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Progression of left ventricular diastolic function in the neonate
and early childhood from transmitral color M-mode filling
analysis
Collin T. Erickson1, Brett Meyers2, Ling Li1, Mary Craft1, Vivek Jani3, John Bliamptis3, Karl Stessy Bisselou Moukagna1, David A. Danford1,
Pavlos Vlachos2 and Shelby Kutty3

BACKGROUND: We implemented sophisticated color M-mode analysis to assess age-dependent progression of left ventricular (LV)
diastolic function.
METHODS: Normal infants were prospectively enrolled for serial echocardiograms at 1 week, 1 month, 6 months, 1 year, and 2
years. From color M-mode scans, propagation velocity (VP), strength of filling (VS), and intraventricular pressure difference (IVPD) in
3 segments along apex-to-mitral valve scan line were measured.
RESULTS: Age-wise comparisons of diastolic filling from 121 echocardiograms in 31 infants showed VP (cm/s), VS (cm

2/s), and E-
wave IVPD (mmHg) at 1 week to be 66.2 ± 11.9, 75.3 ± 19.9, and 1.5 ± 0.4, respectively, while VP, VS, and E-wave IVPD at 1 month
were 80.3 ± 14.4, 101.2 ± 28.3, and 2.42 ± 1.1, respectively. There were significant differences in VP and segmental IVPD between first
week and first month (p < 0.005) and IVPD between the age groups (p < 0.001).
CONCLUSIONS: Comprehensive analysis of transmitral color M-mode data is feasible in infants, enabling calculation of pressure
drop between the LV base and apex and strength of propagation from two distinct slopes. Profound changes very early followed by
relatively constant filling mechanics in later infancy indicate significant LV maturation occurring during the first month of life.
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IMPACT:

● We implemented sophisticated analytic methods for color M-mode echocardiography in infants to assess age- and dimension-
dependent changes in left ventricular diastolic function.

● Comprehensive characterization of transmitral color M-mode flow was feasible, enabling calculation of pressure drop between
left ventricular base and apex and strength of propagation.

● Left ventricular diastolic filling function has predictable maturational progression, with significant differences in the
intraventricular pressure between infants from birth to 2 years.

● This study forms the basis for future studies to examine alteration of early diastolic filling in congenital heart disease.

INTRODUCTION
Quantitative evaluation of left ventricular (LV) diastolic perfor-
mance carries important prognostic implications in many condi-
tions in which myocardial function is depressed.1–4 Advances in
echocardiography and image analysis algorithms have enabled
development of new modalities and tools for diastolic functional
assessment.5–8 Color M-mode (CMM) echocardiography is a
pulsed-wave Doppler technique that provides a spatiotemporal
view of intraventricular blood velocity shifts. Postprocessing
algorithms enable users to analyze properties of ventricular
diastology from CMM images. These algorithms have proven
valid and reliable against invasive micromanometer methodology
in studies of adult human and porcine subjects.9–11 This work has
allowed normal values for propagation velocities (VPs) and
intraventricular pressure differences (IVPDs) to be established for

adults. Although several groups have studied diastolic dysfunction
in fetal life and in children,12–14 diastology data are sparse in
normal, healthy infants. Evaluation of infants with diastolic
dysfunction therefore lacks the context that an extensive
experience with normal infants could provide. CMM could provide
insight into developmental changes to be expected in the
diastolic behavior of the infant LV.
While VP was introduced as a potential single measurement for

assessing diastolic function using CMM, it is not broadly utilized
clinically. Current guidelines acknowledge the potential utility of
VP, but it is not yet included in the routine assessment of LV
diastolic dysfunction in pediatric or adult populations.15,16 Our
software improves the methodology by separating each beat for
automated filling function analysis and pressure reconstruction,
with the objective of decreasing interobserver variability with
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increased automation (Fig. 1). The purpose of the present study
was to implement this sophisticated CMM analysis for the
assessment of age- and dimensional-dependent changes in LV
diastolic function in normal infants. Accordingly, CMM assessment
of diastolic function was undertaken serially in healthy children
from infancy to early childhood for correlation with age and
specified LV dimensions.

