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Abstract

Objectives: Myocardial function can be evaluated using color-coded tissue velocity imaging (TVI) to analyze the
longitudinal myocardial velocity profile, and by expressing the motion of the atrioventricular plane during a cardiac
cycle as coordinated events in the cardiac state diagram (CSD). The objective of this study was to establish
gestational age specific reference values for fetal TVI measurements and to introduce the CSD as a potential aid in
fetal myocardial evaluation.

Methods: TVI recordings from 125 healthy fetuses, at 18 to 42 weeks of gestation, were performed with the
transducer perpendicular to the apex to provide a four-chamber view. The myocardial velocity data was extracted
from the basal segment of septum as well as the left and right ventricular free wall for subsequent offline analysis.

Results: During a cardiac cycle the longitudinal peak velocities of septum increased with gestational age, as did the
peak velocities of the left and right ventricular free wall, except for the peak velocity of post ejection. The duration
of rapid filling and atrial contraction increased during pregnancy while the duration of post ejection decreased. The
duration of pre ejection and ventricular ejection did not change significantly with gestational age.

Conclusion: Evaluating fetal systolic and diastolic performance using TVI together with CSD could contribute to
increase the knowledge and understanding of fetal myocardial function and dysfunction. The pre and post ejection
phases are the variables most likely to indicate fetuses with abnormal myocardial function.

Keywords: Color-coded tissue velocity imaging, Fetus, Myocardium, Normal reference values, Cardiac state diagram,
Atrioventricular plane displacement, Myocardial time interval, Longitudinal myocardial peak velocity
Introduction
In the progression of fetal hemodynamic adaptation, the
assessment of fetal myocardial function could be of cru-
cial importance when evaluating fetuses at risk or suffer-
ing from intrauterine hypoxia [1,2]. Although this has
been common knowledge since many years, myocardial
performance is typically evaluated by specialists in
fetal cardiology, and methods to perform these eval-
uations are regarded as rather cumbersome and have
consequently not been introduced in clinical practice.
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Furthermore, most studies on myocardial performance
have until now been based on conventional Doppler,
which measures global cardiac function restricted to
flow measurements [3-7]. Color-coded tissue velocity
imaging (TVI) offers quantitative measurements of re-
gional myocardial function, and can potentially provide
more sensitive and thus earlier indications of myocardial
dysfunction. TVI enables adequate temporal resolution
(>200 frames/s) [8] unlike speckle tracking (<80 frames/s)
[9] and doesn’t overestimate true motion or alter offline
gain settings in contrast to spectral Doppler [10]. Velocity
can also be measured simultaneously in the different myo-
cardial walls during the same cardiac cycle.
The cardiac state diagram (CSD) is a new visualization

tool for the pumping and regulating function of the
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Figure 1 The cardiac state diagram (CSD). Example displaying (a) a cardiac state diagram CSD of septum from a healthy fetus at 36 weeks of
gestation, and (b) the extracted myocardial velocity (thick curve) and acceleration (thin curve) from which the CSD was generated.

Table 1 Characteristics of the studied fetal population

Number of
subjects

Sex
female/male

GA GA at
delivery

MA BW

125 62/63 30
(18–42)

40
(38–42)

30
(19–46)

3525
(2538–4815)

GA, Gestational age (weeks); MA, Maternal age (years) and BW, Birth weight (g)
presented as median (range).
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heart [11] that provides quantitative analysis of the tim-
ing of mechanical events in the cardiac cycle without the
need of a concurrent ECG signal. Based on the hypoth-
esis that the heart’s pumping and regulating function
acts according to the Dynamic Adaptive Piston Pump
(DAPP) [12], this tool presents comparative data of sys-
tolic and diastolic performance and improve separate as-
sessment thereof - providing a more complete overview
of the cardiac function [13]. The different time intervals
during a cardiac cycle are displayed in a circular dia-
gram, a visual interpretation of which can be seen in
Figure 1. To be able to understand fetal cardiac physi-
ology it is essential to understand fetal myocardial func-
tion and development throughout gestation. Thus, the
general objective of this study was to establish normal
reference ranges and gestational age related changes of
fetal TVI measurements and to introduce the CSD as a
potential aid in fetal myocardial evaluation.

