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Abstract

Background: Obesity affects a third of adults in the US and results in an increased risk of cardiovascular mortality.
While the mechanisms underlying this increased risk are not well understood, animal models of obesity have
shown direct effects on the heart such as steatosis and fibrosis, which may affect cardiac function. However, the
effect of obesity on cardiac function in animal models is not well-defined. We hypothesized that diet-induced
obesity in mice reduces strain, torsion, and synchrony in the left ventricle (LV).

Methods: Ten 12-week-old C57BL/6 J mice were randomized to a high-fat or low-fat diet. After 5 months on the
diet, mice were imaged with a 7 T ClinScan using a cine DENSE protocol. Three short-axis and two long-axis slices
were acquired for quantification of strains, torsion and synchrony in the left ventricle.

Results: Left ventricular mass was increased by 15% (p = 0.032) with no change in volumes or ejection fraction.
Subepicardial strain was lower in the obese mice with a 40% reduction in circumferential strain (p = 0.008) a 53%
reduction in radial strain (p = 0.032) and a trend towards a 19% reduction in longitudinal strain (p = 0.056). By
contrast, subendocardial strain was modestly reduced in the obese mice in the circumferential direction by 12%
(p = 0.028), and no different in the radial (p = 0.690) or longitudinal (p = 0.602) directions. Peak torsion was reduced
by 34% (p = 0.028). Synchrony of contraction was also reduced (p = 0.032) with a time delay in the septal-to-lateral
direction.

Conclusions: Diet-induced obesity reduces left ventricular strains and torsion in mice. Reductions in cardiac strain
are mostly limited to the subepicardium, with relative preservation of function in the subendocardium. Diet-induced
obesity also leads to reduced synchrony of contraction and hypertrophy in mouse models.
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Background
Obesity affects one third of adults [1] and one in five
children [2] in the United States and is associated with
increased mortality [3]. The increased mortality is pri-
marily due to cardiovascular disease [4], but cannot be
entirely explained by traditional risk factors such as
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diabetes, hypertension and dyslipidemia [5]. Animal (pri-
marily rodent) models have shown lipid deposition [6],
fibrosis [7] and altered myofilament proteins [8] in the
heart as a result of obesity. These changes may affect car-
diac function and be at least partially responsible for the
increased cardiovascular mortality associated with obesity.
However, the effect of obesity on cardiac function in ani-
mal models is not well-defined.
For example, some studies have shown cardiac dysfunc-

tion in mouse models of obesity [9-16], while others have
shown no dysfunction [17-24]. These studies only utilized
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routine measures of cardiac function such as ejection frac-
tion and ventricular dimensions. However, growing evi-
dence shows that advanced measures of cardiac function
(strain, torsion, and synchrony) are superior predictors of
outcomes in patients with cardiovascular disease [25,26].
Preliminary human studies focusing on these advanced
measures show that patients with obesity have normal
ejection fraction and ventricular dimensions with reduced
cardiac strains and torsion [27,28]. No study has quanti-
fied advanced cardiac function in a mouse model of diet-
induced obesity. It is important to overcome this limitation
to 1) establish relevance of the mouse model to human dis-
ease in order to investigate therapies and mechanisms and
2) further our understanding of the important link be-
tween obesity and cardiovascular mortality.
We aimed to overcome these limitations by using a

Cardiovascular Magnetic Resonance (CMR) protocol
called Displacement Encoding with Stimulated Echoes
(DENSE) [29] to quantify cardiac function in mice with
diet-induced obesity. Cine DENSE imaging is ideally
suited for this problem due to its high spatial resolution,
relatively quick and reproducible post-processing tech-
niques, and proven accuracy for quantifying advanced
measures of cardiac function [30]. We hypothesized that
diet-induced obesity in mice would lead to a decrease in
strain, torsion, and synchrony of contraction in the left
ventricle.

Methods
Diet-induced obese and control mice
Ten 12-week-old C57BL/6 J mice were randomized
to either a high fat diet ad libitum, with 60% of calo-
ries from fat (Research Diets #D12492) or a low fat
diet with 10% of calories from fat (Research Diets
#D12450B). Animals were housed in ventilated cages
in a temperature-controlled room with a 14:10 light:
dark cycle. Body weights were quantified weekly. All
animal procedures conformed to Public Health Ser-
vice policies for humane care and use of animals,
and all procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at the
University of Kentucky.

Animal preparation
Imaging was performed 5 months after starting the diet.
Animals were anesthetized with 1.5-2.5% isoflurane in
oxygen at 1.0 L/min. Isoflurane was adjusted to maintain
respiratory rates of 100–140 breaths per minute. Three
legs were shaved for placement of cutaneous ECG elec-
trodes for cardiac gating, and the mouse was transferred
to the scanning bed. A diaphragm to sense breathing was
placed under the abdomen for respiratory gating. Core
temperature was maintained from 36-37°C with a heated
water blanket and rectal thermometer. All vital signs were
continuously monitored with a fiber optic system (SA In-
struments, Inc, Stony Brook, NY).