METHODS
Study population
This was a prospective observational study of healthy infants
conducted at the University of Nebraska Medical Center in Omaha,
NE. A total of 121 unsedated examinations were performed on 31
infants. All infants included in this study were normal and term-
born without complications.
All subjects were serially followed through 2 years of age, and

images were collected at five specific ages. Twenty-five (25/31)
subjects were scanned at 1 week, 25/31 at 1 month, 29/31 at
6 months, 31/31 at 1 year, and 11/31 at 2 years of age. All
11 subjects assessed at 2 years were assessed at all previous time
points, and each subject in the cohort underwent at least three
evaluations. Figure 2 summarizes the specifics of the cohort.
Different numbers of subjects in different time periods reflect
changes in recruitment and loss to follow-up. Age, weight, body

surface area (BSA), and heart rate were recorded for each
examination. Exclusion criteria consisted of: prematurity
(<37 weeks gestational age (GA) at birth), intrauterine growth
restriction, perinatal acidosis, suspected chromosomal anomalies,
neuro-muscular disorders, cardiac arrhythmias, patent ductus
arteriosus, and heart failure. Infants readmitted to the hospital
within the first 2 years of age were also excluded. Maternal

0 0.1 0.2 0.3
Time (s)

0

1

2

3

4

5

6

P
os

iti
on

 (
cm

)

–50 0 50

Velocity (cm/s)

VP

Apex

Mitral
valve

0 0.1 0.2 0.3
Time (s)

0

1

2

3

4

5

6

P
os

iti
on

 (
cm

)

–50 0 50

Velocity (cm/s)

VP,Early

Change
point

0 0.1 0.2 0.3

Time (s)

0

1

2

3

4

5

6

P
os

iti
on

 (
cm

)

–4 –2 0 2 4

∂P/∂x (mmHg/cm)

0 0.1 0.2 0.3

Time (s)

0

1

2

3

4

5

6

P
os

iti
on

 (
cm

)

–4 –2 0 2 4

P(x,t) (mmHg)

Ui(x,t)

0 0.1 0.2

Time (s)

–4

–2

0

2

4

P
A

pe
x 

– 
P

M
V
 (

m
m

H
g)

Total
Inertial
Convective

c-1 c-2 d-1 d-2 d-3

a b

L

Fig. 1 Overview of the CMM analysis processing. a A CMM scan is loaded into the in-house software where several beats along with the EKG
signal, from T-wave to T-wave, are selected; b the software separates each beat and creates an individual set-up file. For a single beat (b;
outlined in red), the signal undergoes c automated filling function analysis and d pressure reconstruction. The filling analysis computes c-1
the conventional propagation velocity (VP) and c-2 filling strength (VS) based on ensemble contour analysis. Pressure reconstruction computes
d-1 the spatial gradient pressure field based on Euler’s equation, d-2 integrates with respect to time to reconstruction pressure, and returns d-
3 the intraventricular pressure difference (IVPD) between the mitral valve and apex, where the inertial (red) curve corresponds toR xapex
xMV

�ρ ∂Uðx; tÞ
∂t dx, the convective (green) curve corresponds to

R xapex
xMV

�ρ ∂Uðx; tÞ
∂x dx, and the total pressure difference (blue) curve corresponds to

their sum. xapex and xMV are the positions of the apex and mitral valve, respectively.

N = 25 patients imaged at 1 week

N = 25 patients imaged at 1 month

N = 29 patients imaged at 6 months

N = 31 patients imaged at 1 year

N = 11 patients imaged at 2 years
(imaged at all 5 time points)

N = 4 additional patients imaged

N = 2 additional patients imaged

N = 20 patients lost to follow-up

Fig. 2 Chart represents specific time points of imaging. Descrip-
tion of the study cohort.
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exclusion criteria included: multiple gestation pregnancy, maternal
diabetes, maternal self-reported use of illegal drugs, maternal
smoking, antepartum hemorrhage, pre-eclampsia, and/or proven
chorioamnionitis. The Institutional Review Board for Human
Studies approved the study. Written informed consents were
obtained from the parents or guardians of the study subjects.

