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Introduction
Coronary heart disease (CHD) of high morbidity and mortality increased in China 
because of aging [1, 2]. Exposure to ultrafine particles (PM0.1) in air pollution was 
known to have possibility of deteriorating CHD [3–5]. We have recently shown signifi-
cant left ventricle (LV) dysfunctions in rats of myocardial infarction (MI), based on the 
speckle tracking echocardiography (STE) and histological measurements [6–8]. Since 
the environmental monitoring found a high concentration of trace metal element, Zn, 
in air pollution in Shanghai [9], the STE analysis in cardiac strains showed possibility 
of the retarded progression of LV dysfunctions in MI rats by the short-term inhalation 
of ultrafine Zn particles, but the impairment of LV dysfunctions by the long-term inha-
lation [6]. In comparison with the strain analysis, cardiac wall stress can quantify LV 
functions better [10–12]. There is, however, lack of a study to analyze the corresponding 
changes of LV wall mechanics completely.

The distribution of cardiac wall stress is of importance for understanding the changes 
of CHD [13, 14]. Taking advantage of the merit of computational wall mechanics has 
been used to quantify ventricular biomechanical properties in cardiovascular diseases 
[15–18]. The LV wall mechanics characterized the elevated diastolic LV stiffness and the 
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slowed LV relaxation in rats of heart failure [19, 20]. A vicious cycle of increased cardiac 
wall stress and LV dysfunctions could prompt the development of heart failure [8, 11, 
19].

The objective of the study is to investigate the changes of cardiac wall stress in rats of 
MI after long-term inhalation of ultrafine Zn particles. We hypothesized that short-term 
inhalation of ultrafine Zn particles alleviated the increased cardiac wall stress caused 
by the MI, but the long-term inhalation significantly increased the stress accelerating 
the LV dysfunctions. To test the hypothesis, we demonstrated the analysis of LV wall 
mechanics (including Cauchy stress and Green strain) using the Continuity software 
(UCSD CMRG Group, San Diego, USA), based on echocardiographic and hemodynamic 
measurements. The significance and limitation of the study were discussed relevant to 
effects of inhaling ultrafine zinc particles on myocardial wall mechanics in rats of MI.

Results
Table 1 lists a significant increase of LVEDP caused by myocardial infarction despite of 
no statistical difference in the four Sham groups. The LVEDP in the MI4 group is higher 
than the MIZn4 group (15.9 ± 1.12 vs 10.8 ± 1.50  mmHg) while the value in the MI6 
group is lower than the MIZn6 group (19.8 ± 2.03 vs 25.9 ± 1.17 mmHg). Figure 1 shows 
the ED pressure–volume relationships between computational results and estimations 
based on the Klotz’s method in representative animals of the eight groups, showing 
strong correlations in Table  2. Passive material parameters show no statistical differ-
ence between the four Sham groups in Table 1. Material constant, Cpas , is significantly 
higher in the four MI groups than the sham groups. Material constant, Cpas , increases in 
a sequence of MIZn4, MI4, MI6, and MIZn6.

Figure  2 shows representative distribution of ED Cauchy stress in the eight groups. 
Figure  3a–c shows ED Cauchy stresses in the entire LV, MI zone, and non-infarction 
zone, respectively. Table 3 lists ED Cauchy stresses along the longitudinal direction from 
the base to apex regions and along the radial direction from the endocardium to epi-
cardium. Cardiac Cauchy stresses are significantly higher in the four MI groups than 
the four Sham groups, which increase with time. The MI zone has higher stresses than 
the non-MI zone. The MIZn6 group has the highest cardiac stresses than other groups. 

