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Original Research

MR Study of Postnatal Development of Myocardial
Structure and Left Ventricular Function

Yin Wu, PhD,1–3 and Ed X. Wu, PhD1,2*

Purpose: To investigate postnatal development of left ven-
tricular (LV) cardiac function and myocardium structure.

Materials and Methods: In vivo cardiac MR and ex vivo
diffusion tensor imaging (DTI) were performed in normal
Sprague-Dawley rats at postnatal day 2, 4, 7, 14, 21, 28,
and 56 (N � 6 per group).

Results: Morphologically, LV size increased with age.
Functionally, stroke volume and cardiac output increased.
Heart rate increased gradually and became stable after day
14. On average, ejection fraction increased within the first 4
days, decreased at day 7, gradually increased until day 21,
and became stable afterward. Structurally, double-helical
myocardial structure was found as early as day 2. Myocar-
dial fiber parameters, described by fractional anisotropy,
mean apparent diffusion coefficient, and axial diffusivity,
increased within the first 4 days. Then radial diffusivity
increased until day 7 while other parameters decreased up
to day 56.

Conclusion: Postnatal heart development was documented
by MRI. DTI findings are in agreement with the two known
stages of early postnatal growth: hyperplasia and hypertro-
phy. These results can serve as the baselines for study of
postnatal heart developmental abnormalities. They also
demonstrate the ability of DTI to reveal microstructural
alterations in myocardium.

Key Words: postnatal heart development; cardiac function;
myocardium structure; DTI; heart; rat
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GROWTH OF THE HEART is closely coupled with he-
modynamic function (1) and important for the growth of

all organs (2). The study of concomitant development of
cardiac function and myocardium structure cannot
only delineate the time course of cardiac maturation,
but also provide essential baselines for diagnosis and
analysis of cardiac diseases. Rat models have been
widely used to assess cardiac functional and structural
maturation due to their short development period (3)
and relatively large body size to handle.

Functionally, the heart weight has been shown to
increase with age (4). The heart rate increases early
after birth and then remains relatively constant into
adulthood (5,6). During postnatal rat heart develop-
ment, the heart contractility augments during normal
growth in parallel with increase in cell numbers, mito-
chondrial mass, and myofibrillar ATPase activity (7).
The systolic blood pressure doubles from neonate to
young adult, and reaches adult levels by 10 weeks of
age (8,9). Left ventricle (LV) muscle reaches its func-
tional maturity by postnatal day 16 as assessed by
isometric length–tension and pressure–volume time
courses in isolated perfused rat hearts (3).

Structurally, two prevailing cellular processes during
early postnatal heart growth have been identified using
the myocyte isolation and histological techniques: hy-
perplasia and hypertrophy (5,10–12). Both are capable
of responding to the concomitant development of car-
diac function, such as increased pressure and volume
loads (12). During the first 3–4 days after birth, the
volume of myocyte has been shown to remain the same.
However, cell number increases, indicating hyperplasia
as the dominant factor for heart mass increase (13).
Subsequently, myocardial cells lose the dividing capa-
bility (14) and the volume begins to increase, then the
cardiac enlargement is mainly dominated by myocyte
hypertrophy (13). Therefore, a rapid switch from myo-
cyte hyperplasia to hypertrophy occurs around day 4
after birth (13). Similar phenomenon has been observed
in mice (15).

Composed of myocytes, myocardial fiber plays a key
role in determining LV mechanical properties and elec-
tromechanical activations (16–19). Recently, MR diffu-
sion tensor imaging (DTI) has emerged as a powerful
tool for rapid measurement of the structure of myocar-
dium (20–25) and skeletal muscle (26) with high spatial
resolution nondestructively. Along the myocardial fiber,
water diffusion is the greatest, and therefore the pri-
mary eigenvector of the diffusion tensor coincides with
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the local fiber orientation. Several studies have charac-
terized myocardial fiber orientation and validated such
DTI approach with histological analyses (21,27,28).
When viewed from apex, the orientation of LV fibers
changes smoothly from a left-handed helix in epicar-
dium to a right-handed helix in endocardium
(20–22,27,28). In addition, DTI can assess myocardium
structure with quantitative parameters such as frac-
tional anisotropy (FA) and apparent diffusion coefficient
(ADC). FA is a normalized scalar measure of the degree
of diffusion anisotropy within a voxel and reflects the
fiber organization, directional coherence, or integrity.
ADC can detect the overall change of water diffusion
environment on the cellular level. Using DTI, myocar-
dium structure has been found to degrade in the myo-
cardial infarct as well as the borderzone (29–33). There-
fore, DTI analysis may provide insights into the
myocardial structural maturation on the microscopic
levels during both normal and pathologic development.