Echocardiography
Echocardiograms were performed on each infant by using
commercially available ultrasound equipment (Vivid E9; General
Electric Medical Systems, Milwaukee, WI). One designated trained
cardiac sonographer obtained all the echocardiographic images
using a GE phased-array-transducer (4.5–12 MHz). The echocardio-
graphic images were collected by using the recommendations
from the American Society of Echocardiography.15 The four-
chamber and parasternal long- and short-axis (at the level of the
LV base) views of the heart were visualized and recorded. From
the four-chamber view, CMM images were collected along the
scan line between the mitral valve (MV) and apex. Images were
stored in Digital Imaging and Communications in Medicine
(DICOM) format for postprocessing.
CMM scans were analyzed on a computer using a MATLAB

algorithm for CMM analysis. Dimensional measurements were also
collected with the GE EchoPAC software from the apical four-
chamber view scans. LV parasternal short axis at the LV base and
parasternal long axis lengths, end-diastolic volume (EDV), stroke
volume (SV), and ejection fraction were recorded.

Description of the analysis software
The automated CMM analysis algorithm, described by Stewart
et al.,1 was used to analyze single-beat recordings for diastolic
measurements as shown in Fig. 1. Briefly, each scan is segmented
into separate beat images from R-wave to R-wave using the
electrocardiogram (Fig. 1a), and each image is converted from a
color pixel (RGB) value to a velocity value (Fig. 1b). Reconstructed
velocity images are subsequently analyzed to compute filling
function measurements such as VP, filling strength (VS), and
intraventricular relative pressure.
The filling function analysis is performed in four key steps to

automatically determine MV position, filling deceleration position
(L) from the MV, VP, and VS. VS correlates with strength of early
diastolic filling as it accounts for both VP and the deceleration
point at the MV annulus. Analysis begins by segmenting the early
filling (E-wave) phase from the rest of the scan automatically using
image-processing methods. A series of 11 isovelocity contours
between 45% and 55% of the peak E-wave transmitral velocity are
determined. A smoothing spline is fit to the ensemble of these
contours to produce a representative isovelocity contour.
The leading edge of the ensemble isovelocity contour is cropped

from its earliest time point to the time when the furthest position of
the isovelocity contour has penetrated into the LV. Two slopes are fit
along the edge, one from the earliest time point and along the edge
into the LV and the other from the earliest time point and along the
edge into the LA. The intersection of these two lines provides an
automated measurement of the MV position.
The edge of the ensemble isovelocity contour from the updated

MV position to the furthest position into the LV is evaluated using
statistical changepoint analysis.17,18 The identified changepoint
corresponds to the abrupt deceleration during filling and corre-
sponds to filling wave-penetration depth or filling deceleration
position L. This edge is then segmented at L to allow for
two additional line fits to determine modified VP values. The early
VP (VP,Early) corresponds to a portion of the curve from the MV to
L. VP,Early and deceleration position are used to determine VS,
computed as follows:

VS ¼ VP;Early ´ L: (1)

An example of the VP,Early, L, and VS, as they are obtained from the
CMM scan, is provided in Fig. 1c-2. The final step of the filling
function analysis pulls the 50% isovelocity contour for the
segmentation series. The leading edge of the 50% contour, from
the MV to either a 4-cm distance or the furthest position into the LV,
is fit with a line to provide the VP (Fig. 1c-1). This measurement is
based on the conventional definition by Brun et al.19

Reconstructed relative pressure was determined from each beat
velocity field using the one-dimensional incompressible Euler
equation. This equation relates the CMM velocities U to pressure
values P along the scan line for given spatiotemporal dimensions x
and t and density ρ.

∂P
∂x

¼ �ρ
∂U
∂t

þ U
∂U
∂x

� �
: (2)

In order to determine pressure P using Eq. 2, two steps are
performed. First, spatial and temporal derivatives of the velocity U
are computed using a noise-optimized differentiation function,20

then summed to produce the pressure gradient field. Second, the
gradient field is integrated at each time step along the spatial
direction to yield the relative pressure field. In order to compute
the IVPD, the pressure at the MV position is subtracted from the
pressure at the apex position. This approach is similar to
calculations performed in literature5 and has been validated by
direct comparison to pressure catheter readings.5,7,21,22 An
example output IVPD is provided in Fig. 1d-3, where the total
IVPD, along with the inertial and convective terms, are included.
The inertial and convective terms are the integrated, MV-to-apex
difference results for each term on the right-hand side of Eq. 1.
The inertial term (Fig. 1d, red line) is the integrated temporal
derivative of U and the convective term (Fig. 1d, green line) is the
integrated spatial derivative of U. These terms, summed together,
make up the total IVPD (Fig. 1d, blue line).