CMR
CMR was performed on a 7-Tesla Bruker ClinScan (Bruker,
Ettlingen, Germany) with a 4-element phased array cardiac
coil and a gradient system with a maximum strength of 450
mT/m and a slew rate of 4500 mT/m/s. Image acquisition
has been described in detail previously [31,32]. Briefly, the
CMR tissue tracking method known as cine Displacement
Encoding with Stimulated Echoes (DENSE) was utilized.
Immediately after an electrocardiogram R-wave trigger de-
tection, which marks the depolarization of the ventricles
and onset of contraction, a displacement encoding module
consisting of radiofrequency and gradient pulses was
applied, which stores position-encoded magnetization.
This was followed by successive applications of a read-
out module which employed a radiofrequency excitation
pulse, a displacement un-encoding gradient, and an inter-
leaved spiral k-space trajectory. Ultimately, the output of
the cine DENSE sequence was 3 images: a magnitude
image showing the location of the heart and two phase
images showing the horizontal X-displacement and ver-
tical Y-displacement of each pixel (Figure 1). Relevant
acquisition parameters included: field of view = 32 mm,
matrix = 128 × 128, slice thickness = 1 mm, repetition
time = 7.1 ms (15–20 frames per cardiac cycle), echo
time = 0.67 ms, averages = 3, spiral interleaves = 36, and
displacement encoding frequency = 0.8-1.0 cycles/mm.
Each two-dimensional image acquisition took approxi-
mately 6–9 minutes depending on the heart and respira-
tory rates.

Image slice selection
We acquired 3 short-axis and 2 long-axis images for
each mouse. The long-axis images consisted of a stand-
ard apical 4-chamber view and a 2-chamber view per-
pendicular to the 4-chamber view. The short-axis
images were planned perpendicular to the 4-chamber
long-axis end-systolic image at the basal, apical and
mid-ventricular locations. The mid-ventricular location
was prescribed 50% of the end-systolic long-axis ven-
tricular length above the apex while the basal and apical
slices were prescribed at a distance 20% of the end-
systolic length above and below the mid-ventricle.

Image analysis
The displacement-encoded phase images were used to
calculate strains, torsion and synchrony offline using
custom software written in MATLAB (Mathworks, Inc.,
Natick, MA). Analysis included semi-automated motion-
guided segmentation of the myocardium, phase unwrap-
ping, tissue tracking to derive the path of each pixel
throughout the cardiac cycle, and subsequent calculation
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Figure 1 Cine DENSE CMR images of a mouse heart collected on the Bruker 7 Tesla ClinScan. Cine DENSE is an advanced magnetic
resonance imaging technique, which can be used to show the location of the heart (magnitude image) and the phase-encoded × and y
displacements. Pixel values in the phase-encoded displacement images represent the amount of displacement which has occurred between
the current frame and the end-diastolic frame (see legends at bottom of × and y displacement images). This enables direct pixel-wise calculation of
strains, torsion and dyssynchrony to quantify left ventricular function.
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of left ventricular strains [30,33]. The strains were used
to quantify left ventricular synchrony using the circum-
ferential and radial uniformity ratio estimate (CURE
and RURE) indices [34]. Torsion was defined as the dif-
ference in twist angle between the basal and apical
slices normalized by the long-axis epicardial length of
the left ventricle at end-diastole (average of length
measured on the 2-chamber and 4-chamber images)
[35]. Global cardiac circumferential and radial strain
curves were derived from averaging the strain curves of
each of the 16 standardized segments of the left ven-
tricle derived from the short-axis slices (Figure 2) [36].
Using methodology identical to that described above for

the short-axis data, the long-axis data (from the two and
four-chamber images) were used to calculate longitudinal
strains. The apical segments were excluded from long-axis
analysis since it is difficult to define longitudinal strain
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Figure 2 Strain occurs in three primary directions in the left ventricle
percent change in length in the radial, circumferential and longitudinal dire
strain curves from a control mouse are shown for the 16 standardized segm
The peak strains occur as each segment reaches a minimum (i.e., at the po
the left ventricle includes dividing the ventricle into 3 slices: a basal slice fu
into 6 segments and an apical slice divided into 4 segments.
where the shape of the ventricle curves at the apex. Aver-
age longitudinal strains were calculated from both the two
and four-chamber images. End-diastolic and end-systolic
volumes, mass and ejection fraction were derived from a
smooth, 3-dimensional reconstruction of the endocardial
and epicardial borders defined from the DENSE magni-
tude images [37].

Statistics
Analyses were performed in SPSS (IBM, Inc., Armonk,
NY). Group differences were evaluated with a Mann–
Whitney U-test. A value of p < 0.05 was defined as statis-
tical significance. Values are reported as means ± SD.

Results
The mice on the high-fat diet gained weight over the
course of the 5 months (Figure 3).
50 100
of cardiac cycle)

Strain Curves C: Standard Bullseye
Segmentation of the Left Ventricle 

Inferior

Anterior

La
te

ra
l

S
ep

ta
l

. (A) Strain occurs in three primary directions, and is quantified as the
ctions relative to the end-diastolic (most relaxed) length. (B) Example
ents of the left ventricle, color-coded according to the bullseye in (C).

int of maximum shortening). (C) Standard bullseye segmentation for
rther divided into 6 segments, a mid-ventricular slice further divided



0 50 100 150
0

10

20

30

40

50

Time (days)

A
ve

ra
ge

 W
ei

gh
t (

gr
am

s)

LFD HFD

Figure 3 Mice on a high-fat diet (HFD) develop obesity compared
to control mice on a low-fat diet (LFD). Weights are shown as a
function of time. Diets were initiated at day 0 (at 12 weeks of age)
and imaging was performed at 5 months.
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Left ventricular mass, volumes and ejection fraction
The obese mice had a 15% increase in left ventricular
mass compared to the control mice (Table 1). Ventricu-
lar volumes were not significantly different. Ejection
fraction trended towards being increased in the obese
mice but was not significant (p = 0.056). The ratio of left
ventricular mass to end diastolic volume was signifi-
cantly increased in the obese mice (p = 0.032), consistent
with a concentric hypertrophy.

