-

versely, SRA was higher in awake goats in longitudinal

as well as radial (apical and papillary muscle level) and

circumferential (apical level) direction, consistent with a

slight depression of active atrial contraction in the anes-

thetized state. This was in agreement with previous

Table 3 Comparison between averaged peak strain and averaged peak systolic strain

Direction of strain Imaging plane Treatment Peak strain, ε (%)
[mean ± SD]

Peak systolic strain, εsys
(%) [mean ± SD]

95% CI for difference
of means

p value

Longitudinal LAX Awake −27.44 ± 2.22 −26.17 ± 2.23 −1.56 to −0.98 <0.001

Anesthetized −28.65 ± 2.21 −27.17 ± 2.49 −1.91 to −1.06 <0.001

Circumferential SAX-AP Awake −23.22 ± 2.17 −22.80 ± 2.45 −0.67 to 0.05 0.087

Anesthetized −25.58 ± 3.11 −25.10 ± 3.21 −0.71 to −0.26 <0.001

SAX-PM Awake −22.98 ± 2.87 −22.35 ± 2.97 −0.89 to −0.37 <0.001

Anesthetized −24.64 ± 2.92 −23.96 ± 3.23 −1.01 to −0.35 <0.001

SAX-CH Awake −22.12 ± 3.05 −14.19 ± 1.94 −8.78 to −7.09 <0.001

Anesthetized −25.43 ± 3.03 −24.84 ± 3.24 −0.76 to −0.40 <0.001

Radial SAX-AP Awake 58.58 ± 7.97 55.24 ± 8.94 2.31 to 4.36 <0.001

Anesthetized 58.41 ± 11.65 55.59 ± 12.65 1.96 to 3.67 <0.001

SAX-PM Awake 58.44 ± 9.21 55.26 ± 9.59 2.31 to 4.02 <0.001

Anesthetized 63.92 ± 15.25 61.86 ± 15.67 1.25 to 2.88 <0.001

SAX-CH Awake 57.71 ± 10.31 53.90 ± 9.62 2.75 to 4.86 <0.001

Anesthetized 63.36 ± 12.53 59.80 ± 12.88 2.50 to 4.62 <0.001

LAX, long axis view; SAX-AP, short axis view at apical level; SAX-PM, short axis view at papillary muscle level; SAX-CH, short axis view at chordal level.

Figure 2 Segmental 2DST analyses of left ventricular long-axis recordings. A: εL, longitudinal peak strain. B: SRL-sys, longitudinal peak

systolic strain rate. C: SRL-E, longitudinal peak early-diastolic strain rate. D: SRL-A, longitudinal peak late-diastolic strain rate. E: DL, longitudinal peak

displacement. F: DT, transverse peak displacement. Box-and-whisker diagrams, with the line near the middle of the box indicating the median,

the top and the bottom of the box indicating the upper and lower quartile, and the whiskers indicating the 5th and 95th percentile observations,

respectively. P values of the F test are listed next to each graph; factors for which multiple comparison post hoc testing was performed are displayed

in italics. Segments and treatments marked with the same letter were not significantly different from each other when undergoing post hoc testing

for multiple comparisons.
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findings obtained on the same population of goats, indi-

cating that active left-atrial contraction was slightly

lower in anesthetized goats [22].

Segmental strain, strain rate and displacement

Segmental 2DST indices represent regional contractile

function and are used for detection of abnormal regional

wall motion patterns and ventricular dyssynchrony and

in cardiac resynchronization therapy in humans [27].

In this study, longitudinal strain, systolic strain rate,

and early-diastolic strain rate decreased gradually from

apex to base (Figure 2). This suggests that the apical

myocardial segments of the LV deform more dynamic-

ally compared to the mid-wall and basal segments,

which is in agreement with findings in previous experi-

mental studies and in human and horse studies

[14,16,28-30]. The gradual increase in longitudinal dis-

placement from apex to base (Figure 2E) is consistent

with the fact that the mitral annulus is pulled down to-

ward the apex during the ejection phase [16,28].

In SAX imaging planes, segmental differences and ef-

fects of anesthesia were generally more pronounced in the

circumferential compared to the radial direction. The

higher radial strain, strain rate, and displacement in the

“Lat”, “Post”, “Inf”, and “Sept” segments in the SAX-PM

and SAX-CH planes indicate more pronounced systolic

thickening and motion of the LV free wall compared to

the septum. These findings also correspond to a previous

study in horses [15].

Overall, effects of anesthesia corresponded to those de-

scribed above for averaged strain and strain rate values,

suggesting improved overall systolic LV function in face of

depressed myocardial contractility. Effects of anesthesia

on radial displacement were in agreement with previously

reported 2DE and M-mode indices of LV systolic function

in the same population of goats [22].

