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Hypertrophic cardiomyopathy (HCM) is the most commonly 
inherited cardiac disease, is caused by mutations in the genes 
that encode sarcomere proteins, is characterized by hypertrophy 
of the left ventricle, and affects 1 in 500 persons. More than 900 
known mutations affect 20 genes, but the mutations involving 
cardiac muscle β-myosin heavy chain, cardiac myosin-binding 
protein C, and cardiac muscle troponin T account for the major-
ity of cases of HCM with a known mutation. However, 60% of 
patients with clinical HCM without family history and 30% of 
patients with family history of HCM have no known mutation.8 
Therefore, the cause underlying HCM in a substantial number of 
patients is unknown. HCM has a diverse clinical and morpho-

logic presentation. Classic HCM is characterized by left ventricu-
lar (LV) hypertrophy, diastolic dysfunction, and LV obstruction 
localized to the LV outflow tract and caused by systolic anterior 
movement of the mitral valve.9 However some patients present 
with midventricular hypertrophy and midcavity obstruction due 
to papillary muscle hypertrophy or cavity obliteration.7,18 These 
patients can have severe symptoms, develop apical aneurysms, 
and often need surgical myectomy (Figure 1).7

Several mouse models of HCM based on documented human 
mutations have been created, both representing the common 
mutations in β-myosin heavy chain and troponin T as well as 
for rarer mutations.2,12,19,32 These mouse models have given great 
insight into the pathogenesis and cellular disturbances of HCM, 
but the available models typically present a mild phenotype with 
no or mild to moderate hypertrophy and mild diastolic dysfunc-
tion, and none of the existing models develop LV obstruction.2,19,32 
Even the mouse model based on a mutation known to produce 
midventricular obstructive HCM in humans doesn’t display a 
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was isolated and converted to cDNA. The 5-Kb cDNA fragment 
was then subcloned into the BamHI–SalI site of the cardiac-specif-
ic expression vector, α-myosin heavy-chain promoter construct 
(kindly provided by Dr Jeffrey Robbins), followed by the poly-
adenylation signal from human growth hormone, located down-
stream of the insert. The B6SJLF1/J mouse strain was used for 
pronuclear microinjection of the received fragment and produc-
tion of the transgenic mice by Johns Hopkins Transgenic Core 
Facility. Founder animals were identified by PCR and Southern 
blot analysis. Two founders were used to develop 2 independent 
transgenic lines, which have the same phenotype.

Animals. This study was performed in strict accordance with 
the recommendations in the Guide for the Care and Use of Laboratory 
Animals11 of the NIH. The protocol was approved by the Commit-
tee on the Ethics of Animal Experiments of the Johns Hopkins 
Medical Institutions (Animal Welfare Assurance no. A-3273-01). 
All of the transgenic mice and wild-type littermates (line 6) used 
for these studies were housed in top-ventilated cages under a 
12:12-h light:dark cycle with free access to food and water, tem-
perature at 72 °F (22 °C), and humidity at 42%. Mice were nega-
tive for fur mites, pinworms, Helicobacter spp., mouse hepatitis 
virus, epidemic diarrhea of infant mice virus (rotavirus), minute 
virus of mice, mouse parvovirus types 1 and 2, mouse theilovirus, 

phenotype with LV obstruction.12 Therefore, additional animal 
models with morphologic features similar to human HCM should 
be characterized to uncover pathways that could be potentially 
involved in this genetically heterogeneous disease.

Our group has developed a mouse model characterized by over-
expression of cardiac-specific epidermal growth factor receptor 
2 overexpression (ErbB2tg mice).30 These mice have fetal gene ex-
pression that is associated with cardiac hypertrophy and increased 
activity of prosurvival and hypertrophic pathways including the 
PI3K–AKT pathway. However, one particularly interesting and 
unexpected feature of the ErbB2tg mouse is the marked LV hyper-
trophy with histologic features compatible with HCM, including 
myocyte disarray, fibrosis, and myocyte hypertrophy.30 Electrocar-
diographic characterization of these mice revealed distinct ECG 
changes and repolarization abnormalities compatible with HCM.29 
In the current study, we further characterized this transgenic mouse 
as a potential model of HCM by performing a thorough echocar-
diographic evaluation of LV morphology, hemodynamics, and 
diastolic and systolic function with correlations to gross pathology.