Left ventricular strains
Left ventricular subepicardial strain was reduced in the
obese mice while subendocardial strain was relatively
preserved (Table 2). The obese mice had a 40% reduc-
tion in the subepicardial circumferential strain (p =
0.008) and a 53% reduction in subepicardial radial strain
(p = 0.032) (Figure 4). Subepicardial longitudinal strain
trended towards a 19% reduction in the obese mice but
was not significant (p = 0.056). By contrast, the obese
mice had a modest 12% reduction in subendocardial cir-
cumferential strain (p = 0.028), and no significant change
in the subendocardial radial (p = 0.690) or longitudinal
(p = 0.602) strains. The differential effect of obesity on
strain throughout the myocardial layers is depicted in
Figure 5 showing that the greatest difference occurred in
the subepicardium, with effects in the mid-myocardium
Table 1 Obesity increases left ventricular mass with preservat

Low-fat die

Left ventricular mass (mg) 100 ± 8

Left ventricular end-diastolic volume (μL) 61 ± 8

Left ventricular end-systolic volume (μL) 25 ± 5

Left ventricular mass to end-diastolic volume ratio (mg/μL) 1.6 ± 0.3

Left ventricular ejection fraction (%) 59 ± 3

Values are mean ± standard deviation, n = 5 in each group.
and subendocardium being progressively smaller. Heart
rate during the CMR was not significantly different be-
tween the two groups (Table 2). The average circumfer-
ential and radial strain were correlated with the mass to
end-diastolic volume ratio (Table 3).

Left ventricular torsion
Peak left ventricular torsion was reduced by 34% (p =
0.028) in the obese mice (Figure 6).

Left ventricular synchrony
The radial uniformity of strain index (RURE) was re-
duced from 0.95 ± 0.02 in the control mice to 0.91 ± 0.03
in the obese mice (p = 0.032) (Table 2, Figure 7). The cir-
cumferential uniformity of strain index (CURE) was not
different in the obese mice (p = 0.151). Figure 8 shows
the normalized average radial strain curves in the con-
trol and obese mice. All ventricular walls reach peak ra-
dial strain at the same time in the control mice. In the
obese mice, the septum and anterior wall reach peak
strain earlier than the inferior and lateral wall, which ac-
counts for the reduced synchrony observed with the
RURE index.

Discussion
We used high-fat feeding to induce obesity in a mouse
model to study the effects of obesity on the function of
the heart using advanced measures of cardiac function
(left ventricular strains, torsion and synchrony). Our
major findings are that obesity is associated with: 1) left
ventricular hypertrophy; 2) no change in ventricular vol-
umes or ejection fraction; 3) reduced cardiac strains and
torsion; 4) reduced synchrony of contraction in the left
ventricle; and 5) a differential effect on strains in the
myocardial layers of the ventricle, with the most severe
depression of function in the subepicardium and little to
no effect in the subendocardium.
These results are exciting as they show for the first

time that mouse models of diet-induced obesity have
changes in the heart that are similar to what has been re-
ported in human studies: hypertrophy and reduced strains,
torsion and synchrony in the setting of normal ejection
fraction and normal ventricular volumes [27,28,38]. This
work also highlights the growing importance of quantifying
ion of volumes and ejection fractions in mice

t High-fat diet Change due to high-fat diet p value

115 ± 8 +15% 0.032

58 ± 5 −6% 0.548

21 ± 3 −16% 0.222

2 ± 0.2 +22% 0.032

64 ± 3 +7% 0.056



Table 2 Obesity reduces left ventricular strains, torsion and synchrony in mice

Region Low-fat diet High-fat diet Change due to high-fat diet p value

Radial strain (%) Endo 36 ± 2 38 ± 8 +5% 0.690

Epi 24 ± 7 16 ± 2 −53% 0.032

Circumferential strain (%) Endo 17 ± 1 15 ± 1 −12% 0.028

Epi 9.4 ± 0.6 6.7 ± 0.6 −40% 0.008

Longitudinal strain (%) Endo 13 ± 1 12 ± 2 −6% 0.602

Epi 11 ± 0.8 9.3 ± 1.2 −19% 0.056

Peak torsion (o/cm) N/A 8.8 ± 1.9 6.6 ± 0.5 −34% 0.028

Radial uniformity of strain (dimensionless) Average 0.95 ± 0.02 0.91 ± 0.03 −5% 0.032

Circumferential uniformity of strain (dimensionless) Average 0.99 ± 0.01 0.98 ± 0.01 −1% 0.151