The timing of segmental peaks strain describes the

propagation of mechanical activation. In agreement with

previous studies [28,31], maximum longitudinal LV

deformation in this study occurred significantly earlier at

the apex compared to mid ventricular and basal seg-

ments (Figure 4A), consistent with the fact that

myocardial depolarization begins near the apical septum

and spreads toward the base [32].

In SAX imaging planes, timing of circumferential peak

strain values showed more segmental variation com-

pared to radial strain values (Figure 4B-G), possibly re-

lated to the helical arrangement of the myofibers.

Cranial and lateral segments (“Ant”, “Lat”) generally

showed a delayed peak activation compared to other

segments. This has also been observed in horses [15].

During anesthesia, peak strain generally was delayed,

suggesting that ejection time was prolonged. This can

be attributed to the anesthesia-induced decrease in

heart rate (Table 1), combined with altered contractil-

ity and loading conditions [1]. No attempts were made

to correct segmental peak timing for differences in

heart rate.

There is no single synchrony index that is preferred

for assessment of ventricular dyssynchrony in people.

Studies suggest that combining dyssynchrony data

from different methods may be of additive value [33].

In this study, we chose to investigate a synchrony time

index that can easily be calculated based on the max-

imum differences in timing of peak strain [12,27].

Based on the STIs, ventricular synchrony appeared

higher in radial compared to longitudinal and circum-

ferential direction and was not influenced by general

anesthesia. However, other studies in horses [13,14]

and humans [9,34] indicated that reliability of the STI

was insufficient for clinical use. Therefore, the effect of

anesthesia on ventricular synchrony in goats may not

be conclusively assessed based on the present data and

further studies are needed to investigate the clinical

relevance and the best diagnostic approach to LV dys-

synchrony in goats.

Acquisition of 2DE images for assessment of longitu-

dinal motion of the LV in large animals such as adult

goats is limited by the fact that apical long-axis views

cannot be obtained because of anatomical constraints.

While the 2DST software algorithm used in this study is

able to correctly track longitudinal myocardial motion

independent of image orientation (personal communi-

cation, manufacturer’s application specialist), spatial

(See figure on previous page.)

Figure 3 A-C. Segmental 2DST analyses of left ventricular short-axis recordings at the apical level (A), at the papillary muscle level

(B) and at the chordal level (C). A: εC, circumferential peak strain. B: εR, radial peak strain. C: DR, radial peak displacement. D: SRC-sys,

circumferential peak systolic strain rate. E: SRC-E, circumferential peak early-diastolic strain rate. F: SRC-A, circumferential peak late-diastolic

strain rate. G: SRR-sys, radial peak systolic strain rate. H: SRR-E, radial peak early-diastolic strain rate. I: SRR-A, radial peak late-diastolic strain rate.

Box-and-whisker diagrams, with the line near the middle of the box indicating the median, the top and the bottom of the box indicating

the upper and lower quartile, and the whiskers indicating the 5th and 95th percentile observations, respectively. P values of the F test are

listed next to each graph; factors for which multiple comparison post hoc testing was performed are displayed in italics. Segments and

treatments marked with the same letter were not significantly different from each other when undergoing post hoc testing for multiple

comparisons.
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resolution is slightly reduced when the longitudinal

axis of the heart is perpendicular to the ultrasound

beam. Therefore it is important to standardize imaging

planes when comparing studies between individuals or

over time and when comparing individual measure-

ments to normal reference intervals.

Since only female goats were included in this study,

the influence of sex on 2DST variables could not be

assessed. Regression analyses were not able to detect any

significant relationship of 2DST variables to age and

body weight, respectively (data not shown), but the study

population was relatively homogenous and the range of

available ages and body weights was narrow.

A true limitation of this study is the lack consideration

of alterations in blood pressures between the awake and

the anesthetized state, since loading conditions might

significantly influence strain variables. However, the

current study setting did not allow invasive measure-

ments of arterial blood pressures in awake goats.

Also, this study was not designed to comprehensively

assess the repeatability and reproducibility of recordings

and measurements. Therefore, while significant differ-

ences between segments and treatments, respectively,

can be established on a population level, the diagnostic

validity for detection of subtle changes in strain and

strain rate in individual goats in a clinical setting is un-

known to date.

Conclusions
In conclusion, 2SDT is a valid method for non-invasive

characterization of LV wall motion in awake and anes-

thetized goats. In conjunction with conventional 2D,

M-mode, and Doppler echocardiography, it may add to

the understanding of LV mechanical function and may

aid in the diagnosis of global and segmental LV systolic

dysfunction in goats. However, effects of anesthesia

and species-specific characteristics should be consid-

ered when goats are used as animal models for human

disease. Furthermore, future studies are required to as-

sess the reliability of 2DST measurements when used

repeatedly in individual animals over time.

(See figure on previous page.)