In this study, the postnatal cardiac morphological
and functional development was investigated in normal
Sprague-Dawley (SD) rats using in vivo cardiac MR
(CMR) imaging. Concurrently, myocardium structure
was investigated using ex vivo DTI. To our knowledge,
this is the first study that documents the postnatal
development of heart functions and structures using
quantitative imaging techniques.

MATERIALS AND METHODS

All MR experiments in this study were conducted on a
Bruker 7 Tesla (T) PharmaScan (Bruker BioSpin). All
animal experiments were approved by the local institu-
tional ethics committee for animal research.

In Vivo CMR Imaging

CMR imaging of SD rats was examined at 2, 4, 7, 14, 21,
28, 56 days after birth. Around 8 rats were bred per
litter before they were weaned at 21 days of age. Six SD
rats (N � 6) were used for each time point. Rats were
first weighted and then anesthetized with isoflurane for
MRI experiments. In this study, 0.5% isoflurane in vol-
ume mixed with air was used for rats at age of 2 and 4
days, 0.7% for 7 days, 1.0% for 14 and 21 days, and
1.5% for 28 and 56 days. During MRI, animals were
covered with blanket to maintain their physiological
body temperature. Electrocardiogram (ECG) electrodes
were attached to the front paws and the animals were
placed prone over a respiratory sensor. Both ECG- and
respiratory-triggering was used during the entire in vivo
CMR experiments. To measure LV function, FLASH
cine sequence was used to obtain four short-axis slices
covering the whole heart (34). The sequence parameters
were as follows: TR � 1 R-R interval, TE � 2.3 ms,
cardiac frames � 12, matrix size � 192 � 192, flip
angle � 30°. In-plane pixel size and slice thickness were
heart size dependent and in ranges of 97 � 97 �m2 �
128 � 128 �m2 and 0.6 � 1.6 mm, respectively. The
slice gap was set to 10% of slice thickness.

Ex Vivo DTI Study

After in vivo CMR imaging, animals were killed imme-
diately. The hearts were arrested mostly at end diastole

and fixed with formalin for 24 h at a room temperature
(�20°C). A multi-slice spin echo diffusion tensor imag-
ing (SE-DTI) was performed to acquire short-axis diffu-
sion weighted images at room temperature. Imaging
parameters were: repetition time/echo time (TR/TE) �
1500/29 ms, field of view (FOV) � 2.55 � 2.55 cm2,
slice number � 3, b value � 1000 s/mm2, matrix size �
256 � 256, diffusion gradient duration � 3 ms, diffu-
sion gradient separation � 20 ms, diffusion direction
number � 6, and number of averages � 10. Slice thick-
ness was heart size dependent and in the range of 0.6 �
1.6 mm with slice gap of 20% of slice thickness. Total
image acquisition time was �7 h per sample.

Data Analysis

In vivo cine images were analyzed for ejection fraction
(EF) values using Segment v1.45 software (http://seg-
ment.heiberg.se). Endocardium and epicardium con-
tours were semi-automatically defined. End-diastolic
volume (EDV) and end-systolic volume (ESV) were mea-
sured from the cine image set. Stroke volume (SV) was
defined as (EDV-ESV), cardiac output (CO) as (SV �
heart rate), and LV EF values as ([EDV-ESV]/EDV).
From the end-diastolic images at short-axis view, least-
square circle fitting was performed on epicardium on
each slice to obtain the epicardium radius for each
short-axis slice, among which the largest one was re-
garded as LV radius.

For ex vivo DTI data, DTI parameters (i.e., FA, mean
ADC, eigenvalues, and eigenvectors) were computed
from diffusion weighted images (DWIs) using the Dti-
Studio v2.4 software (Johns Hopkins University; USA)
(35). Axial diffusivity was calculated as the primary
eigenvalue, that is, parallel to fiber direction. Radial
diffusivity was computed as the average of the second-
ary and tertiary eigenvalues, thus perpendicular to the
fiber direction. FA, ADC, and axial and radial diffusivi-
ties were computed pixel by pixel within the entire slice
with papillary muscles excluded, and averaged among
the three short-axis slices for each sample. These DTI
parameters were then averaged among six samples of
the same age. A MATLAB (MathWorks, Natick, MA) pro-
gram was developed to compute the fiber helix angle
from the primary eigenvector as defined by Chen et al
(29) and Scollan et al (21). Helix angle map was gener-
ated pixel by pixel for each slice.