Materials and Methods
Transgenic constructs and mouse lines. The transgenic mice 

were constructed as described earlier.30 Briefly, rat ErbB2 mRNA 

Figure 1. Midventricular obstructive hypertrophic cardiomyopathy in humans. (A and B) Color Doppler images showing left midventricular obstruc-
tion and turbulent flow, caused by contact between the hypertrophied septum and papillary muscle. (C) Continuous-wave Doppler measurement of 
increased midventricular gradient (65 mm Hg). (D) Short-axis view showing concentric left-ventricular hypertrophy and papillary muscle hypertro-
phy. All images are from the same patient.
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ing pulse-wave Doppler in the apical 3-chamber image with the 
sample placed in the LV outflow tract and guided by the 2D and 
color Doppler images. In addition, the shape of the flow curve 
was registered to differentiate between fixed and dynamic LV 
obstruction.9

Deformation analysis. Deformation analysis based on speckle 
tracking was performed offline using the VevoStrain 2D speckle 
tracking software and 300 frame loops were recorded. Analysis 
was done on 3 consecutive cardiac cycles with a frame rate of 279 
to 309/s in long axis and 346 to 466/s in short axis. The endocar-
dial border of the left ventricle was traced manually from a still 
frame image and automatically tracked throughout the cardiac 
cycle by the software. In the short-axis view, we measured the 
following global systolic and diastolic parameters: systolic cir-
cumferential strain, systolic circumferential strain rate, diastolic 
circumferential strain rate, systolic radial strain, systolic radial 
strain rate, and diastolic radial strain rate. Systolic longitudinal 
strain, systolic longitudinal strain rate, and diastolic longitudinal 
strain rate were measured in long axis, but because of poor image 
quality in the transgenic animals, only a subset of the animals 
was analyzed (5 transgenic and 6 controls). All measurements of 
strain and strain rate were used in the assessment of systolic- and 
diastolic function.1,4

Pathologic examination of papillary muscles. Male ErbB2 trans-
genic and wild-type littermate mice (age, 7 wk) were anesthetized 
by using intraperitoneal injection of ketamine (120 mg/kg) and 
xylazine (10 mg/kg). Mice also received intraperitoneal injections 
of heparin (5000 U/mL, 0.1 mL). Laparotomy was performed, 
the thorax opened, and a 27-gauge butterfly catheter placed in 
the LV apex. The intravascular pressure was released by pierc-
ing the right atrium with a 21-gauge needle. At a rate of 2 mL/
min, 10 mL of PBS containing heparin (5000 U/mL) was injected 
into the heart and quickly followed by 5 mL of a potassium–cad-
mium chloride solution (0.33 M KCl, 62.7 mM CdCl2, 33.3 mM 
Tris) to arrest the heart in diastole. Cardiac arrest was followed 
by perfusion with buffered formalin at 10 mL/s.14 The heart was 
removed from the chest, weighed, and placed in formalin for 24 
h and then ethanol for 24 h. By using a dissecting microscope, the 
hearts were transversely sectioned in half and the anterior and 
posterior aspects noted. After processing, the heart sections were 
embedded so that sectioning was consistent among all hearts. 
Hearts were sectioned at 7 μm and stained with hematoxylin and 
eosin (Figure 2) .

To quantify the area of the left ventricle papillary muscles, rep-
resentative heart sections were compared by using NIS-Elements 
software (version 4.3, Nikon, Tokyo, Japan). The LV posterior and 
anterior papillary muscles were imaged and measured by outlin-
ing their perimeter and quantifying the area (in mm2). To prepare 
representative figures for comparison of subgross pathology be-
tween wild-type and ErbB2 transgenic hearts, cross-sections were 
photographed at 4× magnification (Ci-L microscope, Nikon; DS-
Ri2 16.25-MP camera system, Nikon), and images were stitched 
together (NIS-Elements Software version 4.3, Nikon).

Dissection of papillary muscles. The mice were euthanized by 
using intraperitoneal injections of ketamine (120 mg/kg) and xy-
lazine (10 mg/kg), weighed, and their tibial lengths measured. 
The hearts were excised, sectioned in cold PBS, and the LV 
opened to expose the papillary muscles. Both anterior and pos-
terior papillary muscles were dissected under a stereomicroscope 
by using iris scissors, weighed, and photographed.

mouse adenovirus types 1 and 2, ectromelia virus, lymphocytic 
choriomeningitis virus, Mycoplasma pulmonis, pneumonia virus 
of mice, reovirus, Sendai virus, mouse norovirus, and mouse cy-
tomegalovirus. Mice were euthanized by using CO2, according to 
the AVMA guidelines and Johns Hopkins University Animal Care 
and Use Committee Guidelines for Euthanasia of Rats and Mice 
Using Carbon Dioxide (July 2008).