Figure 4 Segmental timing of peak strain in left ventricular long-axis and short-axis recordings. Segmental timing of peak strain,

expressed as the time interval from the electrocardiographic R wave to longitudinal, circumferential, and radial peak strain of each segment.

A: Time to longitudinal peak strain (t
εL) in left ventricular long-axis recordings. B: Time to circumferential peak strain (t

εC) in left ventricular

short-axis recordings at the apical level. C: Time to radial peak strain (tεR) in left ventricular short-axis recordings at the apical level. D: Time

to circumferential peak strain (tεC) in left ventricular short-axis recordings at the papillary muscle level. E: Time to radial peak strain (tεR) in

left ventricular short-axis recordings at the papillary muscle level. F: Time to circumferential peak strain (t
εC) in left ventricular short-axis

recordings at the chordal level. G: Time to radial peak strain (tεR) in left ventricular short-axis recordings at the chordal level. Box-and-whisker diagrams,

with the line near the middle of the box indicating the median, the top and the bottom of the box indicating the upper and lower quartile, and the

whiskers indicating the 5th and 95th percentile observations, respectively. P values of the F test are listed next to each graph; factors for which multiple

comparison post hoc testing was performed are displayed in italics. Segments and treatments marked with the same letter were not significantly

different from each other when undergoing post hoc testing for multiple comparisons.

Table 4 Synchrony time index

Imaging plane variable Units Awake [mean ± SD] Anesthetized [mean ± SD] 95% CI for difference of means p value

LAX

STIεL ms 90.28 ± 14.23 97.98 ± 19.06 −19.46 to 2.97 0.141

SAX-AP

STI
εC ms 93.08 ± 31.41 81.18 ± 33.65 −6.37 to 30.16 0.190

STI
εR ms 58.83 ± 36.53 73.42 ± 52.91 −47.87 to 17.59 0.345

SAX-PM

STI
εC ms 81.89 ± 25.97 86.20 ± 30.04 −18.36 to 9.75 0.531

STI
εR ms 50.55 ± 22.37 50.14 ± 27.41 −16.33 to 16.00 0.983

SAX-CH

STI
εC ms 93.06 ± 32.40 91.17 ± 32.78 −19.40 to 23.52 0.847

STI
εR ms 64.32 ± 47.00 57.27 ± 42.52 −19.08 to 42.98 0.431

LAX, long axis view; SAX-AP, short axis view at apical level; SAX-PM, short axis view at papillary muscle level; SAX-CH, short axis view at chordal level; STI
εL, Synchrony

time index based on longitudinal peak strain; STI
εC, Synchrony time index based on circumferential peak strain; STI

εR, Synchrony time index based on radial peak

strain.
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tAVCm: Time of aortic valve closure (manually determined); tAVCa: Time of

aortic valve closure (automatically determined); TDI: Tissue Doppler imaging.
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Additional file 1 

 

Figure S5 – Two-dimensional Speckle Tracking Analysis Tool  

Two-dimensional speckle tracking analysis tool. The 2DST software automatically 

divides the region of interest into 6 segments. The quality of tracking is automatically 

verified by the software and segments with appropriate tracking are marked with a 

green ‘‘V’’ at the bottom of the screen.  

A: Right-parasternal long-axis view of the left ventricle. The interventricular septum 

and the left ventricular free wall are divided into basal, mid-wall and apical segments. 

B: Right-parasternal short-axis view at the level of the chordae tendineae. Note that 

the labels assigned to the short-axis segments are based on the human 

echocardiographic nomenclature and do not directly correspond to the anatomy of the 

goat heart. “Sept”, ‘‘AntSept’’ and ‘‘Ant’’ generally depict the interventricular 

septum, whereas ‘‘Lat’’, ‘‘Post’’ and ‘‘Inf’’ depict the cranial, lateral, and caudal LV 

free wall.  
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Figure S6 – Two-dimensional Speckle Tracking Trace Screens  

Examples of trace screens of the 2DST analysis tool displaying the following 

information: Top left: 2D image with the segmented ROI and parametric color coding 

at the time of aortic valve closure. The center and the endocardial and epicardial 

borders of the different myocardial segments are marked by colored dots. Bottom left: 

M-mode with parametric color coding, showing the spatial (vertical axis) and 

temporal (horizontal axis) distribution of the respective measurements. The different 
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myocardial segments are marked by colored dots. An ECG is plotted for timing. 

Right: Trace display for the selected variable. The colors of the traces correspond to 

the colors of the segmented ROI. The dotted line (where shown) indicates the 

instantaneous average of all segments at the respective time of the cardiac cycle. An 

ECG is plotted for timing. The start and the end of the cycle are marked on the ECG 

with yellow dots. The automatically calculated time of aortic valve closure (AVC) is 

indicated by a green vertical line, dividing the cycle in its systolic and diastolic 

component.  