One-way analysis of variance (ANOVA) with post hoc
Bonferroni’s multiple comparison tests were performed
on the values describing cardiac morphology, function
and myocardium structure for all age groups. Results
were considered significant when P � 0.05. Unless oth-
erwise stated, all data are presented as means � stan-
dard deviation (SD).

Histological Analysis

After ex vivo DTI study, histological analysis was per-
formed in one of the samples at each age using hema-
toxylin and eosin (H&E) stain for visualization of myo-
cardium structure. The fixed heart samples were
sectioned into 5-�m slices at short-axis orientation.
They were then stained with the H&E. Rectangular
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pieces of myocardium at mid-wall with fibers circum-
ferentially oriented were selected and visualized at
�400 magnification.

RESULTS

Figure 1 illustrates the least-square circle fitting per-
formed on epicardium at a short-axis middle ventricular
slice at end-diastole in postnatal day 2 rats (Fig. 1a) and
day 28 (Fig. 1b). Heart morphological and functional
changes with age are shown in Figure 2. Body weight and
LV radius increased dramatically with age (Fig. 2a,b).
Heart rate increased significantly from day 2 to day 14,
and became steady from day 14 onward (Fig. 2c). On
average, EF increased significantly from day 2 to day 4,
decreased at day 7, then gradually increased until day 21
(Fig. 2d). Average SV and CO increased significantly with
age (Fig. 2e). They mainly responded to the overall me-
chanical workload as indicated by the strong and positive
correlations of SV and CO with body weight and LV radius
(Table 1). However, no strong correlations of heart rate
and EF with body weight and LV radius were observed.
Table 2 summarizes the post hoc Bonferroni’s compari-
sons between paired age groups for these cardiac mor-
phological and functional parameters.

Figure 1. Short-axis view of rat hearts at end-diastole at age of
(a) postnatal day 2 and (b) day 28. Least-squares circle fitting
performed on epicardium at the short-axis image, from which
LV center was defined and the radius of epicardium was mea-
sured. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2. Changes of body weight (a), LV radius (b), heart rate (c), ejection fraction (EF, d), stroke volume (SV, e), and cardiac
output (CO) with age. One-way ANOVA tests among all age groups were P � 0.0001 for all (a) to (e). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Structurally, FA was found to increase significantly
from day 2 (0.56 � 0.01) to day 4 (0.61 � 0.01), and
gradually decreased up to day 56 (0.40 � 0.02; Fig. 3a).
Figure 3b–d illustrates the alterations of mean ADC,
axial and radial diffusivities with age. From day 2 to day
4, significant increase of mean ADC (3.88 � 0.17 to
5.70 � 0.19 � 10�4 mm2/s) was observed, resulting
from the significant increase of the axial diffusivity
(7.49 � 0.30 to 10.42 � 0.33 � 10�4 mm2/s). Radial
diffusivity increased gradually until day 7, while axial
diffusivity decreased significantly from day 4 to day 56.
The reversing development trends of these two direc-
tional diffusivities gave rise to the slight decrease of
mean ADC. Table 3 summarizes the post hoc Bonferro-
ni’s comparisons between paired age groups for these
DTI parameters.

The typical maps of FA, mean ADC, axial diffusivity,
radial diffusivity, and helix angle at each postnatal time
point are illustrated in Figures 4a–e, respectively. The
helix angle maps revealed that a similar pattern was
present among the samples from different age groups
studied. Viewed from apex, myocardial fibers changed
smoothly from the left-handed orientation in epicar-
dium to the right-handed in endocardium. The trans-
mural helix angle typically ranged from �60° at epicar-

dium to �60° at endocardium. Such double-helical
structure was apparent as early as day 2.

Figure 5 shows the H&E stain of the samples at each
postnatal time point. A portion of mid-myocardium in
middle short-axis slice (where fibers were circumferen-
tially oriented) was selected for structural visualization
(Fig. 5a). Figure 5b shows the myocardium structure at
�400 magnifications. Myocyte packing density was
seen to decrease apparently at day 7 with increase of
extracellular space.