Echocardiography. In vivo cardiac morphology and func-
tion were assessed by using a high-frequency, high-resolution 
echocardiography system consisting of a Vevo 2100 ultrasound 
machine equipped with a 40-MHz transducer (Visual Sonics, To-
ronto, Canada). The mice were examined as described earlier.2 
Briefly, mice were imaged under light anesthesia with 1% to 2% 
isoflurane, positioned on a heated imaging platform with built-in 
electrocardiography and thermometer to continuously monitor 
heart rate and temperature. Body temperature was maintained 
at 37 °C. The examination typically took a total of 25 min: induc-
tion of anesthesia and stabilization of heart rate took around 10 
min, and the echocardiography examination required 15 min. 
The mouse typically recovered in 1 to 2 min after the termination 
of anesthesia. We evaluated systolic and diastolic function with 
conventional M-mode and 2D echocardiography supplemented 
by color Doppler, pulse-wave Doppler, tissue Doppler imaging 
(TDI), and deformation analysis by 2D speckle tracking. All echo-
cardiography and image analysis was done by a single investiga-
tor (LLS), who was blinded to mouse genotype. Intraobserver 
variability was assessed for a single investigator (HL).

Conventional echocardiography. Wall thickness and LV dimen-
sions were measured along the short axis at papillary muscle 
level by using M-mode images.31 The following parameters were 
measured: LV anterior wall thickness (LVAW); LV posterior wall 
thickness (LVPW); LV internal diastolic diameter (LVIDD); and 
LV internal systolic diameter (LVIDS). LV mass was calculated us-
ing the following formula (LV mass = 1.053 × [(LVIDD + LVPW + 
LVAW)3 – LVIDD3]. LV volumes were obtained by direct planim-
etry of the LV wall contour in the long-axis view to get a volume 
in end-diastole and end-systole. We also assessed LV volume and 
geometry by comparison of LVIDD and LVIDS in the short-axis 
view. The LV ejection fraction was calculated from the LV vol-
umes and expressed as a percentage.4

Pulse-wave and tissue Doppler echocardiography. Transmitral 
inflow velocities were measured in the apical 4-chamber image 
with the pulse-wave Doppler sample placed at the tip of the mi-
tral leaflet and guided by color Doppler images. Early (E) and 
late (A) diastolic velocities and deceleration time were measured.2 
TDI velocities were measured in the apical 4-chamber image with 
the sample placed at the mitral annulus. Systolic tissue velocity 
(s′), early diastolic tissue velocity (e′), and late diastolic veloc-
ity (a′) were measured from these images.26 We used the built-in 
angle correction to correct any problems with aligning the echo 
probe with the blood flow (pulse-wave Doppler) or tissue move-
ment (TDI). Global diastolic function was assessed by E:A ratio, 
deceleration time, e′, and E:e′ ratio.2,24,26 In addition, the fusion of 
the E and A waves was registered; when accompanied by fusion 
of e′ and a′, these features of are likely indicators of diastolic dys-
function.34 Animals with fusion of E and A were excluded from 
analysis of E/A-ratio and deceleration time. Systolic function by 
TDI was evaluated by s′. Both E:e′ ratio and s′ are parameters of-
ten evaluated in humans but are novel in the evaluation of mice.1 
Left ventricular outflow tract gradients were measured by us-

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



Murine model of obstructive hypertrophic cardiomyopathy

271

3. We compared the cross-sectional area of 4 ErbB2tg and 5 wild-
type mice by using pathology images (Figure 2). The area of the 
papillary muscles was significantly greater in ErbB2tg mice than 
in wild-type animals overall (1.18 ± 0.29 mm2 compared with 0.48 
± 0.06 mm2, P = 0.01) and specifically for the anterior papillary 
muscle (0.32 ± 0.06 mm2 compared with 0.21 ± 0.04 mm2, P = 0.02) 
and posterior papillary muscle (0.86 ± 0.31 mm2 compared with 
0.27 ± 0.05 mm2, P = 0.03).