A: Longitudinal displacement. DL, longitudinal peak displacement. B: Longitudinal 

strain. εL, longitudinal peak strain. C: Circumferential strain. εc, circumferential peak 

strain. D: Circumferential strain rate. SRC-sys, circumferential peak systolic strain rate; 

SRC-E, circumferential peak early-diastolic strain rate; SRC-A, circumferential peak 

late-diastolic strain rate. E: Radial strain. εR, radial peak strain. F: Radial strain rate. 

SRR-sys, radial peak systolic strain rate; SRR-E, radial peak early-diastolic strain rate; 

SRR-A, radial peak late-diastolic strain rate. 
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Table S5 – Segmental 2DST analyses of left ventricular long-axis and short-axis recordings under awake and anesthetized conditions 

 

   Segments F-Test 

Variable Treatment Units basSept  

[mean ± 

SEM] 

midSept 

[mean ± 

SEM] 

apSept 

[mean ± 

SEM] 

apLat 

[mean ± 

SEM] 

midLat 

[mean ± 

SEM] 

basLat 

[mean ± 

SEM] 

p value 

Treatment 

p value 

Segments 

p value  

Treatment 

× Segments 

LAX            
εL-sys Awake % -17.12 ± 0.64 -26.06 ± 0.64 -35.91 ± 0.64 -34.62 ± 0.64 -23.38 ± 0.64 -18.04 ± 0.68     

 Anesthetized  -17.22 ± 0.68 -26.48 ± 0.64 -36.99 ± 0.64 -35.04 ± 0.64 -24.68 ± 0.64 -20.43 ± 0.64    

         0.121 <0.001 0.548 

εL Awake % -18.78 ± 0.56 -26.49 ± 0.56 -36.02 ± 0.56 -34.84 ± 0.56 -25.11 ± 0.56 -22.31 ± 0.59    

 Anesthetized  -19.60 ± 0.59 -27.56 ± 0.56 -37.07 ± 0.56 -35.10 ± 0.56 -26.66 ± 0.56 -24.57 ± 0.56    

         0.022 <0.001 0.603 

SRL-sys Awake 1/s -1.64 ± 0.09 -2.09 ± 0.09 -2.85 ± 0.09 -2.81 ± 0.09 -2.03 ± 0.09 -2.06 ± 0.09    

 Anesthetized  -1.37 ± 0.09 -1.83 ± 0.09 -2.48 ± 0.09 -2.33 ± 0.09 -1.78 ± 0.09 -1.89 ± 0.09    

         <0.001 <0.001 0.451 

SRL-E Awake 1/s 1.74 ± 0.12 2.24 ± 0.12 4.10 ± 0.12  4.12 ± 0.12 2.48 ± 0.12 2.77 ± 0.13    

 Anesthetized  1.51 ± 0.13 2.47 ± 0.12 4.42 ± 0.12 4.26 ± 0.12 2.75 ± 0.12 2.99 ± 0.12    

         0.323 <0.001 0.250 

SRL-A Awake 1/s 1.53 ± 0.13 1.55 ± 0.13 2.08 ± 0.13 2.38 ± 0.13 1.76 ± 0.13 2.22 ± 0.13    

 Anesthetized  1.52 ± 0.13 1.24 ± 0.13 1.65 ± 0.13 1.72 ± 0.13 1.35 ± 0.13 1.58 ± 0.13    

         0.040 <0.001 0.135 

DL Awake mm 20.90 ± 0.37 15.68 ± 0.37 6.65 ± 0.37 7.57 ± 0.37 18.55 ± 0.37 24.41 ± 0.37    

 Anesthetized  19.73 ± 0.37  14.55 ± 0.37 5.65 ± 0.42 8.91 ± 0.37 20.47 ± 0.37 27.15 ± 0.37    

         0.315 <0.001 <0.001 

DT Awake mm 3.07 ± 0.26 4.54 ± 0.26 4.27 ± 0.26 3.97 ± 0.26 5.43 ± 0.26 8.76 ± 0.26    

 Anesthetized  3.44 ± 0.27 4.90 ± 0.26 4.85 ± 0.26 5.10 ± 0.26 7.03 ± 0.26 9.65 ± 0.26    

         0.011 <0.001 0.123 
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   Segments F-Test 

Variable Treatment Units AntSept  

[mean ± SEM] 

Ant  

[mean ± SEM] 

Lat 

[mean ± SEM] 

Post 

[mean ± SEM] 

Inf 

[mean ± SEM] 

Sept 

[mean ± SEM] 

p value 

Treatment 

p value 

Segments 

p value  

Treatment  

× Segments 

SAX-AP            
εC-sys Awake % -19.47 ± 0.90 -18.61 ± 0.90 -20.04 ± 0.90 -27.19 ± 0.90 -27.38 ± 0.90 -22.64 ± 0.90    