Heart rate (bpm) N/A 457 ± 35 503 ± 38 +10% 0.08

Values are mean ± standard deviation, n = 5 in each group. Endo = subendocardium, Epi = subepicardium.
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advanced measures of cardiac function in addition to the
traditional measures of ventricular volumes and ejection
fraction. On the basis of the traditional measures, there was
no effect of obesity in this study; whereas the advanced
measures clearly show a detrimental effect of obesity. These
advanced measures may even be superior predictors of
mortality in patients with cardiovascular disease [25,26]
and have even shown abnormalities that are predictive of
death in the general population, which further underscores
their growing clinical value [39].
Identifying a precise mechanism underlying the effects

of obesity on the heart is challenging. For example, mice
with diet-induced obesity have mildly impaired glucose
tolerance [40] but normal fasting blood glucose levels
[41], suggesting these mice are not frankly diabetic.
However, they do have chronically increased inflammatory
cytokines [41] and an approximately 15 mmHg increase in
systolic blood pressure [42]. Future studies may focus on
isolating the different components of metabolic syndrome
and their independent contributions to the observed
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future mechanistic animal studies.

Left ventricular dyssynchrony and obesity
To our knowledge, this is the first study to report dys-
synchrony in the setting of diet-induced obesity in mice.
This is a significant finding, since dyssynchrony has been
reported in human obesity [38] and is known to lead to
adverse remodeling which further exacerbates cardiac
dysfunction [45]. For example, dyssynchrony creates re-
gional differences in the amount of work an individual
cardiac muscle fiber performs [46]. Early-activated re-
gions contract against a lower pressure while late-
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activated regions contract against a higher pressure. This
ultimately leads to hypertrophy in late-activated regions,
which exacerbates the left ventricular dysfunction [47]
and also worsens the dyssynchrony [48]. Thus, dyssyn-
chrony “begets” dyssynchrony in a vicious cycle which
leads to progressive worsening of cardiac function. Dys-
synchrony could therefore play a primary role in the
progression of cardiac dysfunction and failure in obesity.
The dyssynchrony may be mediated through fibrosis of
the conduction system, since obesity has already been
shown to lead to cardiac fibrosis in previous studies [7].
Another potential mechanism could be a reduction in
gap junction proteins in obese mice leading to dyssyn-
chrony [49], but future studies will need to investigate
these hypotheses.
Our results showed dyssynchrony according to the

RURE index but not the CURE index. This could be due
to the fact that the pathology underlying the dyssyn-
chrony is not a typical conduction block but a more dif-
fuse process such as changes in gap junctions which
may affect the spread of conduction differently in the
Table 3 The left ventricular mass to end-diastolic volume
ratio correlates with average circumferential and radial
strain in the control and obese mice

R p value

Average circumferential strain 0.81 0.005

Average radial strain −0.68 0.03

Average longitudinal strain 0.47 0.17

Correlations are reported for all 10 mice (5 on a low-fat diet and 5 on a
high-fat diet).
radial versus circumferential directions. However, we are
confident that the observed dyssynchrony was a real
phenomenon which can be clearly seen in Figure 8.
Transmural heterogeneity in the effect of obesity on left
ventricular strains
Our data show a heterogeneous effect of obesity on car-
diac strains, with significant deleterious effects on the
subepicardium, and relative preservation of function in
the subendocardium. One potential mechanism for the
heterogeneous effect may be paracrine inflammatory signal-
ing from adjacent epicardial fat. An alternate explanation
could be that myocytes in the subepicardium versus suben-
docardium have different mechanical function [50] and
therefore respond differently to disease states. For example,
the response to diseases such as heart failure [51] and myo-
cardial infarction [52] have been shown to exhibit similar
transmural heterogeneity. Future studies will need to inves-
tigate these hypotheses which have important implications
for treatment and prognosis.
The left ventricular mass to end-diastolic volume ratio

was increased in the obese mice, consistent with concen-
tric hypertrophy. Concentric hypertrophy alters the load-
ing conditions in the myocardium (wall stress) which can
affect strains. Therefore, the remodeling in the hearts of
the obese mice could in part explain some of the observed
dysfunction. This is consistent with the significant correla-
tions we found between strains and the mass to volume
ratio (Table 3). However, there is evidence showing that
myocyte contractile function is reduced in obesity, where
the effect of loading is removed [53]. Thus, it is likely a



LFD HFD
0

5

10

15

p=0.028

P
ea

k 
T

or
si

on
 (

de
gr

ee
s/

cm
)

Figure 6 Left ventricular torsion is lower in obese mice fed a
high-fat diet (HFD) compared to control mice on a low-fat
diet (LFD).

Radial Circumferential
0.8

1

p=0.032
p=0.151

U
ni

fo
rm

ity
 o

f S
tr

ai
n

1 
=

 S
yn

ch
ro

ny
, 0

 =
 D

ys
sy

nc
hr

on
y

LFD HFD

Figure 7 The radial uniformity of strain index shows a
reduction in the synchrony of contraction in the left ventricle
in obese mice fed a high-fat diet (HFD) compared to control
mice on a low-fat diet (LFD).

0 50 100

0

0.5

1

N
or

m
al

iz
ed

 R
ad

ia
l S

tr
ai

n

Low Fat Diet

0 50 100

0

0.5

1

High Fat Diet

Time (% of Cardiac Cycle)

Ant Sep Inf Lat

N
or

m
al

iz
ed

 R
ad

ia
l S

tr
ai

n

Figure 8 Average radial strain curves from control mice are
highly uniform and synchronous whereas the radial strain
curves from obese mice peak at different times in a
dyssynchronous fashion.