Table 1  Passive material constants and LVEDP

All of the data are shown as mean ± SD
* P < 0.05, MI vs Sham
# P < 0.05, MIZn vs MI

◆P < 0.05, ShamZn vs MIZn

Groups Cpas (kPa) bf bt bfs LVEDP (mmHg)

Sham4 0.06 ± 0.04 74 ± 8 3.3 ± 1.2 16 ± 8 2.0 ± 0.5

ShamZn4 0.07 ± 0.02 80 3.0 31 ± 18 2.6 ± 0.9

MI4 0.50 ± 0.35* 16 ± 12* 9 ± 5* 32 ± 15* 16 ± 1*

MIZn4 0.46 ± 0.22◆ 16 ± 6◆ 13 ± 5◆ 37 ± 17 11 ± 2◆#

Sham6 0.06 ± 0.04 72 ± 10 4.3 ± 1.6 26 ± 6 3.0 ± 0.5

ShamZn6 0.06 ± 0.03 75 ± 6 4.3 ± 1.6 27 ± 12 3.4 ± 0.4

MI6 0.53 ± 0.35* 34 ± 21* 7 ± 5 15 20 ± 2*

MIZn6 0.6 ± 0.35◆ 12 ± 8◆# 9 ± 3◆ 15 ± 8 26 ± 1◆#
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Fig. 1  A comparison of computed and Klotz ED pressure–volume curves in representative animals of the 
eight groups

Table 2  Difference between computed and Klotz ED pressure–volume relationships

All the data are shown as mean ± SD

RMS Root mean square

Groups R2 RMS/LVEDP (%) Groups R2 RMS/LVEDP (%)

Sham4 0.9992 ± 0.0003 6.3 ± 1.6 Sham6 0.9983 ± 0.0005 6.9 ± 1.1

ShamZn4 0.9993 ± 0.0003 7.2 ± 2.2 ShamZn6 0.9981 ± 0.0011 6.5 ± 1.4

MI4 0.9978 ± 0.0041 6.9 ± 1.5 MI6 0.9969 ± 0.0022 6.9 ± 1.9

MIZn4 0.9991 ± 0.0008 7.5 ± 1.2 MIZn6 0.9975 ± 0.0017 7.5 ± 1.9

Fig. 2  The distribution of ED Cauchy stress in representative animals of the eight groups
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Fig. 3  a–c The ED Cauchy stress in the entire LV (a), MI zone (b), and normal zone (c); d–f the ED Green strain 
in the entire LV (d), MI zone (e), and normal zone (f). All the data are shown as mean ± SEM. *P < 0.05, MI vs 
Sham; ◆P < 0.05, ShamZn vs MIZn; #P < 0.05, MIZn vs MI

Table 3  Cauchy stresses and Green strains along the longitudinal direction from the base to apex 
regions and along the radial direction from the endocardium to epicardium

All the data are shown as mean ± SD
* P < 0.05, MI vs Sham
# P < 0.05, MI vs MIZn

