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Abstract 

Purpose The peak systolic strain decreases due to afterload augmentation. However, its 

deterioration (i.e., afterload sensitivity) may be different within left ventricular (LV) 

segments. We investigated how afterload influences regional strain and whether there is 

regional heterogeneity of afterload sensitivity. 

Methods Afterload was increased by aortic banding in 20 open-chest dogs. Short-axis images 

were acquired at baseline and during banding. Circumferential strain was analyzed in six 

segments, and the absolute decrease in the peak systolic strain during banding (Δε) was 

calculated for each segment. To assess the effect of the compensatory preload recruitment 

during banding, the endocardial lengths of the septum and free wall were measured at end-

diastole, and the rate of increase due to banding was calculated. 

Results LV systolic pressure was significantly increased during banding (100±14 vs. 143±18 

mmHg, P<0.001). The peak systolic strain in all segments was significantly decreased during 

banding. Δɛ in the anterior segment, which is a part of the free wall, was significantly lower 

than that in the inferoseptal segment (2.6±4.7 vs. 6.5±3.5%, P=0.035). The rate of increase in 

endocardial length in the free wall was significantly larger than that in the septum (15.6±10.4 

vs. 8.1±7.4%, P=0.014). 

Conclusion The decrease in septal strain during afterload augmentation was larger than that 

in free wall strain, indicating that there was regional heterogeneity of afterload sensitivity in 

circumferential strain. The larger compensatory preload recruitment in the free wall than in 

the septum is implicated as a cause of the heterogeneity. 
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Introduction 

Quantitative assessment of left ventricular (LV) contraction is essential when evaluating LV 

systolic function; however, LV contraction is also affected by loading conditions in addition 

to its own intrinsic contractility [1, 2]. Afterload modification, in particular, should be 

carefully examined when assessing patients with hypertension or aortic stenosis. LV stroke 

volume and ejection fraction (EF), which are important indices for global systolic function, 

are easily decreased during afterload augmentation [3, 4]. 

 Afterload modification can also be observed for regional function. Myocardial strain 

analysis using speckle-tracking echocardiography allows the quantitative assessment of 

regional LV function [5-7]. The peak systolic strain, which is used as an index of regional 

systolic function, is decreased by increased afterload as well as EF [7-9]. However, its 

deterioration during afterload augmentation (i.e., afterload sensitivity) may be different 

among LV segments due to the complex morphology of the LV. We therefore investigated 

how afterload influences regional strain and whether there is regional heterogeneity of 

afterload sensitivity. Furthermore, we explored the possibility of a mechanism controlling the 

heterogeneity. 

 

Materials and Methods 

Animal preparation 

All animal studies were approved by the animal experimentation committee and performed in 

accordance with the guidelines for the care and use of laboratory animals at our institution. A 

total of 20 open-chest dogs (10.6 ± 1.6 kg) were used in this study. The dogs were 

anesthetized using intramuscular injection of xylazine (0.5 mg/kg) followed by intravenous 

administration of pentobarbital (25.9 mg/kg), and were then intubated and ventilated using a 

respirator. Oxygen saturation was monitored with a pulse oximeter and maintained within 

normal ranges. Anesthesia was maintained through continuous infusion of pentobarbital (6 

mg/kg/h) and midazolam (0.18 mg/kg/h) throughout the experiment. Buprenorphine (4 

µg/kg) was administered intramuscularly as an analgesic. The electrocardiogram was 

continuously monitored, and LV pressure was measured using a 5-Fr micromanometer 
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(Millar Instruments, Houston, TX, USA) inserted through the right femoral artery or the right 

carotid artery into the LV. The heart was suspended in a pericardial cradle through a left 

parasternal thoracotomy. 

 

Echocardiography 

Echocardiography was performed using an Aplio Artida ultrasound system with a PST-50BT 

or 30BT transducer (Canon Medical Systems, Otawara, Japan). The transmitting and 

receiving frequencies were set at 2.9 and 5.8 MHz (50BT) and 1.8 and 3.6 MHz (30BT), 

respectively, and the frame rate was set at 77-99 frames/s. LV short-axis images at the 

papillary muscle were visualized with a water bath as a standoff. A microphone for the 

phonocardiogram was placed on the base of the aorta to determine the timing of aortic valve 

closure (AVC) [10]. 