Kramer et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:109 Page 7 of 10
http://jcmr-online.com/content/15/1/109
combination of myocyte dysfunction and altered loading
conditions due to the remodeling which contribute to the
cardiac dysfunction in the obese mice.

Study limitations
We used high-fat feeding to induce obesity in mice. The
diet may have had an unanticipated acute effect on cardiac
function, which our study did not consider. In fact, a recent
study in humans showed that infusion of triglycerides
acutely improved cardiac function [54]. While this acute
improvement in cardiac function could not explain the dif-
ferences we saw in our study, future studies should consider
removing the high-fat diet for several days prior to CMR in
order to minimize these potential acute effects.
We utilized 2-dimensional image slices to study 3-

dimensional cardiac deformation. While 3-dimensional
acquisition techniques for imaging deformation in the
mouse heart have recently been developed [55], these
techniques are more susceptible to off-resonance effects
and in general more difficult to implement. Obese mice
are particularly difficult to maintain stably under iso-
flurane anesthesia due to its high fat solubility, which
makes multiple, shorter 2-dimensional image acquisitions
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more favorable than a longer, 3-dimensional acquisition.
Moreover, the 2-dimensional imaging in our study was ad-
equate to document significant differences in function be-
tween the obese and control mice.
We did not utilize a fat suppression technique during

image acquisition. Future studies in obese mice may bene-
fit from fat suppression to improve image quality. How-
ever, the overall quality of the images was good in both
the obese and control mice (Figure 1).
Unfortunately, the quantification of torsion is not stan-

dardized in the literature. Published studies vary in both
the slice selection to define the angular gradient and the
normalization of the angular gradient to define torsion.
We chose to normalize by the long-axis length of the
ventricle, since there is evidence that this makes torsion
values equivalent across mice and humans [35]. Of the
studies which used similar methodologies, the reported
torsion values of 0.28 – 3.15 degrees/mm are compar-
able to the value we obtained (0.88 degrees/mm).
Conclusions
Diet-induced obesity leads to a reduction in cardiac
function in mice as evidenced by reductions in left ven-
tricular strains and torsion. Reductions in cardiac strain
are mostly limited to the subepicardial layer of the left
ventricle, with relative preservation of function in the
subendocardium. Diet-induced obesity also leads to
hypertrophy and reduced synchrony of contraction in
the left ventricle of the heart. These findings help to fur-
ther our understanding of the link between obesity and
increased cardiovascular mortality, and also highlight
important similarities between cardiac changes observed
in obese mouse models and humans with obesity.

Abbreviations
CMR: Cardiovascular magnetic resonance; CURE: Circumferential uniformity
ratio estimate; DENSE: Displacement encoding with stimulated echoes;
RURE: Radial uniformity ratio estimate.

Competing interests
Dr. Epstein receives research support from Siemens.

Authors’ contributions
SK completed the data analysis and drafted the manuscript. CH helped with
data analysis and interpretation and drafting of the manuscript. CB and AM
assisted with data collection and analysis and preparation of the manuscript.
DP oversaw the CMR acquisition and also helped with data analysis and
interpretation. LC participated in the study design and coordination,
interpretation of results and drafting of the manuscript. FE developed the
acquisition protocols and participated in the study design, interpretation of
results and drafting of the manuscript. BF conceived the study, participated
in its design and coordination, oversaw data acquisition and analysis, and
helped to draft the manuscript. All authors read and approved the final
manuscript.

Acknowledgements
The authors thank R. Jack Roy and Patrick Antkowiak for their assistance with
setting up the CMR protocols.
Funding sources
This work was supported by a pilot grant from an Institutional Development
Award (IDeA) from the National Institute of General Medical Sciences of the
NIH under grant number 8 P20 GM103527-05, the University of Kentucky
Cardiovascular Research Center, grant number UL1RR033173 [TL1 RR033172,
KL2 RR033171] from the National Center for Research Resources (NCRR),
funded by the Office of the Director, National Institutes of Health (NIH) and
supported by the NIH Roadmap for Medical Research, an NIH Early Independence
Award to BKF (1DP5OD012132-01), and contributions made by local
businesses and individuals through a partnership between Kentucky Children’s
Hospital and Children’s Miracle network. The content is solely the responsibility
of the authors and does not necessarily represent the official views of the
funding sources.

Author details
1Departments of Pediatrics, Physiology and Medicine, University of Kentucky,
800 Rose St, MN-150, Lexington, KY 40536, USA. 2Graduate Center for
Biomedical Engineering, University of Kentucky, Lexington, KY, USA.
3Department of Molecular and Biomedical Pharmacology, University of
Kentucky, Lexington, KY, USA. 4Departments of Biomedical Engineering and
Radiology, University of Virginia, Charlottesville, VA, USA.

Received: 7 March 2013 Accepted: 11 December 2013
Published: 31 December 2013
References
1. Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends

in the distribution of body mass index among US adults, 1999–2010.
JAMA. 2012; 307:491–7.

2. Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of obesity and trends
in body mass index among US children and adolescents, 1999–2010.
JAMA. 2012; 307:483–90.

3. Flegal KM, Graubard BI, Williamson DF, Gail MH. Excess deaths associated
with underweight, overweight, and obesity. JAMA. 2005; 293:1861–7.