◆P < 0.05, MIZn vs ShamZn

^P < 0.05, MIZn6 vs MIZn4

Groups Base Middle Apex Endocardium Middle wall Epicardium

Cauchy stresses

 Sham4 0.8 ± 0.2 0.9 ± 0.2 0.44 ± 0.10 1.7 ± 0.4 0.8 ± 0.2 0.51 ± 0.06

 ShamZn4 0.9 ± 0.2 1.1 ± 0.2 0.53 ± 0.10 1.7 ± 0.3 0.66 ± 0.11 0.51 ± 0.08

 MI4 7.2 ± 0.1* 6.6 ± 0.3* 6.1 ± 0.2* 8.6 ± 0.3* 5.8 ± 0.1* 4.9 ± 0.1*

 MIZn4 6.3 ± 0.2◆^ 5.7 ± 0.2◆^ 5.3 ± 0.1◆^ 7.5 ± 0.3◆^ 4.6 ± 0.1◆^ 4.0 ± 0.1◆^

 Sham6 1.0 ± 0.4 1.2 ± 0.7 0.56 ± 0.37 1.4 ± 0.7 0.50 ± 0.25 0.43 ± 0.25

 ShamZn6 0.7 ± 0.4 0.9 ± 0.5 0.49 ± 0.27 1.4 ± 0.7 0.54 ± 0.37 0.47 ± 0.33

 MI6 8.1 ± 0.7*# 8.1 ± 0.9*# 7.9 ± 0.8*# 10 ± 2*# 8.3 ± 0.9# 8.2 ± 0.7*

 MIZn6 12 ± 1◆^ 11 ± 2◆ 9.4 ± 1.6◆ 15 ± 2◆^ 11 ± 1◆^ 9.2 ± 0.7◆^

Green strains

 Sham4 0.12 ± 0.01 0.11 ± 0.01 0.1 ± 0.01 0.24 ± 0.04 0.1 ± 0.02 0.09 ± 0.01

 ShamZn4 0.1 ± 0.01 0.11 ± 0.01 0.1 ± 0.02 0.25 ± 0.04 0.09 ± 0.01 0.08 ± 0.006

 MI4 0.06 ± 0.003* 0.07 ± 0.01* 0.05 ± 0.003* 0.09 ± 0.002*# 0.06 ± 0.001* 0.06 ± 0.003*

 MIZn4 0.07 ± 0.002◆ 0.08 ± 0.01◆ 0.06 ± 0.002◆ 0.12 ± 0.01◆ 0.07 ± 0.008◆ 0.07 ± 0.005

 Sham6 0.1 0.1 0.09 ± 0.003 0.24 0.1 0.08 ± 0.003

 ShamZn6 0.1 0.09 ± 0.002 0.09 ± 0.002 0.25 ± 0.01 0.09 ± 0.008 0.08 ± 0.005

 MI6 0.05 ± 0.004* 0.06 ± 0.006* 0.04 ± 0.005* 0.08 ± 0.002*# 0.06 ± 0.001*# 0.05 ± 0.002*#

 MIZn6 0.04 ± 0.01◆ 0.04 ± 0.01◆^ 0.02 ± 0.007◆^ 0.06 ± 0.005◆^ 0.03 ± 0.007◆^ 0.03 ± 0.006◆^
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Cardiac stresses in the MIZn4 group are lower than the MI4 group. The endocardium 
has significantly higher stresses than the middle and epicardium.

Figure  3d–f shows ED Green strains in the entire LV, MI zone, and non-infarction 
zone, respectively. Table 3 lists Green strains along the longitudinal direction from the 
base to apex regions and along the radial direction from the endocardium to epicardium. 
Green strains are significantly lower in the four MI groups than the four Sham groups. 
The MI zone has lower strains than the non-MI zone. The endocardium has higher 
strains than the middle and epicardium. The MIZn6 group has lower strains than the 
MI6 group, while the MIZn4 group has higher values than the MI4 group. Green strains 
in the MIZn6 group are remarkably lower than the MIZn4 group.

Discussion
Myocardial contraction and relaxation regulated the heart’s pumping functions [13, 21]. 
Here, the effect of inhaling ultrafine zinc particles on cardiac wall stresses and strains at 
diastole was evaluated in MI rats using the computational mechanics model. The major 
findings were reported as: (1) MI significantly increased cardiac Cauchy stresses; (2) 
long-term inhalation of ultrafine zinc particles accelerated the MI-induced increase of 
stresses; and (3) short-term inhalation alleviated the MI-induced increase of stresses.