Reproducibility
We randomly selected 15 examinations from patients at the 1-year
time point for assessing the reproducibility of the algorithm. The
primary observer (C.T.E.) repeated the analysis after a 3-month
interval for examination of intraobserver agreement. A blinded
secondary observer (L.L.) performed analysis for examining
interobserver agreement. Bland–Altman plots were generated to
display agreements.

Statistical analysis
Continuous variables were described with means and standard
deviations; categorical variables as percentages. Data were orga-
nized into five groups by age of the subject at examination.
Normality was assessed using Shapiro–Wilk test. Differences in
diastolic function parameters among the five groups were sought
using one-way analysis of variance or Kruskal–Wallis W test, when
appropriate. If differences were suggested, pairwise comparisons
were made using Bonferroni correction for multiple comparisons.
When it was observed that changes in diastolic function parameters
early in infancy were rapid relative to the more gradual changes
later in infancy, linear modeling of these parameters versus age,
weight, BSA, and heart rate was abandoned in favor of modeling
based on the natural logarithmic transformation of the independent
variables. Correlations of diastolic function parameters with log-
transformed age, weight, BSA, and heart rate were calculated and
compared. Association of diastolic function parameters with
logarithmically transformed age, weight, height, BSA, and LV
dimensions and volumes were assessed by calculating the Pearson
product moment correlation coefficient and testing the null
hypothesis that this coefficient= 0. Multivariate regression analysis
was performed to address for collinearity of heart rate and age
when examining correlations between CMM echocardiographic

Progression of left ventricular diastolic function in the neonate and. . .
CT Erickson et al.

989

Pediatric Research (2021) 89:987 – 995



parameters and LV volumes. Furthermore, reproducibility analyses,
namely, intraobserver and interobserver reproducibility, was
assessed utilizing the intraclass correlation coefficient (ICC). Linear
regression of dependent variables (diastolic function parameters)
versus independent variable (natural logarithm of subject’s age in
days) produced graphs of age-related expected values of these
parameters and their 95% confidence intervals. The standard of
statistical significance is p < 0.05 for all analyses.

RESULTS
Demographic features of the study subjects are shown in Table 1.
The LV short- and long-axis diastolic dimensions, EDV, and SV
increased among the subjects from age 1 week to 2 years
(Table 2). This closely matches with expectations for normal
growth and development of a child.23,24 All the diastolic function
parameters also varied depending on the age group of the subject
(Figs. 3 and 4, Table 2). Pairwise comparisons of the values of
diastolic function parameters among the age categories revealed
that all had significant (ps corrected for multiple comparisons)
changes between 1 week and 1 month in VP (p= 0.03), VS (p=
0.04), breakpoint (p < 0.01), E-wave IVPD (p= 0.02), and A-wave
IVPD (p= 0.01). Of all these parameters, however, only E-wave
IVPD had demonstrable change between 1 month and 6 months
(p= 0.03). Pairwise comparisons among the age categories did
not reveal statistically significant change in any of the parameters
beyond 6 months of age (p > 0.05).
The highly nonlinear relations between age and diastolic

function parameters with major changes early in infancy which
diminished rapidly suggested that nonlinear (logarithmic) model-
ing would provide better description of these changes than linear
modeling. Table 3 shows correlation of the diastolic function
parameters with independent variables (age, weight, BSA, and
heart rate after logarithmic transformation). Although significant
correlations of diastolic filling parameters with age, weight, BSA,

and heart rate were discovered (Table 3), the strongest correla-
tions were with age. Comparison of diastolic filling parameters
with left diastolic ventricular dimensions and volumes, whether
log transformed or not, did not yield consistently stronger
correlations than logarithm of age (Table 4).
Multiple linear regression was utilized to account for collinearity

between diastolic parameters, age, and heart rate. These results
are summarized in Supplementary Table 1. Breakpoint was not
found to be correlated with heart rate even with multivariate
regression analysis and was only found to be significantly
correlated with EDV.

Reproducibility results
Figure 5 represents Bland–Altman plots of agreement between
two separate measurements done by the first observer 3 months
apart (intraobserver) and between the measurements made by
two observers (interobserver). The Bland–Altman method as well
as ICCs with 95% confidence intervals showed good agreement
for both intraobserver and interobserver comparisons (Table 5).
Briefly, ICC for intraobserved and interobserved variability was
>0.87 for all parameters, indicating reasonable reproducibility
compared to similar methods.