4. Flegal KM, Graubard BI, Williamson DF, Gail MH. Cause-specific excess
deaths associated with underweight, overweight, and obesity.
JAMA. 2007; 298:2028–37.

5. Zhang Y, Ren J. Role of cardiac steatosis and lipotoxicity in obesity
cardiomyopathy. Hypertension. 2011; 57:148–50.

6. Zhou YT, Grayburn P, Karim A, Shimabukuro M, Higa M, Baetens D, Orci L,
Unger RH. Lipotoxic heart disease in obese rats: implications for human
obesity. Proc Natl Acad Sci U S A. 2000; 97:1784–9.

7. Leopoldo AS, Sugizaki MM, Lima-Leopoldo AP, do Nascimento AF, Luvizotto
Rde A, de Campos DH, Okoshi K, Dal Pai-Silva M, Padovani CR, Cicogna AC.
Cardiac remodeling in a rat model of diet-induced obesity. Can J Cardiol.
2010; 26:423–9.

8. Sharma S, Adrogue JV, Golfman L, Uray I, Lemm J, Youker K, Noon GP,
Frazier OH, Taegtmeyer H. Intramyocardial lipid accumulation in the
failing human heart resembles the lipotoxic rat heart. FASEB J. 2004;
18:1692–700.

9. Aasum E, Khalid AM, Gudbrandsen OA, How OJ, Berge RK, Larsen TS.
Fenofibrate modulates cardiac and hepatic metabolism and increases
ischemic tolerance in diet-induced obese mice. J Mol Cell Cardiol. 2008;
44:201–9.

10. Chiu HC, Kovacs A, Ford DA, Hsu FF, Garcia R, Herrero P, Saffitz JE, Schaffer
JE. A novel mouse model of lipotoxic cardiomyopathy. J Clin Invest. 2001;
107:813–22.

11. Dobrzyn P, Dobrzyn A, Miyazaki M, Ntambi JM. Loss of stearoyl-CoA desa-
turase 1 rescues cardiac function in obese leptin-deficient mice. J Lipid
Res. 2010; 51:2202–10.

12. Dong F, Li Q, Sreejayan N, Nunn JM, Ren J. Metallothionein prevents high-
fat diet induced cardiac contractile dysfunction: role of peroxisome pro-
liferator activated receptor gamma coactivator 1alpha and mitochondrial
biogenesis. Diabetes. 2007; 56:2201–12.

13. Lee Y, Naseem RH, Duplomb L, Park BH, Garry DJ, Richardson JA, Schaffer JE,
Unger RH. Hyperleptinemia prevents lipotoxic cardiomyopathy in acyl CoA
synthase transgenic mice. Proc Natl Acad Sci U S A. 2004; 101:13624–9.

14. Turdi S, Kandadi MR, Zhao J, Huff AF, Du M, Ren J. Deficiency in AMP-
activated protein kinase exaggerates high fat diet-induced cardiac hyper-
trophy and contractile dysfunction. J Mol Cell Cardiol. 2011; 50:712–22.



Kramer et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:109 Page 9 of 10
http://jcmr-online.com/content/15/1/109
15. Yagyu H, Chen G, Yokoyama M, Hirata K, Augustus A, Kako Y, Seo T, Hu Y,
Lutz EP, Merkel M, et al. Lipoprotein lipase (LpL) on the surface of
cardiomyocytes increases lipid uptake and produces a cardiomyopathy.
J Clin Invest. 2003; 111:419–26.

16. Zhang Y, Yuan M, Bradley KM, Dong F, Anversa P, Ren J. Insulin-like growth
factor 1 alleviates high-fat diet-induced myocardial contractile dysfunc-
tion: role of insulin signaling and mitochondrial function. Hypertension.
2012; 59:680–93.

17. Chiu HC, Kovacs A, Blanton RM, Han X, Courtois M, Weinheimer CJ, Yamada KA,
Brunet S, Xu H, Nerbonne JM, et al. Transgenic expression of fatty acid
transport protein 1 in the heart causes lipotoxic cardiomyopathy.
Circ Res. 2005; 96:225–33.

18. Christoffersen C, Bollano E, Lindegaard ML, Bartels ED, Goetze JP, Andersen
CB, Nielsen LB. Cardiac lipid accumulation associated with diastolic
dysfunction in obese mice. Endocrinology. 2003; 144:3483–90.

19. Mingorance C, Duluc L, Chalopin M, Simard G, Ducluzeau PH, Herrera MD,
Alvarez de Sotomayor M, Andriantsitohaina R. Propionyl-L-carnitine corrects
metabolic and cardiovascular alterations in diet-induced obese mice and
improves liver respiratory chain activity. PLoS One. 2012; 7:e34268.

20. Qin F, Siwik DA, Luptak I, Hou X, Wang L, Higuchi A, Weisbrod RM, Ouchi N,
Tu VH, Calamaras TD, et al. The polyphenols resveratrol and S17834
prevent the structural and functional sequelae of diet-induced metabolic
heart disease in mice. Circulation. 2012; 125(14):1757–64. S1-6.

21. Sung MM, Koonen DP, Soltys CL, Jacobs RL, Febbraio M, Dyck JR.
Increased CD36 expression in middle-aged mice contributes to obesity-
related cardiac hypertrophy in the absence of cardiac dysfunction.
J Mol Med (Berl). 2011; 89:459–69.