Cardiac ED Cauchy stresses in the four MI groups were higher than the Sham groups 
and the stresses in the MI region as well as the border zone were significantly higher 
than normal zones, consistent with the findings of previous studies [8, 22, 23]. Myofi-
broblasts were mainly localized in MI and border zones [24]. Fibroblast migration to 
the border zone was mediated by growth factors and proinflammatory cytokines, which 
were associated with the increased stresses [25]. An increase of stresses in MI and bor-
der zones could also activate interstitial fibroblasts, promoting a matrix-synthetic phe-
notype and contributing to scar maturation in the MI zone and myocardial fibrosis in 
the border zone. The changes of Cauchy stresses were caused by two major risk factors, 
i.e., the increased LVEDP and the MI-induced wall stiffening in MI and border zones. 
The long-term inhaling zinc particle caused excessive Zn accumulation in heart tissue, 
which stimulated the transformation of fibroblasts into myofibroblasts and accelerated 
production and remodeling of extracellular matrix [26, 27], resulting in myocardial fibro-
sis [28–31]. We have experimentally shown a significant increase of myocardial fibro-
sis in MI rats owing to the long-term inhalation of ultrafine Zn particles [6]. This study 
showed an increase of the corresponding fiber stresses in both MI and non-infarction 
regions as well as along the radial direction from the endocardium to epicardium. The 
long-term elevation of ED fiber stress could lead to fiber elongation, chamber enlarge-
ment, and hypertrophy [32] and destroy the supply–demand balance in the entire myo-
cardium [33]. Hence, the long-term inhalation of ultrafine Zn particles deteriorated the 
cardiac mechanics functions in MI rats. In contrast, since the MI-activated atrial natriu-
retic peptide led to a decrease of Zn concentrations in serum and heart tissue [34], the 
short-term inhalation of ultrafine Zn particles could replenish Zn concentrations and 
hence slow down the development of LV dysfunctions and remodeling in both MI and 
non-infarction regions [6, 7]. Accordingly, this study showed the reduction of cardiac 
stresses in both MI and non-infarction regions by the short-term inhalation of ultrafine 
Zn particles, which alleviated LV dysfunctions.
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The STE analysis found the MI-induced decrease of global myocardial strains in our 
previous studies [6, 7]. Accordingly, this study showed the decrease of local ED Green 
strains, which characterized the weakened myocardial deformation owing to the MI-
induced wall stiffening. The increased fiber stress led to abnormal biological responses 
to stimulate myocardial fibrosis [35–37] and enlarged the scarring region and deterio-
rated LV dysfunctions [8, 11]. The decreased strain could compensate for the signifi-
cant increase of stress in order to protect from the MI impairments partially. The strain 
varied in inverse proportion to the changes of stress in MI rats after the inhalation of 
ultrafine Zn particles.

Critiques of the study: The STE analysis of cardiac strains and strain rates showed 
the changes of both systolic and diastolic functions in MI rats after the inhalation of 
ultrafine Zn particles [6]. This study only computed ED Cauchy stresses and Green 
strains and did not consider the systolic values in the LV of the eight groups. The study 
also neglected the computation in the RV. The following studies should demonstrate the 
computational wall mechanics over a cardiac cycle in the entire heart as well as carry out 
more experimental measurements to find the relevant mechanobiology mechanisms to 
the changes of cardiac stress and strain.

Conclusions
The analysis of computational wall mechanics demonstrated an increase of Cauchy 
stresses by 1044% and a decrease of Green strains by 58% in MI rats as compared 
with the shams on average. In MI rats, the short-term inhalation of ultrafine Zn par-
ticles showed a 23% reduction in stresses and a 30% increase in strains and the long-
term inhalation had the opposite effects, resulting in a 20% increase in stresses and a 
29% decrease in strains. This study supported the findings that the short-term inhalation 
of ultrafine Zn particles alleviated the MI-induced LV dysfunction while the long-term 
inhalation deteriorated it. This shed light on understanding the effect of air pollution on 
heart health and could provide new strategies for inhibiting the development of myocar-
dial infarction, potentially enhancing patient’s life quality.