 Anesthetized  -24.82 ± 0.90 -20.12 ± 0.95 -19.94 ± 0.95 -26.34 ± 0.95 -28.97 ± 0.90 -28.34 ± 0.90    

         0.011 <0.001 <0.001 

εC Awake % -20.44 ± 0.88 -19.54 ± 0.88 -19.677 ± 0.88 -27.53 ± 0.88 -27.46 ± 0.88 -22.67 ± 0.88    

 Anesthetized  -25.15 ± 0.88 -21.33 ± 0.93 -20.78 ± 0.93 -26.87 ± 0.93 -29.05 ± 0.88 -28.48 ± 0.88    

         0.005 <0.001 0.005 

εR-sys Awake % 52.02 ± 1.43 53.31 ± 1.43 55.77 ± 1.43 56.51 ± 1.43 56.07 ± 1.43 54.54 ± 1.43    

 Anesthetized  55.48 ± 1.43 55.28 ± 1.43 55.92 ± 1.43 55.24 ± 1.43 55.36 ± 1.43 55.56 ± 1.43    

         0.828 0.521 0.581 

εR  Awake % 56.54 ± 1.50 56.29 ± 1.50 58.03 ± 1.50 59.28 ± 1.50 59.65 ± 1.50 58.99 ± 1.50    

 Anesthetized  58.59 ± 1.50 57.51 ± 1.50 58.02 ± 1.50   58.69 ± 1.50 58.65 ± 1.50 58.97 ± 1.50    

         0.932 0.493 0.915 

SRC-sys Awake 1/s -1.75 ± 0.08 -1.89 ± 0.08 -1.94 ± 0.08 -2.51 ± 0.08 -2.53 ± 0.08 -2.20 ± 0.08    

 Anesthetized  -1.69 ± 0.08 -1.58 ± 0.08 -1.67 ± 0.08 -2.13 ± 0.08 -2.09 ± 0.08 -1.98 ± 0.08    

         0.013 <0.001 0.173 

SRC-E Awake 1/s 2.90 ± 0.15 3.06 ± 0.15 2.88 ± 0.15 3.11 ± 0.15 2.61 ± 0.15 2.98 ± 0.15    

 Anesthetized  3.31 ± 0.15 3.10 ± 0.15 2.66 ± 0.16 3.59 ± 0.16 3.14 ± 0.15 3.45 ± 0.15    

         0.112 0.010 0.074 

SRC-A Awake 1/s 1.41 ± 0.12 1.18 ± 0.12 1.07 ± 0.12 1.59 ± 0.12 1.81 ± 0.12 1.83 ± 0.12    

 Anesthetized  1.26 ± 0.12 0.80 ± 0.12 0.92 ± 0.12 0.96 ± 0.12 1.05 ± 0.12 1.50 ± 0.12    

         0.052 <0.001 0.045 

SRR-sys Awake 1/s 2.21 ± 0.05 2.34 ± 0.05 2.39 ± 0.05 2.43 ± 0.05 2.40 ± 0.05 2.28 ± 0.05    

 Anesthetized  2.04 ± 0.05 2.11 ± 0.05 2.14 ± 0.05 2.19 ± 0.05 2.14 ± 0.05 2.12 ± 0.05    

         0.088 0.009 0.865 

SRR-E Awake 1/s -2.90 ± 0.11 -2.90 ± 0.11 -2.81 ± 0.11 -2.72 ± 0.11 -2.73 ± 0.11 -2.80 ± 0.11    

 Anesthetized  -2.91 ± 0.11 -2.71 ± 0.11 -2.82 ± 0.11 -2.90 ± 0.11 -2.82 ± 0.11 -2.88 ± 0.11    

         0.888 0.869 0.676 

SRR-A Awake 1/s -1.87 ± 0.06 -1.99 ± 0.06 -2.08 ± 0.06 -2.19 ± 0.06 -2.26 ± 0.06 -2.19 ± 0.06    

 Anesthetized  -1.34 ± 0.06 -1.32 ± 0.06 -1.35 ± 0.06 -1.32 ± 0.06 -1.40 ± 0.06 -1.41 ± 0.06    

         0.031 0.056 0.087 

DR Awake mm 6.47 ± 0.26 7.73 ± 0.26 8.08 ± 0.26 7.56 ± 0.26 7.26 ± 0.26 6.71 ± 0.26    

 Anesthetized  6.98 ± 0.26 8.56 ± 0.26 10.41 ± 0.26 10.98 ± 0.26 9.06 ± 0.26 7.25 ± 0.26    

         <0.001 <0.001 <0.001 
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   Segments F-Test 

Variable Treatment Units AntSept  

[mean ± SEM] 

Ant  

[mean ± SEM] 