We then dissected the cardiac papillary muscles of 5 ErbB2tg 
and 5 wild-type mice. The weight of both papillary muscles com-
bined was significantly greater in the ErbB2tg mice than wild-type 
littermates (4.0 ± 0.2 mg compared with 2.6 ± 0.3 mg, P = 0.007), 
driven by the increased weight of the posterior papillary muscle 
(2.8 ± 0.3 mg compared with 1.6 ± 0.4 mg, P = 0.002), whereas 
weight of the anterior papillary muscle did not differ (1.3 ± 0.3 mg 
compared with 1.0 ± 0.3 mg, P = 0.18).

Systolic function. The comparison of markers of systolic func-
tion is summarized in Table 1. Ejection fraction was higher in 
ErbB2tg mice compared with wild-type littermates and LV vol-

Statistics. All continuous data were summarized as mean ± 1 SD. 
Unpaired t tests were used to compare continuous variables between 
the 2 groups. All statistical analysis was performed with Stata/IC 
12.1 statistical software (StataCorp, College Station, TX). Intraob-
server variability was expressed as relative values (percentage).5

Results
ErbB2tg mice and their wild-type littermates were comparable 

with regard to age (50 ± 7 d compared with 48 ± 8 d, P = 0.59), 
weight (19 ± 2 g compared with 18 ± 2 g, P = 0.47), and heart rate 
(449 ± 41 bpm compared with 462 ± 44 bpm, P = 0.42). LVAW and 
LVPW were significantly greater in ErbB2tg mice compared with 
wild-type littermates (LVAW, 1.21 ± 0.20 mm compared with 0.72 
± 0.08mm, P < 0.0001; LVPW, 1.65 ± 0.29 mm compared with 0.75 
± 0.09 mm, P < 0.0001; Figures 2 and 3) . Correspondingly, LV 
mass was significantly greater in ErbB2tg than wild-type mice (220 
± 51 mg compared with 87 ± 19 mg, P < 0.0001).

Papillary muscles. Cross sections of the papillary muscles on 
echocardiography and after necropsy are shown in Figure 2 and 

Figure 2. ErbB2tg mice show left-ventricular and papillary muscle hypertrophy. (A) Image showing resection of the papillary muscles in a wild-type 
mouse (top) and an ErbB2tg mouse (bottom), illustrating papillary muscle hypertrophy. (B) Cross-sectional pathology images showing left-ventricular 
and papillary muscles in a wild-type mouse (top) and an ErbB2tg mouse (below). *, Anterior papillary muscle; **, posterior papillary muscle.
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E/e′ ratio elevated in ErbB2tg compared with wild-type mice. At 
baseline, 4 mice, all from the ErbB2tg group, had fused E and A 
waves. When evaluating diastolic deformation parameters from 
speckle tracking, we found impaired diastolic radial strain rate in 
ErbB2tg mice, but no difference in diastolic circumferential strain 
rate or diastolic longitudinal strain rate between groups.

LV obstruction. All of the ErbB2tg mice evaluated showed ob-
struction, according to color Doppler imaging, in the midpart of 
the LV (Figure 5) . The obstruction was caused by contact between 
the septum and the hypertrophied papillary muscles (Figure 5). 
As a consequence, the LV gradients were elevated in the ErbB2tg 
compared with wild-type mice (30.2 ± 19.1 mmHg compared 
with 1.8 ± 1.4 mmHg, P < 0.0001).The shape of the LV outflow 
curve, which showed a slow increase of pressure and a late peak, 
indicates dynamic obstruction (Figure 6) . The aortic valve was 
normal in all mice.

Intraobserver variability. Intraobserver variability (relative 
mean ± 1 SD) was assessed for several parameters by a single 
echocardiographer (HL): LVIDD, 2% ± 7%; LV internal systolic 
diameter, 6% ± 10%; LV anterior wall thickness, 0.6% ± 2%; LVPW, 
0.9% ± 3%; LV ejection fraction, 1% ± 2%; E:A ratio, 0.0% ± 1%; e′, 
2% ± 2%; and LV outflow gradient, 0.5% ± 2%.