Methods
Experimental measurements

Figure 4a shows schematic representation of experimental measurements. Wistar male 
rats (6 weeks, Beijing Vital River Laboratory) were used in the study, animal preparation, 
and echocardiographic and hemodynamic experimental protocols were similar to our 
previous study [6]. Briefly, myocardial infarction was created through ligation of the left 
anterior descending (LAD) artery under anesthesia. Shams underwent similar opera-
tion without the LAD ligation. There were four groups: sham group (Sham), sham with 
inhalation of ultrafine Zn particles (ShamZn), myocardial infarction group (MI), and MI 
with inhalation of ultrafine Zn particles (MIZn). We designed an equipment comprised 
of the container, ultrasonic nebulizer and electric air pump to control the inhalation of 
ultrafine Zn particles, as shown in Fig.  4a. The equipment exposed the ShamZn and 
MIZn groups in the environment filled with ultrafine zinc particles at a concentration of 
500 μg/m3 from 10:00 AM to 2:00 PM, randomly selecting 4 days per week.
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We carried out a preliminary echocardiographic measurement in the MIZn group 
for 2, 4 and 6  weeks after the LAD ligation. Animals inhaling ultrafine Zn particles 
for ≤ 4  weeks had the opposite effects to those for 6  weeks. Hence, the four groups 
were further divided into two subgroups, i.e., postoperative 4 weeks and 6 weeks (ani-
mals were terminated for 4 or 6 weeks after MI surgery). The eight groups (n = 5 in each 
group) were: Sham4, ShamZn4, MI4, MIZn4, Sham6, ShamZn6, MI6 and MIZn6. Here, 
long-term exposure was established from 4 weeks onwards, i.e., Sham6, ShamZn6, MI6 
and MIZn6 groups.

Based on M-mode tracings, we determined the end-diastolic (ED) endocardial and 
epicardial contours. The scarring zone in MI rats was defined based on the wall thick-
ness, i.e., the average ED normal ventricular wall thickness subtracted by 2.5 × SD (2.5 
times standard deviation) [38]. The non-infarction zone is the area except for the scar-
ring zone. The LV ED pressure (LVEDP) was recorded by a Millar catheter.

All experiments were performed in accordance with The Chinese National and Shang-
hai Jiao Tong University ethical guidelines regarding the use of animals in research, in 
agreement with the NIH guidelines (Guide for the care and use of laboratory animals) 
on the protection of animals used for scientific purposes. The experimental protocol 
was approved by the Animal Care and Use Committee of Shanghai Jiao Tong University, 
China.

Cardiac wall biomechanics computation

Figure 4b shows the flow chart of cardiac wall mechanics computation. First, the 3D geo-
metrical model of LV wall is generated from the ED endocardial and epicardial contours 
and meshed with cubic-Hermite finite elements, where the fiber direction is modeled by 

Fig. 4  Schematic representation of experimental measurements and cardiac wall mechanics computation. 
a Animal preparation and echocardiographic and hemodynamic measurements; b the flow chart of cardiac 
wall mechanics computation
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the coordinate frame interpolation [19]. The geometrical model of unload LV wall is esti-
mated from the ED model [39]. The strain energy function is written as follows:

Parameters Cpas , bf  , bt and bfs are absolute constants independent of deformation and 
position, where Cpas represents the stiffness of the myocardial material, bf  affects the 
stiffness in the transverse direction of the fibers, bt influences the stiffness in the radial 
direction of the fibers, and bfs impacts the stiffness when subjected to shear stress. The 
normal zone has material constant of Cpas and the scarring zone has material constant of 
10 · Cpas [40]. Linear interpolation is used to transition the material constant smoothly 
between the normal and scarring zones across the border zone [11]. Parameters 
E2
ij(i.j = f , c, t) , k (= 350 kPa), and J  represent Green strains along the fiber, cross-fiber 

and transverse-fiber directions, bulk modulus, and Jacobian of deformation gradient 
tensor, respectively. Second, material parameters, Cpas , bf  , bt and bfs , are determined in 
all animals of the eight groups by the pattern search method [41], where the difference 
between the computed ED pressure–volume relationship and the one defined by Klotz 
[15] is set to the objective function, as shown in Fig. 1. Finally, LVEDP is incrementally 
applied to the endocardium to compute the changes of LV stress and strain in all animals 
of the eight groups.

Statistical analysis

Experimental measurements were repeated three times in each animal. All parameters 
were presented as mean ± SEM by averaging over all animals in each group. A two-way 
ANOVA (Sigma Stat 3.5) was used to demonstrate the statistical difference of morpho-
metric and hemodynamic parameters between the eight groups, where P value < 0.05 
was indicative of a significant difference.
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