Lat 

[mean ± SEM] 

Post 

[mean ± SEM] 

Inf 

[mean ± SEM] 

Sept 

[mean ± SEM] 

p value 

Treatment 

p value 

Segments 

p value  

Treatment  

× Segments 

SAX-PM            

εC-sys Awake % -20.13 ± 0.99 -18.69 ± 1.17 -19.032 ± 1.11 -24.66 ± 0.99 -25.73 ± 0.99 -22.67 ± 0.99    

 Anesthetized  -28.59 ± 0.99 -21.46 ± 0.99 -16.60 ± 0.99 -19.24 ± 0.99 -25.60 ± 0.99 -28.94 ± 0.99    

         0.059 <0.001 <0.001 

εC Awake % -20.96 ± 0.93 -20.85 ± 1.10 -19.90 ± 1.04 -24.63 ± 0.93 -25.76 ± 0.93 -22.99 ± 0.93    

 Anesthetized  -28.64 ± 0.93 -22.37 ± 0.93 -17.85 ± 0.93 -20.24 ± 0.93 -25.82 ± 0.93 -29.77 ± 0.93    

         0.041 <0.001 <0.001 

εR-sys Awake % 47.12 ± 1.53 52.67 ± 1.53 59.43 ± 1.53 61.11 ± 1.53 58.25 ± 1.53 52.72 ± 1.53    

 Anesthetized  52.81 ± 1.53 56.43 ± 1.53 63.92 ± 1.53 67.27 ± 1.53 67.67 ± 1.53 60.80 ± 1.53    

         0.122 <0.001 0.432 

εR  Awake % 50.59 ± 1.51  55.99 ± 1.51 62.08 ± 1.51 63.39 ± 1.51 60.30 ± 1.51 56.31 ± 1.51    

 Anesthetized  55.45 ± 1.51 59.10 ± 1.51 65.05 ± 1.51 69.28 ± 1.51 69.84 ± 1.51 64.55 ± 1.51    

         0.155 <0.001 0.169 

SRC-sys Awake 1/s -1.60 ± 0.08 -1.90 ± 0.10 -1.87 ± 0.09 -2.37 ± 0.08 -2.48 ± 0.08 -2.08 ± 0.08    

 Anesthetized  -1.89 ± 0.08 -1.64 ± 0.08 -1.40 ± 0.08 -1.79 ± 0.08 -2.18 ± 0.08 -2.03 ± 0.08    

         0.004 <0.001 <0.001 

SRC-E Awake 1/s 2.08 ± 0.12 3.33 ± 0.14 3.08 ± 0.14 3.74 ± 0.12 2.89 ± 0.12 2.95 ± 0.12    

 Anesthetized  3.46 ± 0.12 2.95 ± 0.12 2.46 ± 0.12 3.53 ± 0.12 3.38 ± 0.12 3.33 ± 0.12    

         0.713 <0.001 <0.001 

SRC-A Awake 1/s 1.22 ± 0.09 1.34 ± 0.10 1.12 ± 0.10 1.29 ± 0.09 1.26 ± 0.09 1.50 ± 0.09    

 Anesthetized  1.33 ± 0.09 1.07 ± 0.09 0.92 ± 0.09 0.89 ± 0.09 0.98 ± 0.09 1.24 ± 0.09    

         0.137 0.034 0.089 

SRR-sys Awake 1/s 2.19 ± 0.07 2.57 ± 0.07 2.71 ± 0.07 2.63 ± 0.07 2.56 ± 0.07 2.30 ± 0.07    

 Anesthetized  2.08 ± 0.07 2.17 ± 0.07 2.16 ± 0.07 2.27 ± 0.07 2.34 ± 0.07 2.26 ± 0.07    

         0.016 <0.001 0.002 

SRR-E Awake 1/s -2.66 ± 0.07 -2.71 ± 0.07 -2.81 ± 0.07 -2.86 ± 0.07 -2.82 ± 0.07 -2.72 ± 0.07    

 Anesthetized  -2.64 ± 0.07 -2.68 ± 0.07 -2.89 ± 0.07 -3.02 ± 0.07 -2.90 ± 0.07 -2.71 ± 0.07    

         0.789 0.011 0.743 

SRR-A Awake 1/s -1.53 ± 0.13 -1.64 ± 0.13 -1.71 ± 0.13 -1.63 ± 0.13 -2.07 ± 0.13 -2.00 ± 0.13    

 Anesthetized  -1.23 ± 0.13 -1.28 ± 0.13 -1.35 ± 0.13 -1.40 ± 0.14 -1.55 ± 0.14 -1.58 ± 0.48    

         0.045 0.006 0.927 

DR Awake mm 5.29 ± 0.29 6.04 ± 0.29 7.63 ± 0.29 8.70 ± 0.29 8.93 ± 0.29 7.41 ± 0.29    