 

Experimental protocol 

Hemodynamic and echocardiographic data were simultaneously acquired at baseline. Acute 

afterload augmentation was then performed by banding the upper descending aorta (aortic 

banding), producing a 30- to 70-mmHg increase in LV systolic pressure. Both measurements 

were again acquired after 5 min of stabilization during aortic banding. 

 

Data analysis 

Heart rate, LV systolic pressure, LV end-diastolic pressure, maximum and minimum time 

derivatives of LV pressure (dP/dtmax, dP/dtmin), and the time constant of LV pressure decay 

during the isovolumic relaxation period (τ) were averaged from five consecutive cardiac 

cycles. LV end-diastolic diameter, LV end-systolic diameter, and % fractional shortening 

were averaged from two or three consecutive cardiac cycles. Midwall systolic stress in the 

circumferential direction was calculated from the formula previously described by Murai, et 

al. [9]. 

 Two-dimensional speckle-tracking analysis was performed using the offline software 

Ultra Extend (Canon Medical Systems, Otawara, Japan). End-diastole and end-systole were 
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defined at the beginning of the QRS complex of the electrocardiogram and the timing of 

AVC, respectively. The endocardial border excluding papillary muscles was manually traced 

at end-systole, and the epicardial border was determined by setting an even width of 

myocardium. Endocardial and epicardial borders were automatically tracked for all frames 

during a cardiac cycle. Global circumferential strain (GCS) and regional circumferential 

strain in six segments were analyzed as the length change on the endocardial border. If 

required, each segment was manually adjusted according to the segment definitions published 

by the EACVI/ASE/Industry Task Force (Fig. 1) [11]. The peak systolic strain was measured 

from two or three consecutive cardiac cycles and averaged, and the absolute decrease in the 

peak systolic strain during aortic banding (Δɛ) was calculated. The reproducibility of regional 

radial strain is comparably inferior to that of regional circumferential strain due to the 

difficulty in tracking the epicardium [12]. During this study, radial strain was not analyzed 

because high reproducibility was required for the evaluation of Δɛ. 

 Changes in regional wall stress can affect regional afterload sensitivity. Although it is 

difficult to exactly estimate the change in regional wall stress in the LV, the radius of 

curvature can be assessed. Therefore, the radius of curvature at end-systole was measured 

separately in the septum and free wall, and the rate of increase during aortic banding was 

calculated in 10 dogs, in which the endocardium of interest could be clearly detected and 

approximated as an arc. When afterload is acutely augmented in the LV, preload also 

increases to compensate for the decrease in stroke volume [2]. To assess the effect of this 

compensatory preload recruitment, the endocardial lengths at end-diastole were measured 

separately in the septum and free wall, and the rate of increase during aortic banding was 

calculated in the 10 dogs mentioned above. 

 

Statistical analysis 

Data are expressed as mean ± standard deviation. Comparison of baseline values and those 

during aortic banding was performed using paired t test. Multiple comparisons of Δɛ were 

performed using one-way analysis of variance with Tukey HSD test (in homogeneity of 
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variance) or Games-Howell test (in heterogeneity of variance). Values of P<0.05 were 

considered to represent statistical significance. 

 

Results 

Hemodynamics and echocardiographic data 

During aortic banding, LV systolic pressure and LV end-diastolic pressure were significantly 

increased, and heart rate and dP/dtmin were significantly decreased, and τ was significantly 

prolonged. In terms of echocardiographic data, LV end-diastolic and end-systolic diameters 

were significantly increased, and % fractional shortening was significantly decreased. 

Midwall systolic stress was significantly increased (Table 1). 

 

Circumferential strain 

Representative circumferential strain curves at baseline and during aortic banding are shown 

in Fig. 2. In the inferoseptal segment, the peak systolic strain was markedly decreased during 

aortic banding compared to baseline, and post-systolic shortening (PSS), which is myocardial 

shortening after AVC, was observed. In the anterior and anterolateral segments, however, the 

decreases in the peak systolic strain appeared to be small. 