DISCUSSION

During the postnatal period examined, body weight and
LV radius increased substantially with age. Concur-
rently, SV and CO increased in response to the increas-
ing hemodynamic load after birth (36). Heart rate grad-
ually increased from �200 to �400 beats per minute
(bpm) under isoflurane anesthesia from day 2 to day 28,
but dropped to �360 bpm at day 56. Ejection fraction
increased within the first 4 days, decreased at day 7
and gradually increased until day 21. Note that such
dramatic change in EF during early postnatal period
was also observed in human infants between postnatal
month 2 and 14 (37). In the current study, EF became
stable after day 21, suggesting cardiac functional mat-
uration at day 21. The cardiac functional maturation
has been regarded as the maturation of structural or-
ganization and stable ratio of nonmyofibrillar elements
to myofibrillar elements (3).

In the current study, myocardial fiber parameters
(described by FA, mean ADC, axial and radial diffusivi-
ties) were assessed to monitor the alterations of diffu-
sion anisotropy and diffusivities with age. From day 2 to

Table 1
Correlations of the Parameters of Cardiac Morphology and
Function

Heart
rate

Ejection
fraction

Stroke
volume

Cardiac
output

Body weight 0.36 0.43 0.98 0.97
LV radius 0.64 0.63 0.97 0.98

Table 2
Post Hoc Bonferroni’s Multiple Comparison Tests Between Paired Age Groups for the Parameters of Cardiac Morphology and Function

Body weight P2 P4 P7 P14 P21 P28 LV radius P2 P4 P7 P14 P21 P28

P4 ns P4 ***
P7 ns ns P7 *** ns
P14 * ns ns 14 *** *** ***
P21 *** *** *** * 21 *** *** *** ***
P28 *** *** *** *** *** P28 *** *** *** *** ***
P56 *** *** *** *** *** *** P56 *** *** *** *** *** ***

Heart rate P2 P4 P7 P14 P21 P28 EF P2 P4 P7 P14 P21 P28

P4 *** P4 ***
P7 *** ns P7 ns (***)
P14 *** *** ** P14 *** ns ns
P21 *** *** *** ns P21 *** ns *** **
P28 *** *** *** ns ns P28 *** ns *** *** ns
P56 *** *** * ns ns ns P56 *** ns *** ** ns ns

Stroke volume P2 P4 P7 P14 P21 P28
Cardiac
output

P2 P4 P7 P14 P21 P28

P4 ns P4 ns
P7 ns ns P7 ns ns
P14 *** ** ns P14 *** * ns
P21 *** *** *** *** P21 *** *** *** ***
P28 *** *** *** *** *** P28 *** *** *** *** ***
P56 *** *** *** *** *** *** P56 *** *** *** *** *** ***

* P � 0.05; ** P � 0.01, *** P � 0.001, later age group significantly higher than earlier age group; (*)P � 0.05; (**)P � 0.01, (***)P � 0.001,
later age group significantly lower than earlier age group; ns: not significant.
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day 4, significant increase of axial diffusivity was ob-
served, resulting in mean ADC increase. Likely, these
changes reflected the increase of intracellular and ex-
tracellular space (38,39) and the transition from hyper-
plasia to hypertrophy (13). From day 4 to day 56, axial
diffusivity began to decrease while radial diffusivity
gradually increased, suggesting the myocardial fiber
hypertrophy occurring mainly along radial rather than
axial directions. The alterations of these two directional
diffusivities led to decrease of FA and mean ADC. From
the H&E histology, myocyte density at day 2 and day 4
was higher than that at other time points, which corre-

sponded to the myocyte hyperplasia stage as character-
ized using histological methods (10–13). From day 4 to
day 7, extracellular space was observed to increase
apparently, which might provide space for the following
myocyte hypertrophy and contribute to the radial dif-
fusivity increase and FA decrease observed. After day 7,
myocardial fiber width was apparently larger than
those at day 2 and day 4, reflecting the myocyte hyper-
trophy (10–13) and likely leading to the slight but con-
tinuous increase of radial diffusivity. After day 21, no
significant alteration of myocardial fiber structure was
observed, indicating the structural maturation by this

Figure 3. Changes of fractional anisotropy (FA, a), mean apparent diffusion coefficient (ADC, b), and axial (c), and radial (d)
diffusivities with age. One-way ANOVA tests among all age groups were P � 0.0001 for all (a) to (d). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

Table 3
Post Hoc Bonferroni’s Multiple Comparison Tests Between Paired Age Groups for the Ex Vivo DTI Parameters of the Cardiac Structure