22. Thakker GD, Frangogiannis NG, Bujak M, Zymek P, Gaubatz JW, Reddy AK,
Taffet G, Michael LH, Entman ML, Ballantyne CM. Effects of diet-induced
obesity on inflammation and remodeling after myocardial infarction.
Am J Physiol Heart Circ Physiol. 2006; 291:H2504–14.

23. Ussher JR, Koves TR, Jaswal JS, Zhang L, Ilkayeva O, Dyck JR, Muoio DM,
Lopaschuk GD. Insulin-stimulated cardiac glucose oxidation is increased
in high-fat diet-induced obese mice lacking malonyl CoA decarboxylase.
Diabetes. 2009; 58:1766–75.

24. Yan J, Young ME, Cui L, Lopaschuk GD, Liao R, Tian R. Increased glucose
uptake and oxidation in mouse hearts prevent high fatty acid oxidation
but cause cardiac dysfunction in diet-induced obesity. Circulation. 2009;
119:2818–28.

25. Cho GY, Marwick TH, Kim HS, Kim MK, Hong KS, Oh DJ. Global 2-
dimensional strain as a new prognosticator in patients with heart failure.
J Am Coll Cardiol. 2009; 54:618–24.

26. Stanton T, Leano R, Marwick TH. Prediction of all-cause mortality from glo-
bal longitudinal speckle strain: comparison with ejection fraction and
wall motion scoring. Circ Cardiovasc Imaging. 2009; 2:356–64.

27. Labombarda F, Zangl E, Dugue AE, Bougle D, Pellissier A, Ribault V,
Maragnes P, Milliez P, Saloux E. Alterations of left ventricular myocardial
strain in obese children. Eur Heart J Cardiovasc Imaging. 2013; 14:668–76.

28. Wong CY, O’Moore-Sullivan T, Leano R, Byrne N, Beller E, Marwick TH.
Alterations of left ventricular myocardial characteristics associated with
obesity. Circulation. 2004; 110:3081–7.

29. Aletras AH, Ding S, Balaban RS, Wen H. DENSE: displacement encoding
with stimulated echoes in cardiac functional MRI. J Magn Reson. 1999;
137:247–52.

30. Spottiswoode BS, Zhong X, Hess AT, Kramer CM, Meintjes EM, Mayosi BM,
Epstein FH. Tracking myocardial motion from cine DENSE images using
spatiotemporal phase unwrapping and temporal fitting. IEEE Trans Med
Imaging. 2007; 26:15–30.

31. Kim D, Gilson WD, Kramer CM, Epstein FH. Myocardial tissue tracking with
two-dimensional cine displacement-encoded MR imaging: development
and initial evaluation. Radiology. 2004; 230:862–71.

32. Vandsburger MH, French BA, Kramer CM, Zhong X, Epstein FH.
Displacement-encoded and manganese-enhanced cardiac MRI reveal
that nNOS, not eNOS, plays a dominant role in modulating contraction
and calcium influx in the mammalian heart. Am J Physiol Heart Circ
Physiol. 2012; 302:H412–9.

33. Spottiswoode BS, Zhong X, Lorenz CH, Mayosi BM, Meintjes EM, Epstein FH.
Motion-guided segmentation for cine DENSE MRI. Med Image Anal. 2009;
13:105–15.

34. Helm RH, Leclercq C, Faris OP, Ozturk C, McVeigh E, Lardo AC, Kass DA.
Cardiac dyssynchrony analysis using circumferential versus longitudinal
strain: implications for assessing cardiac resynchronization. Circulation.
2005; 111:2760–7.

35. Henson RE, Song SK, Pastorek JS, Ackerman JJ, Lorenz CH. Left ventricular
torsion is equal in mice and humans. Am J Physiol Heart Circ Physiol. 2000;
278:H1117–23.

36. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK,
Pennell DJ, Rumberger JA, Ryan T, Verani MS, American Heart Association
Writing Group on Myocardial Segmentation and Registration for Cardiac I.
Standardized myocardial segmentation and nomenclature for
tomographic imaging of the heart: a statement for healthcare
professionals from the cardiac imaging committee of the council on
clinical cardiology of the American heart association. Circulation. 2002;
105:539–42.

37. Haggerty CM, Kramer SP, Skrinjar O, Binkley CM, Powell DK, Mattingly AC,
Epstein FH, Fornwalt BK. Quantificaiton of left ventricular volumes, mass,
and ejection fraction using cine displacement encoding with stimulated
echoes (DENSE) MRI. J Magn Reson Imaging. 2013. in press.

38. Purushottam B, Parameswaran AC, Figueredo VM. Dyssynchrony in obese
subjects without a history of cardiac disease using velocity vector
imaging. J Am Soc Echocardiogr. 2011; 24:98–106.

39. Mogelvang R, Sogaard P, Pedersen SA, Olsen NT, Marott JL, Schnohr P,
Goetze JP, Jensen JS. Cardiac dysfunction assessed by echocardiographic
tissue doppler imaging is an independent predictor of mortality in the
general population. Circulation. 2009; 119:2679–85.

40. Yiannikouris F, Gupte M, Putnam K, Thatcher S, Charnigo R, Rateri DL,
Daugherty A, Cassis LA. Adipocyte deficiency of angiotensinogen
prevents obesity-induced hypertension in male mice. Hypertension. 2012;
60:1524–30.