 Across all data, the absolute peak systolic strain in each segment was significantly 

decreased during aortic banding compared to baseline (Table 2). Δɛ in the anterior segment, 

which is a part of the free wall, was significantly lower, and that in the anterolateral segment 

tended to be lower than that in the inferoseptal segment (Fig. 3). In terms of the rate of 

increase in the radius of curvature during aortic banding, there was no significant difference 

between the septum and free wall (28.3 ± 19.5 vs. 25.4 ± 16.1%, P=0.639). 

 

Compensatory preload recruitment 

The LV was rapidly dilated during aortic banding due to a compensatory reaction (Fig. 4). 

The rate of increase in the endocardial length in the free wall was significantly larger than 

that in the septum (Figs. 4 and 5). 
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Discussion 

In this study, we investigated a possible regional heterogeneity of afterload sensitivity in 

circumferential strain. The results indicated that, although regional strain was decreased in all 

segments during aortic banding, Δɛ in the anterior and anterolateral segments was lower than 

that in the inferoseptal segment. The compensatory increase in endocardial length during 

aortic banding was larger in the free wall than in the septum. 

 It is well known that afterload augmentation decreases regional strain [7, 8]; however, 

whether there is regional heterogeneity of afterload sensitivity in strain has not been fully 

evaluated. Recently, Murai et al. examined the impact of afterload augmentation induced by 

handgrip stress on global and regional strain in healthy subjects and excellently demonstrated 

that regional strain linearly and inversely correlated with wall stress [9]. However, 

comparisons of afterload sensitivity between segments were not performed in their study.  

 The results in our study indicate that there is regional heterogeneity of afterload 

sensitivity in circumferential strain. As shown in Fig. 2, PSS in the inferoseptal segment 

during aortic banding suggests greater deterioration of myocardial contraction in this segment 

than other segments because PSS occurs in the myocardium with contractile dysfunction 

through an imbalance of tension between the myocardium [13]. 

 Although regional differences in wall stress are thought to be an essential cause of varied 

afterload sensitivity, it is difficult to estimate regional wall stress due to convoluted 

myocardial fiber orientation, uneven LV geometry, and the presence of the right ventricle. 

However, if compensatory preload recruitment during acute afterload augmentation is 

different among the segments, it may be a reason for regional heterogeneity. Hence, we 

evaluated the endocardial length in the septum and free wall before and during afterload 

augmentation and found that the length increase was larger in the free wall than in the 

septum. This result suggests that the difference in preload recruitment may be one of the 

reasons why the decreases in anterior and anterolateral strain, which are part of the free wall, 

were lower. The septum was unlikely to generate preload recruitment due to the presence of 

the right ventricle. 

 Conversely, Stewart et al. investigated the changes in strain during bicycle exercise and 
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showed that the increase in lateral strain was lower than that in septal strain [14]. Although 

bicycle exercise is different from our model because cardiac output increases and systemic 

vascular resistance decreases, their results also suggest that there is regional heterogeneity in 

strain during stress. 

 Whether there is regional heterogeneity in the chronic increase in afterload was not 

evaluated in this study. It is still unclear for circumferential strain, but regional heterogeneity 

may be small in the chronic increase because compensatory preload recruitment does not 

occur and wall stress can be compensated by LV hypertrophy. Meanwhile, in the case of 

longitudinal strain, it has been reported that the decrease in the strain in the septal wall is 

greater than that in the lateral wall in patients with hypertension [15] and in a chronic aortic 

banding pig model [16]. This is thought to be due to higher wall stress in the septum, which 

has a larger radius of curvature in the longitudinal section [17]. 

 

Clinical implications 

The present study was conducted to resolve a pending physiological issue in myocardial 

strain. When circumferential strain is analyzed in patients with acute hypertension, attention 

to regional heterogeneity of afterload sensitivity is required. As circumferential strain in the 

septum appears to be more sensitive to increased afterload than that in the free wall, strain 

analysis in the septal segment may be useful to detect mild afterload mismatch. 