 Anesthetized  5.64 ± 0.29 7.00 ± 0.29 10.66 ± 0.29 12.90 ± 0.29 11.72 ± 0.29 8.21 ± 0.29    

         <0.001 <0.001 <0.001 
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   Segments F-Test 

Variable Treatment Units AntSept  

[mean ± SEM] 

Ant  

[mean ± SEM] 

Lat 

[mean ± SEM] 

Post 

[mean ± SEM] 

Inf 

[mean ± SEM] 

Sept 

[mean ± SEM] 

p value 

Treatment 

p value 

Segments 

p value  

Treatment  

× Segments 

SAX-CH            
εC-sys Awake % -22.00 ± 1.01 -18.26 ± 1.07 -18.33 ± 1.22 -19.57 ± 1.07 -23.72 ± 1.01 -23.74 ± 1.01    

 Anesthetized  -29.82 ± 1.01 -22.47 ± 1.01 -16.77 ± 1.07 -19.10 ± 1.30 -25.03 ± 1.01 -30.46 ± 1.01    

         0.001 <0.001 <0.001 

εC Awake % -22.50 ± 1.04 -19.75 ±1.11 -19.31 ± 1.26 -19.69 ± 1.11 -23.47 ± 1.04 -29.94 ± 1.04    

 Anesthetized  -29.94 ± 1.04 -23.59 ± 1.04 -18.14 ± 1.11 -19.61 ± 1.34 -25.34 ± 1.04 -30.53 ± 1.04    

         0.001 <0.001 <0.001 

εR-sys Awake % 40.07 ± 1.76 46.01 ± 1.76 58.08 ± 1.76 62.07 ± 1.76 60.27 ± 1.76 60.27 ± 1.76    

 Anesthetized  51.94 ± 1.76 53.09 ± 1.76 60.04 ± 1.76 65.99 ± 1.76 66.30 ± 1.76 61.42 ± 1.76    

         0.189 <0.001 0.036 

εR  Awake % 43.94 ± 1.66 50.07 ± 1.66 62.05 ± 1.66 66.20 ± 1.66 64.15 ± 1.66 56.56 ± 1.66    

 Anesthetized  55.01± 1.66 56.12 ± 1.66 63.97 ± 1.66 69.73 ± 1.66 70.08 ± 1.66 65.23 ± 1.66    

         0.17 <0.001 0.083 

SRC-sys Awake 1/s -1.81 ± 0.07 -1.85 ± 0.08 -1.97 ± 0.09 -2.33 ± 0.08 -2.62 ± 0.07 -2.08 ± 0.07    

 Anesthetized  -1.96 ± 0.07 -1.73 ± 0.07 -1.45 ± 0.08 -1.69 ± 0.09 -1.92 ± 0.07 -2.00 ± 0.07    

         0.005 <0.001 <0.001 

SRC-E Awake 1/s 2.90 ± 0.14 2.88 ± 0.15 3.04 ± 0.17 3.60 ± 0.15 3.48 ± 0.14 2.72 ± 0.14    

 Anesthetized  3.61 ± 0.14 3.20 ± 0.14 2.42 ± 0.15 3.46 ± 0.18 3.76 ± 0.14 3.42 ± 0.14    

         0.259 <0.001 <0.001 

SRC-A Awake 1/s 1.36 ± 0.09 1.33 ± 0.10 1.37 ± 0.11 1.23 ± 0.10 1.20 ± 0.09 1.46 ± 0.09    

 Anesthetized  1.30 ± 0.09 1.06 ± 0.09 0.90 ± 0.09 1.11 ± 0.11 1.11 ± 0.09 1.37 ± 0.09    

         0.214 0.147 0.296 

SRR-sys Awake 1/s 2.25 ± 0.07 2.52 ± 0.07 2.71 ± 0.07 2.72 ± 0.07 2.76 ± 0.07 2.50 ± 0.07    

 Anesthetized  2.19 ± 0.07 2.14 ± 0.07 2.32 ± 0.07 2.39 ± 0.07 2.48 ± 0.07 2.43 ± 0.07    

         0.213 <0.001 0.05 

SRR-E Awake 1/s -2.75 ± 0.10 -2.68 ± 0.10 -2.97 ± 0.10 -3.27 ± 0.10 -3.34 ± 0.10 -3.10 ± 0.10    

 Anesthetized  -2.79 ± 0.10 -2.70 ± 0.10 -2.73 ± 0.10 -2.88 ± 0.10 -2.89 ± 0.10 -2.76 ± 0.10    

         0.318 <0.001 0.055 

SRR-A Awake 1/s -1.58 ± 0.09 -1.52 ± 0.09 -1.74 ± 0.09 -1.90 ± 0.09 -1.92 ± 0.09 -1.83 ± 0.09    