41. Police SB, Thatcher SE, Charnigo R, Daugherty A, Cassis LA. Obesity
promotes inflammation in periaortic adipose tissue and angiotensin II-
induced abdominal aortic aneurysm formation. Arterioscler Thromb Vasc
Biol. 2009; 29:1458–64.

42. Gupte M, Thatcher SE, Boustany-Kari CM, Shoemaker R, Yiannikouris F,
Zhang X, Karounos M, Cassis LA. Angiotensin converting enzyme 2 con-
tributes to sex differences in the development of obesity hypertension
in C57BL/6 mice. Arterioscler Thromb Vasc Biol. 2012; 32:1392–9.

43. Sakuragi S, Abhayaratna K, Gravenmaker KJ, O’Reilly C, Srikusalanukul W,
Budge MM, Telford RD, Abhayaratna WP. Influence of adiposity and
physical activity on arterial stiffness in healthy children: the lifestyle of
our kids study. Hypertension. 2009; 53:611–6.

44. Hafstad AD, Lund J, Hadler-Olsen E, Hoper AC, Larsen TS, Aasum E. High-
and moderate-intensity training normalizes ventricular function and
mechanoenergetics in mice with diet-induced obesity. Diabetes. 2013;
62:2287–94.

45. Spragg DD, Kass DA. Pathobiology of left ventricular dyssynchrony and
resynchronization. Prog Cardiovasc Dis. 2006; 49:26–41.

46. Prinzen FW, Hunter WC, Wyman BT, McVeigh ER. Mapping of regional
myocardial strain and work during ventricular pacing: experimental
study using magnetic resonance imaging tagging. J Am Coll Cardiol. 1999;
33:1735–42.

47. van Oosterhout MF, Prinzen FW, Arts T, Schreuder JJ, Vanagt WY, Cleutjens
JP, Reneman RS. Asynchronous electrical activation induces asymmetrical
hypertrophy of the left ventricular wall. Circulation. 1998; 98:588–95.

48. Vernooy K, Verbeek XA, Peschar M, Prinzen FW. Relation between
abnormal ventricular impulse conduction and heart failure. J Interv
Cardiol. 2003; 16:557–62.

49. Noyan-Ashraf MH, Shikatani EA, Schuiki I, Mukovozov I, Wu J, Li RK, Volchuk
A, Robinson LA, Billia F, Drucker DJ, Husain M. A glucagon-like peptide-1
analog reverses the molecular pathology and cardiac dysfunction of a
mouse model of obesity. Circulation. 2013; 127:74–85.

50. Cazorla O, Le Guennec JY, White E. Length-tension relationships of sub-
epicardial and sub-endocardial single ventricular myocytes from rat and
ferret hearts. J Mol Cell Cardiol. 2000; 32:735–44.

51. Lou Q, Fedorov VV, Glukhov AV, Moazami N, Fast VG, Efimov IR. Transmural
heterogeneity and remodeling of ventricular excitation-contraction
coupling in human heart failure. Circulation. 2011; 123:1881–90.

52. van der Velden J, Merkus D, de Beer V, Hamdani N, Linke WA, Boontje NM,
Stienen GJ, Duncker DJ. Transmural heterogeneity of myofilament
function and sarcomeric protein phosphorylation in remodeled
myocardium of pigs with a recent myocardial infarction. Front Physiol.
2011; 2:83.



Kramer et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:109 Page 10 of 10
http://jcmr-online.com/content/15/1/109
53. Relling DP, Esberg LB, Fang CX, Johnson WT, Murphy EJ, Carlson EC, Saari JT,
Ren J. High-fat diet-induced juvenile obesity leads to cardiomyocyte dys-
function and upregulation of Foxo3a transcription factor independent of
lipotoxicity and apoptosis. J Hypertens. 2006; 24:549–61.

54. Holland DJ, Erne D, Kostner K, Leano R, Haluska BA, Marwick TH, Sharman
JE. Acute elevation of triglycerides increases left ventricular contractility
and alters ventricular-vascular interaction. Am J Physiol Heart Circ Physiol.
2011; 301:H123–8.

55. Zhong X, Gibberman LB, Spottiswoode BS, Gilliam AD, Meyer CH, French
BA, Epstein FH. Comprehensive cardiovascular magnetic resonance of
myocardial mechanics in mice using three-dimensional cine DENSE.
J Cardiovasc Magn Reson. 2011; 13:83.

doi:10.1186/1532-429X-15-109
Cite this article as: Kramer et al.: Obesity reduces left ventricular strains,
torsion, and synchrony in mouse models: a cine displacement encoding
with stimulated echoes (DENSE) cardiovascular magnetic resonance
study. Journal of Cardiovascular Magnetic Resonance 2013 15:109.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Diet-induced obese and control mice
	Animal preparation
	CMR
	Image slice selection
	Image analysis
	Statistics

	Results
	Left ventricular mass, volumes and ejection fraction
	Left ventricular strains
	Left ventricular torsion
	Left ventricular synchrony

	Discussion
	Left ventricular dyssynchrony and obesity
	Transmural heterogeneity in the effect of obesity on left ventricular strains
	Study limitations

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Funding sources
	Author details
	References