umes were reduced both at end-diastole (29 ± 8 μL compared with 
42 ± 7 μL, P = 0.0001) and end-systole (5 ± 2 μL compared with 
16 ± 5 μL, P < 0.0001). The short-axis diastolic diameter was the 
same (3.4 ± 0.4 μL compared with 3.6 ± 0.3 μL, P = 0.19), where-
as the systolic diameter was reduced in the ErbB2tg compared 
with wild-type mice (1.8 ± 0.5 μL compared with 2.2 ± 0.3 μL, 
P = 0.01). Speckle-tracking echocardiography showed reduced 
radial function in the ErbB2tg mice, with reduction in both systolic 
radial strain and systolic radial strain rate. However, we found 
no marked difference in longitudinal or circumferential systolic 
function in the ErbB2tg mice, with the systolic circumferential 
strain rate being higher in ErbB2tg mice compared with wild-type 
controls, but systolic circumferential strain, systolic longitudinal 
strain, and systolic longitudinal strain rate were all similar be-
tween genotypes. Systolic function evaluated by TDI showed no 
difference in systolic velocity between the 2 groups.

Diastolic function. ErbB2tg mice showed diastolic dysfunction, 
according to multiple Doppler parameters (Table 1, Figure 4) . The 
E:A ratio was inversed and lower in the ErbB2tg mice compared 
with their wild-type littermates and was combined with a pro-
longed deceleration time, indicating diastolic dysfunction. As a 
marker of relaxation and diastolic dysfunction, e′ was lower and 

Figure 3. Representative cross-sectional images of cardiac gross pathology (A and B) and (2D echocardiography images (C and D). In (A and C) ErbB2tg 
mice and (B and D) wild-type mice. Blue arrows denote papillary muscles. These images illustrate the concentric left-ventricular hypertrophy and 
papillary muscle hypertrophy in ErbB2 mice.
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morphologic and functional features of HCM. ErbB2tg mice have 
massive LV hypertrophy compared with wild type mice, the distri-
bution of the hypertrophy is global and involving both the anterior, 
septal, posterior wall and the papillary muscles. Although septal 
hypertrophy is typical in human HCM, a more diffuse hypertrophy 
is also common.16 Hypertrophy of the papillary muscle, although 
not always appreciated, is a feature also seen in human HCM and 
especially an important cause of midcavity obstruction.7

In contrast to other HCM mouse models, we find LV obstruc-
tion with dynamic obstruction in ErbB2tg mice, a key feature 
of human HCM.17 In our model, the hypertrophied papillary 
muscles and the septum are the main causes of the LV obstruc-
tion located in the mid part of the ventricle, where the papillary 
muscle is larger. This pathophysiology of midventricular obstruc-
tion is also seen in humans as illustrated in Figure 1. However, 
in humans the most common cause of LV obstruction is systolic 
anterior movement of the mitral valve, but in a substantial sub-
set of patients, papillary muscle hypertrophy contributes to the 
obstruction.7,13 In the patients with midventricular obstruction, 
hypertrophy of the papillary muscle is often the main cause of the 
left ventricle obstruction.7

ErbB2tg mice show diastolic dysfunction, as evaluated by us-
ing the conventional diastolic Doppler parameters of E:A ratio, 
deceleration time, e′, and E:e′ ratio.3,26 In mice, a reduced E:A ratio 
and reduced e′ are linked to diastolic dysfunction.26 In humans, a 
reduced E:A ratio and prolonged deceleration time indicate im-
paired relaxation, whereas an increased E:e′ ratio is a surrogate 
marker of increased LV filling pressure. According to human 
guidelines for grading diastolic dysfunction, ErbB2tg mice dem-
onstrate moderate diastolic dysfunction.22,25

Interestingly, low e′, which is used as a predictor of preclinical 
HCM in humans and typically is reduced in overt human HCM, 
is significantly reduced in ErbB2tg mice as well.10 The cause of the 
diastolic dysfunction in the ErbB2tg mice is probably their signifi-
cant myocyte disarray which, contrary to their fibrosis, is present 
at an early age.30 Specifically the mice evaluated in the current 
study were young (less than 2 mo) and had marked myocyte dis-

Discussion
We found that the phenotype of the ErbB2tg mouse model is 

characterized by marked LV hypertrophy, diastolic dysfunction, 
and midventricular obstruction with elevated LV pressure gradi-
ents. Because all of these features are compatible with midventric-
ular HCM in humans, we propose that ErbB2tg mice are an animal 
model of midventricular obstructive HCM. For comparison, we 
include images of a typical human patient with midventricular 
obstructive HCM (Figure 1). The morphology, pathophysiology, 
and hemodynamics of ErbB2tg mice (Figures 2 through 6) are 
strikingly similar to those of the human patient (Figure 1).