 

Limitations 

First, we measured endocardial length in the septum and free wall to assess compensatory 

preload recruitment because junctions of the right ventricular wall could be used as 

landmarks. For more detailed analysis, however, change in endocardial length in each 

segment should have been measured by implanted markers. The relationship between the rate 

of increase in endocardial length and Δɛ in each segment should also be evaluated in a further 

study. 

 Second, in our dog model, longitudinal strain tends to represent lower values than those 

in humans at baseline conditions [18]. Moreover, it was hard to acquire the same views at 
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baseline and during aortic banding because immobilization of the transducer was difficult in 

apical views. Therefore, we did not evaluate regional heterogeneity in longitudinal strain in 

this study. 

 Finally, the use of a pericardial cradle in the open-chest experiment allows acquisition of 

clear and stable echocardiographic images. Although we performed pericardiotomy for this 

preparation, it may have caused larger preload recruitment in the free wall. Further studies in 

closed-chest models are required. 

 

Conclusion 

There was regional heterogeneity of afterload sensitivity in circumferential strain. Larger 

compensatory preload recruitment in the free wall than in the septum is implicated as a cause 

of the heterogeneity. 
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Figure legends 

 

Fig. 1  Segmentation in the left ventricular (LV) short-axis view. Global circumferential 

strain and regional strain in six segments (anteroseptal, inferoseptal, inferior, inferolateral, 

anterolateral, and anterior) were analyzed as the length change on the endocardial border. 

Each segment was manually adjusted according to segment definitions published by the 

EACVI/ASE/Industry Task Force [11]. 

 

Fig. 2  Representative global circumferential strain (GCS) and regional strain curves at 

baseline (a) and during aortic banding (b). In the inferoseptal segment (purple), the peak 

systolic strain was decreased during aortic banding compared to baseline. The decrease in 

systolic strain was followed by post-systolic shortening, which is myocardial shortening after 

aortic valve closure (AVC).  

 

Fig. 3  The absolute decrease in the peak systolic strain during aortic banding (Δɛ) in each 

segment. There was regional heterogeneity in Δɛ. Δɛ in the anterior segment, which is a part 

of the free wall, was significantly lower, and that in the anterolateral segment tended to be 

lower than that in the inferoseptal segment. *P<0.05 vs. inferoseptal. 

 

Fig. 4  End-diastolic short-axis images at baseline (a) and during aortic banding (b). The left 

ventricle was rapidly dilated during aortic banding because of compensatory preload 

recruitment. The endocardial length in the free wall (light blue) was increased more than that 

in the septum (purple). 

 

Fig. 5  The rate of increase in the endocardial length in the septum and the free wall. The 

rate of increase in the free wall was significantly larger than that in the septum. *P<0.05 vs. 

septum. 
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Table 1 Hemodynamics and echocardiographic data 

 Baseline Aortic banding P value 

Heart rate (bpm) 137±17 121±14 <0.001 

LV systolic pressure (mmHg) 100±14 143±18 <0.001 

LV end-diastolic pressure (mmHg) 5±2 8±3 <0.001 

dP/dtmax (mmHg/s) 2261±510 2301±567 0.671 

dP/dtmin (mmHg/s) −2000±587 −2545±574 <0.001 

τ (ms) 37±8 52±14 <0.001 

LV end-diastolic diameter (mm) 27±2 33±4 <0.001 

LV end-systolic diameter (mm) 18±2 26±5 <0.001 

% fractional shortening (%) 33±3 20±6 <0.001 

Midwall systolic stress (dyn/mm2) 511±156 1621±641 <0.001 
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Table 2 Peak systolic strain (absolute value) 

 Baseline Aortic banding P value 

Global circumferential strain (%) 17±3 13±3 <0.001 

Inferior (%) 16±3 10±3 <0.001 

Inferolateral (%) 15±4 11±3 0.001 

Anterolateral (%) 16±4 13±4 0.010 

Anterior (%) 18±4 16±4 0.024 

Anteroseptal (%) 20±3 16±4 <0.001 

Inferoseptal (%) 18±2 12±3 <0.001 

 

 