DISCUSSION
Principle findings
This study utilized CMM with more sophisticated analytic
techniques to evaluate diastolic function longitudinally in normal
infant subjects. While recent works have performed CMM for fetal
arrhythmia evaluation and LV diastolic function in adults,1,25 few
studies exist assessing pediatric LV diastolic function utilizing
CMM. The investigation confirmed previous findings that there are
temporal changes in diastolic function in infants. There were
several observations of interest: (1) diastolic function in the young
ventricle seems to change more in the first month of life than later

Table 1. Demographics of the infant cohort by time point.

Characteristics 1 Week (n= 25) 1 Month (n= 25) 6 Months (n= 29) 1 Year (n= 31) 2 Years (n= 11) p Value

Age (days) 7.40 ± 1.96 32.08 ± 4.28 185.83 ± 12.46 369.32 ± 10.64 953.82 ± 230.61 <0.001

BSA 0.23 ± 0.03 0.26 ± 0.02 0.38 ± 0.03 0.45 ± 0.04 0.63 ± 0.05 <0.001

Height (cm) 52.10 ± 2.31 55.16 ± 2.03 68.44 ± 3.13 74.95 ± 5.52 94.24 ± 5.10 <0.001

Weight (kg) 3.65 ± 0.81 4.15 ± 0.50 7.57 ± 0.90 9.62 ± 1.22 14.91 ± 1.75 <0.001

Heart rate (bpm) 138.75 ± 16.35 146.56 ± 18.15 139.52 ± 13.06 126.47 ± 11.01 112.64 ± 8.97 <0.001

Table 2. Functional indices of diastolic function and ventricular dimensions.

1 Week (n= 25) 1 Month (n= 25) 6 Months (n= 29) 1 Year (n= 31) 2 Years (n= 11) p Value

Diastolic functional parameter

VP (cm/s) 66.18 ± 11.89 80.33 ± 14.39 80.68 ± 13.74 80.55 ± 9.72 78.13 ± 9.23 0.001

VS (cm
2/s) 75.29 ± 19.92 101.24 ± 28.29 98.60 ± 27.98 101.33 ± 25.30 97.98 ± 21.05 0.017

Breakpoint (cm) 1.11 ± 0.24 1.41 ± 0.28 1.31 ± 0.29 1.38 ± 0.28 1.43 ± 0.37 0.006

E-wave mitral–apex IVPD (mmHg) 1.48 ± 0.44 2.42 ± 1.09 3.08 ± 0.94 3.38 ± 0.93 3.27 ± 0.23 0.001

A-wave mitral–apex IVPD (mmHg) 1.46 ± 0.51 2.60 ± 1.29 2.51 ± 0.89 2.60 ± 1.02 2.67 ± 0.81 <0.001

Ventricular dimension

LV short-axis length (mm) 20.40 ± 1.34 22.63 ± 1.19 25.05 ± 0.80 28.18 ± 1.74 32.18 ± 2.57 <0.001

LV long-axis length (mm) 35.37 ± 1.40 39.15 ± 1.75 45.52 ± 1.25 49.23 ± 1.17 55.10 ± 2.19 <0.001

Simpson bi-plane EDV (ml) 6.55 ± 1.38 8.38 ± 1.78 13.43 ± 2.01 16.98 ± 1.36 28.74 ± 4.51 <0.001

Stroke volume (ml) 3.99 ± 0.88 5.06 ± 1.11 8.29 ± 1.19 10.39 ± 0.88 17.64 ± 2.71 <0.001

Ejection fraction (%) 60.85 ± 1.68 60.37 ± 2.37 62.00 ± 2.29 61.87 ± 2.73 61.36 ± 2.69 0.066
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in infancy, as previously reported;26,27 (2) there are strong
correlations between LV dimensions and the IVPDs in each
segment; and (3) CMM is a feasible and reproducible method for
evaluation of intraventricular diastolic flow patterns in infants.