Methods
The study included 125 fetuses, at a gestational age of
18 to 42 weeks, all referred to the Centre of Fetal Medi-
cine at the Karolinska University Hospital Huddinge
during 2009–2012. Gestational age was determined ac-
cording to ultrasound in the 16-18th week of gestation.
Characteristics of the study population are presented in
Table 1. All women enrolled were healthy, and experi-
enced a normal singleton pregnancy. Twin pregnancies
and in vitro fertilization (IVF) were excluded. The
study was approved by the Regional Ethics committee
of Stockholm, Sweden, and all subjects gave their in-
formed consent to participate.
Tissue Doppler echocardiography data was obtained

with a GE Vivid-i equipment (GE Vingmed, Norway),
using a 3S-RS transducer. All recordings were performed
with the transducer perpendicular to the apex, providing
a view of the fetal myocardium equivalent to an apical
four-chamber view. The 2D and TVI sector widths were
minimized to obtain a frame rate > 200 frames/s (median
209 frames/s, range 200 to 273), which is necessary for
adequate reconstruction of TVI data for the fetal myo-
cardium [8]. The recordings were performed by an ex-
perienced midwife and stored as cine loops of five to
10 consecutive cardiac cycles for offline analysis using
EchoPAC (GE Vingmed, Norway) and GHLab (Gripping
Heart AB, Sweden). Longitudinal myocardial tissue vel-
ocity was extracted from fixed region of interest (ROI)
in the basal segment of septum as well as the left and
right ventricular free wall during the end of systole in
the same cardiac cycle, apical to the atrioventricular
plane (AV-piston), as illustrated in Figure 2. The ROI
was set between 1–3 mm, depending on image charac-
teristics such as thickness of the myocardial wall and
interference from valve motion or fetal/maternal move-
ment. According to DAPP technology the term AV-piston
was used instead of the conventional term AV-plane, bet-
ter describing the cardiac mechanics.
The cardiac cycle was divided into six main phases:

atrial contraction, pre ejection, ventricular ejection, post
ejection, rapid filling and slow filling. Systole was defined
as pre ejection and ventricular ejection, while diastole
was defined as post ejection, rapid filling, atrial contrac-
tion and slow filling. The time intervals were measured
according to the changes from static to dynamic work,
based on the motion shifts of the AV-piston, in compli-
ance with DAPP technology. This makes identification
of the time intervals possible without a concurrent ECG
signal. The measuring points are slightly different from
prevalent measuring points, as the phases of pre and
post ejection are defined according to heart mechanics



Figure 2 Tissue velocity imaging. Example displaying the
longitudinal velocity profile extracted from the basal segment of
septum (yellow) as well as the left (red) and right ventricular free
wall (turquoise).
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unlike the isovolumetric contraction and relaxation,
identified based on the zero axis crossing points of the
velocity curve. This is usually carried out in combination
with reference points in the ECG signal, and the occa-
sional anatomical M-mode image, in order to acquire a
precise electrophysiological timing. This is not possible
when screening the fetus, which precludes accurate timing
Table 2 The mean values from 18 weeks of gestation to term
cardiac cycle, as well as the Tei index and e’/a’ ratio

Variable Abbreviation Septum

Time intervals (ms)

Atrial contraction P1 67 / 83 (r = 0,344)

Pre ejection P2 23 (11–56)

Ventricular ejection P3 180 (95–277)

Post ejection P4 63 / 41 (r = 0,441)

Rapid filling P5 71 / 109 (r = 0,403)

Slow filling P6 8 / 110 (r = 0,287 )

Tei index 0,42 (0,13 – 0,64)

Peak velocities (cm/s)

Atrial contraction a’ −2,4 / –3,9 (r = 0,387

Pre ejection (pos) pre’pos 0,4 / 1,1 (r = 0,427)

Pre ejection (neg) pre’neg −0,1 (−2,8 – 1,5)

Ventricular ejection s’ 1,5 / 2,9 (r = 0,566)

Post ejection (neg) post’neg −0,3 (−1,8 – 1,0)

Post ejection (pos) post’pos 0,3 / 1,0 (r = 0,395)