None of the existing murine HCM models displays this par-
ticular phenotype. At present, ErbB2 has not been reported to 
be associated with HCM in humans, yet this absence could be 
due to the fact that ErbB2 pathway remains understudied and is 
not represented in gene panels screened in HCM patients. This 
mouse model predicts that the ErbB2 or its downstream path-
way proteins may be important in HCM and therefore should be 
evaluated in patients. In addition, the ErbB2 mouse model could 
be used for evaluating potential treatments for HCM. At present, 
no available mouse model with LV obstruction and hypertrophy 
is more phenotypically similar to human HCM than is the ErbB2tg 
mouse model.

In general, the life span of ErbB2tg mice is similar to wild type 
littermates, except ErbB2tg female mice in breeding pairs have 
died in late pregnancy and thus are not routinely used. Conse-
quently, ErbB2tg males are breed to wild type female mice. Simi-
larly, pregnant women with HCM and elevated gradients would 
be considered high risk for complications.9 ErbB2tg mice are also 
sensitive to β-adrenergic stress due to arrhythmias.30 Likewise, 
HCM in humans is also linked to arrhythmias and the most com-
mon cause of sudden death in athletes due to arrhythmias.9

As shown in our previous study, the ErbB2tg mouse has histo-
logic and electrocardiographic features of HCM.28-30,33 In the current 
study, we sought to better characterize the physiologic consequenc-
es of the previously described pathology of these mice. We con-
firmed our hypothesis that the ErbB2tg mice indeed also have many 

Table 1. Comparison of systolic and diastolic parameters (mean ± 1SD) in ErbB2tg mice and littermate controls

Control (n = 17) ErbB2tg (n = 16) P (t test)

Systolic parameters
Ejection fraction (%) 62 ± 7 81 ± 6 <0.0001
Systolic tissue velocity (mm/s) 27 ± 3 26 ± 4 0.32

Circumferential strain (%) −26 ± 4 −29 ± 5 0.14

Circumferential strain rate (1/s) −12.6 ± 2.4 −16.3 ± 5.0 0.02

Radial strain (%) 40 ± 11 22 ± 4 <0.0001
Radial strain rate (1/s) 12.4 ± 2.6 8 ± 2 <0.0001
Longitudinal strain (%) −19 ± 3 (n = 6) −16 ± 3 (n = 5) 0.11

Longitudinal strain rate (1/s) −6.7 ± 1.2 (n = 6) −7.6 ± 2.7 (n = 5) 0.50

Diastolic parameters
E:A wave ratio 1.4 ± 0.2 1.0 ± 0.2 0.0001

Deceleration time (ms) 24 ± 4 36 ± 9 0.0007

Early-diastolic tissue velocity (e′; mm/s) 30 ± 4 12 ± 4 <0.0001
E:e’ wave ratio 24 ± 4 65 ± 20 <0.0001
Circumferential strain rate (1/s) 13.8 ± 2.9 15.6 ± 6.7 0.34

Radial strain rate (1/s) −15.0 ± 3.3 −7.0 ± 1.7 <0.0001
Longitudinal strain rate (1/s) 11.1 ± 2.4 (n = 6) 8.9 ± 2.2 (n = 5) 0.15
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tion in ErbB2tg mice but no marked changes in longitudinal 
and circumferential diastolic function. The difference in dia-
stolic longitudinal strain rate between speckle tracking and 
Doppler measurements might be due to the small sample size. 

array but little fibrosis. This same pattern is common in human 
HCM, especially in children and adolescents.20,23

When evaluating diastolic parameters derived from speckle 
tracking, we noted significantly impaired radial diastolic func-

Figure 4. ErbB2tg mice show impaired relaxation and elevated filling pressure. Transmitral inflow patterns in (A) ErbB2tg and (B) wild-type mice. The 
ErbB2tg mouse shows a reduced E:A ratio of 1 and prolonged deceleration time, compared with the wild-type mouse. Mitral annular TDI images of (C) 
ErbB2tg and (D) wild-type mice. The ErbB2tg mouse shows a reduced e′ and consequently an increased E:e′ ratio, compared with the wild-type mouse.