Color M-mode
CMM allows for acquisition of spatiotemporal velocity fields across
the left ventricle and assessment of both systolic and diastole
ventricular hemodynamics. Furthermore, utilizing simple fluid
dynamics and assumptions of Bernoulli flow, pressure gradients

can be estimated. Traditional assessment of diastolic function
involves assessment of E-wave–A-wave ratio, which is limited.
Furthermore, compared to conventional transmitral Doppler
parameters and other mitral annular tissue Doppler velocities,
CMM allows for direct assessment of LV relaxation and diastolic
function and allows for spatial and temporal velocity fields.
Sophisticated analytic methods, as those presented here and
previously in the literature,5,7,21,22 allow for assessment of diastolic
hemodynamics even in situations where separation of E-wave and
A-wave is not possible. Furthermore, clinical assessment of VP
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involves measurement of the initial linear slope of the isovelocity
contour. However, this fails to take into consideration patients
with normal filling, but deceleration points further from the
annulus, likely due to different ventricular localization of dysfunc-
tion. Thus our methods, while resulting in different VPs from
clinically utilized methods, allow for a more inclusive definition for
diastolic dysfunction. Utilization of CMM for assessment of LV
diastolic function utilizing sophisticated computational methods
may allow for determination of spatiotemporal maps of diastolic
function. While theoretically VP, is entirely preload dependent, the
interaction between VP, filling pressures and ventricular compli-
ance remains unclear.28,29 Future studies should aim to clarify this
relationship.

Diastolic physiology
After ejection of blood from the LV and the closure of the aortic
valve, the ventricle starts the phase of isovolumetric ventricular
relaxation that results in chamber expansion. Owing to the inverse
pressure–volume relationship, volumetric expansion will decrease
pressure within the chamber, generating suction at the MV.21,30

The strength of the suction promotes both MV opening and
prograde blood flow into the LV. This mass flow across the valve is
manifested in both the VP and VS, which measure the rate at which
mass penetrates into the LV. Their magnitudes are dependent on
the degree of myocardial relaxation.1 Our results further demon-
strated that breakpoint was found to be constant during the first
month of life despite further increases in LV length throughout the

Table 3. Loglinear correlations of LV diastolic filling parameters and dimensional data with age, size, and heart rate.

Age Weight BSA Heart rate

R p Value R p Value R p Value R p Value

E-wave VP 0.312 0.002 0.270 0.009 0.257 0.013 0.066 0.530

E-wave VS 0.262 0.013 0.184 0.082 0.188 0.075 −0.109 0.308

Breakpoint 0.262 0.007 0.173 0.079 0.175 0.075 −0.087 0.382

E-wave IVPD mitral–apex 0.553 <0.001 0.547 <0.001 0.543 <0.001 −0.030 0.765

A-wave IVPD mitral–apex 0.495 <0.001 0.430 <0.001 0.430 <0.001 −0.062 0.530

LV short-axis length 0.891 <0.001 0.918 <0.001 0.924 <0.001 −0.528 <0.001

LV long-axis length 0.960 <0.001 0.949 <0.001 0.954 <0.001 −0.526 <0.001

Simpsons bi-plane LVEDV 0.855 <0.001 0.913 <0.001 0.920 <0.001 −0.530 <0.001

Stroke volume 0.857 <0.001 0.911 <0.001 0.919 <0.001 −0.530 <0.001

Ejection fraction 0.197 0.131 0.162 0.077 0.168 0.066 −0.096 0.303

Table 4. Correlations of LV diastolic filling parameters and dimensional data with age, size, and heart rate.

LV long axis Ln(LV long axis) LV short axis Ln(LV short axis) Bi-plane LVEDV Ln(bi-
plane LVEDV)

R p Value R p Value R p Value R p Value R p Value R p Value

E-wave VP 0.305 0.005 0.296 0.007 0.205 0.056 0.218 0.043 0.181 0.089 0.234 0.027

E-wave VS 0.238 0.034 0.252 0.024 0.128 0.103 0.197 0.071 0.146 0.175 0.202 0.059

Breakpoint 0.265 0.010 0.259 0.012 0.236 0.019 0.247 0.014 0.218 0.029 0.232 0.020

E-wave IVPD mitral–apex 0.618 <0.001 0.636 <0.001 0.527 <0.001 0.546 <0.001 0.455 <0.001 0.535 <0.001

A-wave IVPD mitral–apex 0.315 0.002 0.329 0.001 0.202 0.046 0.229 0.202 0.206 0.040 0.251 0.012

Comparison of diastolic filling parameters with diastolic ventricular dimensions and volumes, whether log transformed or not, did not yield consistently
stronger correlations than logarithm of age.
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IVPD, and mitral to mid-LV IVPD measurement.