FA P2 P4 P7 P14 P21 P28 Mean ADC P2 P4 P7 P14 P21 P28

P4 ** P4 ***
P7 ns (**) P7 *** ns
P14 (*) (***) (*) P14 *** ns ns
P21 (***) (***) (***) (**) P21 *** ns ns ns
P28 (***) (***) (***) (***) ns P28 *** ns ns ns ns
P56 (***) (***) (***) (***) (**) ns P56 *** ns (*) (*) ns ns

Axial
diffusivity

P2 P4 P7 P14 P21 P28
Radial

diffusivity
P2 P4 P7 P14 P21 P28

P4 *** P4 ns
P7 *** ns P7 *** ns
P14 *** (*) ns P14 *** ** ns
P21 *** (***) (***) (***) P21 *** ** ns ns
P28 ns (***) (***) (***) ns P28 *** ** ns ns ns
P56 ns (***) (***) (***) (**) ns P56 *** * ns ns ns ns

*P � 0.05; **P � 0.01, ***P � 0.001, later age group significantly higher than earlier age group; (*)P � 0.05; (**)P � 0.01, (***)P � 0.001,
later age group significantly lower than earlier age group; ns: not significant.
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time point. Furthermore, the current study also con-
firmed the presence of basic double-helical structure of
myocardial fibers at a very early stage. This architec-
ture was observed to start to form during embryonic
ventricular growth (40). This unique structure has
proved to be essential for dispersing strain uniformly
and conserving energy expenditure (41). Note that
whether and how such basic double-helical structure
changes during early postnatal development remains to
be investigated in the future, possibly with high-reso-
lution DTI and arresting all heart samples precisely as
the same cardiac points.

Several limitations existed in the current study. First,
the rate of heart growth could be affected by litter size due
to different preweanling nutritional state. Smaller litter
size has been previously reported to cause accelerated

heart growth associated with increased proliferation of
cardiac muscle cells during postnatal heart development
(42,43). In the current study, similar litter size was main-
tained (�8 rats /litter) before the rats were weaned at 21
days of age to minimize the influence. Second, water dif-
fusion properties were found to alter with temperature
and fixative solutions due to the compartmental nature of
tissues and alteration in membrane permeability (44). In
the current study, all samples were fixed with the same
solution and kept in the similar temperature (�20°C) dur-
ing the experiment. Third, it is noteworthy that formalin
fixation can alter the diffusion environments, leading to
different quantification from in vivo situation. However,
the qualitative characteristics of the myocardial fiber
structure assessed by DTI of formalin fixed heart are
likely to remain true for intact myocardium. Lastly, the
use of isoflurane during in vivo CMR study may affect
cardiac function and result in lower EF and higher SV
than those obtained in conscious rats (45). However, the
trend of cardiac functional maturation may likely remain
true.

In conclusion, postnatal development of cardiac
function and myocardium structure was documented
using in vivo CMR and ex vivo DTI in rats for the first
time. Body weight and LV radius increased with age.
Concurrently, stroke volume and cardiac output in-
crease with age/body weight. The heart rate and ejec-
tion fraction was observed to stabilize after postnatal
day 14 and 21, respectively. Fractional anisotropy,
mean ADC and axial diffusivity increased within the
first 4 days. Then radial diffusivity increased until day 7
while the other parameters decreased up to day 56.
Double-helical myocardial fiber structure was found to
be present as early as day 2. These experimental results
can serve as the essential baselines for analysis of post-
natal heart development. They also demonstrate the
ability of DTI in detecting myocardium microstructural

Figure 4. Fractional anisotropy (FA, a:), mean
apparent diffusion coefficient (ADC, b), axial
diffusivity (c), radial diffusivity (d), and helix
angle maps (e) of myocardial fiber at different
ages. Double-helical structure was apparent at
as early as postnatal day 2. Note that each type
of map is displayed with the same scale for all
time points. [Color figure can be viewed in the
online issue, which is available at www.
interscience.wiley.com.]

Figure 5. H&E histology was performed in heart samples of
different age. A rectangular portion of the mid myocardium
with circumferentially orientated fibers was selected (a:, white
rectangular box), and myocardium structure was visualized at
�400 magnifications (b). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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changes at cellular level. As in vivo heart DTI is becom-
ing feasible in humans (30), DTI characterization may
lead to new clinical means to assess and monitor the
myocardial structure and function in developmental or
congenital heart diseases.
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