 Anesthetized  -1.35 ± 0.09 -1.48 ± 0.09 -1.66 ± 0.09 -1.68 ± 0.09 -1.76 ± 0.09 -1.66 ± 0.09    

         0.451 <0.001 0.894 

DR Awake mm 4.08 ± 0.26 4.13 ± 0.26 7.12 ± 0.26 9.68 ± 0.26 9.95 ± 0.26 7.59 ± 0.27    

 Anesthetized  4.83 ± 0.26 6.03 ± 0.26 10.21 ± 0.26 13.49 ± 0.26 12.39 ± 0.26 8.55 ± 0.26    

         <0.001 <0.001 <0.001 
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εL-sys longitudinal peak systolic strain; εL, longitudinal peak strain; SRL-sys, longitudinal peak systolic strain rate; SRL-E, longitudinal peak early-diastolic strain rate; SRL-A, 

longitudinal peak late-diastolic strain rate; DL, longitudinal peak displacement; DT, transverse peak displacement; εC-sys, circumferential peak systolic strain; εC, 

circumferential peak strain; εR-sys, radial peak systolic strain; εR, radial peak strain; SRC-sys, circumferential peak systolic strain rate; SRC-E, circumferential peak early-diastolic 

strain rate; SRC-A, circumferential peak late-diastolic strain rate; SRR-sys, radial peak systolic strain rate; SRR-E, radial peak early-diastolic strain rate; SRR-A, radial peak late-

diastolic strain rate; DR, radial peak displacement.
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Table S6 – Segmental timing of peak strain in left ventricular long-axis and short-axis recordings under awake and anesthetized conditions  

   Segments F-Test 

Variable Treatment Unit basSept  

[mean ± 

SEM] 

midSept   

[mean ± 

SEM] 

apSept 

[mean ± 

SEM] 

apLat 

[mean ± 

SEM] 

midLat 

[mean ± 

SEM] 

basLat 

[mean ±  

SEM] 

p value 

Treatment 

p value 

Segments 

p value  

Treatment 

× Segments 

LAX            

tεL Awake ms 318 ± 5 297 ± 5 278 ± 5 286 ± 5 321 ± 5 338 ± 5    

 Anesthetized  373 ± 5 360 ± 5 326 ± 5 317 ± 5 372 ± 5 389 ± 5    

         <0.001 <0.001 0.052 

   Segments  

   AntSept  

[mean ± 

SEM] 

Ant 

[mean ± 

SEM] 

Lat 

[mean ± 

SEM] 

Post 

[mean ± 

SEM] 

Inf 

[mean ± 

SEM] 

Sept 

[mean ±  

SEM] 

   

SAX-AP            

tεC  Awake ms 311 ± 6 314 ± 6 283 ± 6 281 ± 6 270 ± 6 293 ± 6    

 Anesthetized  337 ± 6 368 ± 7 355 ± 7 342 ± 7 322 ± 6 323 ± 6    

         <0.001 <0.001 0.001 

tεR Awake ms 314 ± 5 296 ± 5 292 ± 5 301 ± 5 307 ± 5 313 ± 5    

 Anesthetized  352 ± 5 349 ± 5 347 ± 5 347 ± 5 354 ± 5 371 ± 5    

         <0.001 0.001 0.445 

SAX-PM            

tεC  Awake ms 303 ± 6 338 ± 7 298 ± 6 282 ± 6 277 ± 6 290 ± 6    

 Anesthetized  328 ± 6 365 ± 6 370 ± 6 338 ± 6 331 ± 6 323 ± 6    

         <0.001 <0.001 <0.001 

tεR Awake ms 309 ± 4 302 ± 4 290 ± 4 289 ± 4 292 ± 4 304 ± 4    

 Anesthetized  339 ± 4 337± 4 344 ± 4 350 ± 4 355 ± 4 347 ± 4    

         <0.001 0.075 <0.001 

SAX-CH            

tεC  Awake ms 297 ± 6 339 ± 7 334 ± 8 294 ± 7 282 ± 6 294 ± 6    

 Anesthetized  326 ± 6 361 ± 6 366 ± 7 343 ± 8 341 ± 6 323 ± 6    

         <0.001 <0.001 0.045 

tεR Awake ms 329 ± 5 320 ± 5 313 ± 5 315 ± 5 319 ± 5 330 ± 5    

 Anesthetized  355 ± 5 355 ± 5 361 ± 5 367 ± 5 366 ± 5 363 ± 5    

         0.078 0.484 0.112 

LAX, long axis view; SAX-AP, short axis view at apical level; SAX-PM, short axis view at papillary muscle level; SAX-CH, short axis view at chordal level; tεL, Time to 

peak longitudinal strain;  tεC, Time to peak circumferential strain; tεR, Time to peak radial strain.  
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