Progression of left ventricular diastolic function in the neonate and. . .
CT Erickson et al.

992

Pediatric Research (2021) 89:987 – 995



remaining 2 years assessed in this study. This reflects the
observation that diastolic function seems to change most in the
first month of life.

Age-related myocardial transition
Diastolic function in the very young should be understood not
only on the basis of the mechanical aspects of filling (loading and
compliance) but also in terms of the underlying biological
adaptations that may be responsible for normal changes in LV
filling characteristics. The young myocardium has not developed
its full compliance and functional potential, so it will not provide
as much diastolic suction as would a fully developed myocardium.
As the myocardium matures and remodels, it develops a higher
content in its extracellular matrix, and the ratio of collagen type I
(rigidity) to type III (elasticity) decreases, allowing for a more
compliant muscle.31–33 Thus the myofibers in the septal and lateral
wall are making internal adaptations for the applied forces of the
ventricle’s new postnatal circulatory environment. This insight into
the mechanical nature of diastolic function provides a basis for
understanding the developmental changes in flow characteristics
across the MV and deeper into the chamber. From our data, we
observed that both the VP and VS increase significantly between
the first week and first month of life. We believe that these
changes are indicative that immediately after birth the ventricle
needs to adapt to the postnatal circulatory conditions.34,35 Other
groups have shown that fetal VP is lower than those of adults,
most likely due to the continual development and structural
programming of the myocardium.13,36,37 As the infantile myocar-
dium transitions out of fetal circulation and into postnatal,
independent circulation, loading conditions will change and so
will the mechanical compliance of the myocardium.31,38,39

Greater myocardial compliance produces greater diastolic
ventricular suction strength resulting in a higher VP, and thus
higher VS. While theoretically appealing, and initial reports of its
use for detection of diastolic dysfunction have been promising,1

more validation of VS is required before adopting it into standard
clinical practice.
As the suction within the ventricle expands in the initial stages

of diastole to pull open the MV and draw the blood apically, the
data reported here demonstrate that the apical region of the
chamber reaches the highest pressure along the scan line. We
speculate the high pressure generated to force the blood out of
the apical portion of the ventricle and into the outflow tract
persists transiently in the apex after the closure of the aortic valve.
Greater changes in pressure were, therefore, observed at the apex
than at the base during the transition from systole to diastole.
As expected in a growing infant, the long- and short-axis LV

dimensions increase with age, and this also allows for higher
pressure gradient in the ventricle. It is important to note, however,
that the methodology in our study does not assess absolute
pressures but rather pressure differences. Nonetheless, it is not
surprising then to find that each of the E-wave IVPDs also strongly

and positively correlated with age. In a larger infant, previous
studies have demonstrated that a wider MV orifice will be less
resistant to inflow, and we hypothesize pressure will be lower at
the MV during the passive filling process.26 These results suggest
that the longer ventricle allows a higher pressure difference
between the apical and basal regions of the chamber. The shape
of the chamber differs over the length of the long axis, where
along that axis the cross-sectional area changes from apex to base,
in a fashion like that of a prolate spheroid.40 If the shape of the
chamber changes, there could be variation in the spatial pressure
distributions around the chamber during diastole.40,41 Conse-
quently, we hypothesize that pressure at the MV will be decreased
during passive filling, resulting in a pressure gradient between the
left atrium and ventricle. In older infants, the decrease in MV
pressure during passive filling is suggestive of a relatively
increased MV orifice area. Fetal and early postnatal LV loading
conditions drastically change in the early part of life due to
decreasing pulmonary vascular resistance.42,43 While diastolic
function from CMM was found to change most during the first
month of life, it is unknown whether those were due to changing
hemodynamic loading conditions or maturation of fetal
cardiomyocytes.
Our data demonstrate that there are significant changes in

CMM parameters between 1 week and 1 month of life, indicating
rapid development during this time period. Though the infant
experiences a significant change in ventricular dimensions in the
first month that correlate with the changes in diastolic functional
parameters, it is also likely that, in addition to changes in
dimensions, biological tissue composition and the transition to
postnatal circulation contribute to the alterations in the
circulation.