Figure 5. Color Doppler images of the left ventricle. (A) Left ventricular obstruction in an ErbB2tg mouse at the midventricular level, caused by the 
hypertrophied septum (red arrow) and papillary muscle (blue arrow). (B) The color Doppler image of the left ventricle of a wild-type mouse shows no 
obstruction.
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may reflect the small sample size, because a tendency toward 
reduced systolic longitudinal strain is apparent.

Currently no known mutations in the ErbB2 gene result in 
HCM in humans. Most likely, the ErbB2 gene has not been spe-
cifically evaluated in cases with unknown mutations. However, 
approximately 50% of patients with HCM have an unknown ge-
netic cause underlying their disease.9 Some mutations in nonsar-
comeric proteins result in HCM-like phenotypes, such as seen in 
Fabry disease and other lysosomal storage diseases.21 In addition, 
the phenotypical manifestations among family members with the 
same HCM-causing mutation can vary dramatically, suggesting 
that other factors or modifier genes influence the development of 
the disease.8,15 Therefore, signaling through the ErbB2 pathway 
might have a modifying or triggering role in the pathogenesis of 
HCM and should be investigated in human HCM, especially in 
cases with midventricular obstruction.

Regarding limitations of the model, the feasibility of longitu-
dinal strain analysis in ErbB2 mice is low, because the hypertro-
phied heart typically is displaced to the right, thus enhancing the 
shadow from the sternum. In general speckle tracking in mice is 
challenging, even when using a high-frequency ultrasound sys-
tem, because of their high heart rate. Alternative, invasive means, 

Alternatively the difference may reflect a technical issue, given 
that diastolic strain rate, because of the shape of the curve, 
is prone to errors related to frame rate. All in all, none of the 
parameters derived from speckle tracking are as well validated 
in the evaluation of diastolic dysfunction as are the Doppler 
parameters.22

ErbB2tg mice have increased ejection fraction, a common fea-
ture of human HCM and mostly a consequence of decreased LV 
volume, which is also the case in our mouse model.3 In our study, 
we noted reduced LV volumes with planimetry of the ventricle 
in the long axis orientation but a preserved diastolic diameter in 
short axis. These results suggest a decreased LV length, likely be-
cause of widespread hypertrophy including apical hypertrophy. 
In the current work, as a novel method of analysis of HCM in a 
mouse model, we used speckle tracking and TDI to characterize 
the systolic myocardial function in the ErbB2tg mice. We found 
significantly reduced systolic radial function in the ErbB2tg mice 
but no marked differences between groups in longitudinal or cir-
cumferential function. The strain pattern seen in human HCM is 
typically preserved or increased circumferential function, com-
bined with reduced radial and longitudinal function.6,27 The lack 
of a similar difference in longitudinal function in our ErbB2tg mice 

Figure 6. ErbB2tg mice have elevated left ventricular outflow tract (LVOT) gradients, indicating dynamic outflow obstruction. Pulse-wave Doppler 
measurement of the LVOT in (A) an ErbB2tg mouse and (B) wild-type mouse. Color Doppler image of the LVOT in (C) an ErbB2tg mouse and (D) a wild-
type mouse. Notice the increased velocity (approximately 3-fold) and the dynamic LVOT obstruction (indicated by the later peak and a slower increase 
in velocity in the flow profile) in the ErbB2tg mouse compared with the wild-type mouse. The color Doppler images highlight the turbulent flow and 
site of the left ventricular obstruction in the ErbB2tg mouse.
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such as sonomicrometry and pressure–volume loop measure-
ment, were not available to us but might be valuable in future 
studies.

In conclusion, we here have described a novel mouse model 
that displays profound LV hypertrophy, diastolic dysfunction, 
and midventricular obstruction with high pressure gradients. The 
ErbB2tg mouse model shows distinct morphologic HCM features 
compatible with midventricular obstructive HCM in humans. 
These characteristics make the ErbB2tg mouse model suitable for 
research on the hemodynamics and treatment of diastolic dys-
function and midventricular obstruction in HCM. The role of 
ErbB2 signaling in the development of HCM and midcavity ob-
struction is a research area that currently is not being explored. 
Myectomy samples from patients with midventricular obstruc-
tion should be analyzed to investigate a link between ErbB2 sig-
naling and development of papillary muscle hypertrophy and 
midcavity obstruction.
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