Clinical implications
Age-based normal values for echocardiographic indices of
diastolic function are needed for comparative interpretation and
assessment of diastolic functional abnormalities due to congenital
defects.14,44 In adults, it has been shown that in conditions that
limit diastolic function, such as cardiomyopathies and heart failure,
the degree of function based on VP and IVPDs in the ventricles are
reduced.19 Establishing normal ranges and correlations of function
in the infant will aid in future diagnosis and prognosis. Because of
the observed reproducibility of this data as assessed by the ICC,
there is potential to clinically use this application for the
assessment of diastolic function in the young. The program
demonstrates efficiency and allows the user to operate the
interface at ease, which would allow for the future implementa-
tion of the program into the patient care setting. While the small
sample size presented prevents determination of age-based
normal values of echocardiographic indices of diastolic function,
we have demonstrated that the computational methods utilized
allow for feasible application, and future work should validate this
methodology in larger cohorts. More conventional measures of LV
diastolic function were not assessed, and future studies should
aim to examine CMM parameters along with traditional diastolic
parameters in infants. Furthermore, future work should include
pediatric pathologies in which diastolic function is impaired,
including congenital heart disease, pediatric obesity, and
dysglycemia.

Limitations
This study analyzed only the diastology of the LV, without
assessing its relation to other important aspects of myocardial
function (i.e., strain, strain rate, annular systolic excursion, etc.).
Future investigations will need to address how diastolic function
relates to strain rate, a well-accepted indicator of contractility,45,46

and other measures of systolic function. The indices measured in
this study relate to the rate of LV relaxation and do not examine
passive diastolic properties. Because neonatal circulatory

Table 5. Intraclass correlations and 95% confidence intervals of
intraobserver and interobserver concordance.

Measurements Intraobserver Interobserver

ICC 95% CI ICC 95% CI

E-wave VP 0.9288 0.8019–0.9755 0.8775 0.6746–0.9571

E-wave VS 0.9653 0.9001–0.9882 0.9430 0.8392–0.9805

Peak mitral apex IVPD 0.9667 0.9040–0.9887 0.9414 0.8351–0.9799

Peak mid-LV
apex IVPD

0.9458 0.8467–0.9815 0.9323 0.8109–0.9767

Peak mitral mid-
LV IVPD

0.9775 0.9345–0.9924 0.8734 0.6648–0.9556
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transition is anticipated to have profound effect on the right
ventricle, and this was unaddressed in the current investigation,
we propose to study developmental changes in diastolic function
in the normal right ventricle.
Another limitation of this study is the differences in cohort size

for the age ranges. As a result, conclusions regarding serial
changes in CMM parameters should be interpreted with caution.
The variability in measurements is likely to be higher in younger
patients due to higher heart rates. The noninvasive methodology
of this study makes the inferences about diastolic function
somewhat indirect. More invasive techniques, such as the use of
micromanometers or catheterization, may give slightly more
accurate values for pressure differences; however, the use of
CMM for assessing ventricular pressure difference has been
validated as an accurate method by several other groups.7,11,36

Images collected in echocardiography are dependent on the
angle of the scan line. If there is error in the scan line, it is possible
that the Euler relationship’s results between VPs and pressure
differences may be skewed.9,21,47 With this data being collected
only in M-mode, there is only one line of dimension that is being
represented—blood that is on the edge of the flow will have
reduced velocity due to frictional energy losses in its contact with
the valve and myocardium.48 Error may also occur while the
algorithm is in the process of dealiasing, if it misinterprets the
color scale or misidentifies aliased regions. These errors may
account for large variation in VP and VS within each age group.
Finally, while measurements of diastolic flow velocities under
resting conditions was performed in the study, perturbations that
challenge diastolic function such as volume load was not
examined.

CONCLUSION
Transitional changes in normal LV diastolic function in the healthy
infant are largely complete within the first month after birth.
Because of the rapid change and development of the ventricle in
the first 2 years of life, we were able to show that changes in CMM
parameters, namely, VP, VS, and IVDP, were significantly different
between 1 week and 1 month of life but not thereafter. While
these results suggest that diastolic indices correlate with
dimensional aspects of the ventricle and follow distinct
patterns over neonatal life and into early childhood, future work
is required to assert changes in diastology in early life. Future work
will expand observations to the right ventricle, explore inter-
relation with indices of systolic function, and serially monitor
patients with disease states that are known to cause diastolic LV
dysfunction using comparisons made to the normal standards
reported here.
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