Rapid filling e’ −1,3 / −3,3 (r = 0,509

Slow filling p6’ −0,5 / −1,3 (r = 0,373

e’/a’ 0,54 / 0,84 (r = 0,316

The variables that significantly changed throughout gestation are presented as mea
gestation and the denominator represents the mean value at term. The r-value is P
The variables that did not show any significant change with gestational age are pre
of the mechanical events. The phases are displayed in
Figure 1 and the time intervals defined as follows.
Atrial contraction begins with an elevation of the AV-

piston, during which tension forces are created in the
ventricular walls. When these tension forces become
greater than the contraction forces in the atria the AV-
piston start to move down towards the apex and the
atrial contraction phase ends. This ventricular reshaping
together with the vortex formations created in the flow
behind the atrioventricular valves initiate the closure of
the atrioventricular valves and is the beginning of pre
ejection - the transition phase (volume to tension) be-
tween atrial contraction and ventricular ejection. During
pre ejection the atrioventricular valves close and the
interventricular pressure rises. This phase ends with a
powerful tension increase as the acceleration of blood
starts to initiate the opening of the semilunar valves and
ventricular ejection begins. The interventricular pressure
exceeds the pressure in the aorta and the pulmonary ar-
tery, causing the semilunar valves to open and blood to
be ejected into the systematic circulation. Ventricular
ejection ends when there is no outflow from the semi-
lunar valves and they are about to close just before a
backflow into the ventricles is generated. This initiates
post ejection – the transition phase (tension to volume)
between ventricular ejection and rapid filling. During
for the myocardial time intervals and velocities during a

Left ventricular free wall Right ventricular fee wall

61 / 84 (r = 0,317) 81 / 94 (r = 0,214)

24 (9–54) 26 (0–76)

184 (126–245) 182 (95–303)

61 / 36 (r = 0,353) 49 (17–87)

74 / 100 (r = 0,393) 72 / 98 (r = 0,416)

4 (0–44) 3 (0–36)

0,41 (0,17 – 0,85) 0,41 (0,14 – 0,89)

) −1,9 / –4,0 (r = 0,375) −4,0 / −6,2 (r = 0,421)

0,3 / 2,0 (r = 0,489) 0,7 / 3,0 (r = 0,553)

−0,1 (−1,3 – 0,3) −0,1 (−1,3 – 3,7)

1,1/ 2,8 (r = 0,512) 1,7 / 4,7 (r = 0,599)

−0,3 (−4,2 – o,9) −0,4 (−6,9 – 0,8)

0,3 (−0,8 – 2,8) 0,4 (−5,0 – 2,7)

) −1,2 / −3,1 (r = 0,528) −1,4 / −4,6 (r = 0,527)

) −0,7 (−4,9 – 2,8) −1,9 (−6,7 – 3,5)

) 0,56 / 0,84 (r = 0,358) 0,45 / 0,79 (r = 0,438)

n values, where the nominator represents the mean value at 18 weeks of
earson’s correlation coefficient, the correlation to advancing gestational age.
sented as median values within a range.
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post ejection the ventricular myocardium starts to relax.
The forces of the backflow overcome the tension in the
muscles and the ventricular volumes increase. Rapid fil-
ling starts as the atrioventricular valves are about to
open and a reverse volumetric reshaping process begins.
At that time the interventricular pressure drops, muscle
tension decrease and the AV-piston returns to its neutral
position by the inflow controlled hydraulic return. This
phase ends as soon as the dynamic and resilient forces
outside the heart have ceased and slow filling begins.
Table 3 Gestational age specific reference values for fetal my
time intervals during a cardiac cycle

GA (weeks) 18–21 22–25 26–29

Subjects 20 20 20

Time inte
Septum

P1 66 (62 – 70) 72 (68 – 76) 80 (70 –

P4 58 (53 – 64) 54 (50 – 59) 55 (48 –

P5 69 (57 – 82) 74 (68 – 79) 81 (69 –

P6 8 (5–11) 5 (3–7) 5 (3–7

Left ventricular free wall

P1 66 (62 – 70) 69 (66 – 71) 75 (68 –

P4 62 (57 – 67) 55 (50 – 61) 57 (51 –

P5 67 (56 – 77) 74 (67 – 81) 80 (71 –

Right ventricular free wall

P1 78 (73 – 83) 87 (82 – 93) 88 (78 –

P5 61 (51 – 71) 70 (63 – 76) 72 (60 –

Peak veloc
Septum

a’ –2,5 (1,3 – 2,8) –2,9 (2,5 – 3,2) –3,2 (2,7 –

pre’pos 0,4 (0,3 – 0,6) 0,4 (0,2 – 0,6) 0,3 (0,2 –

s’ 1,6 (1,3 – 1,8) 2,0 (1,8 – 2,3) 2,0 (1,8 –

post’pos 0,2 (0,1 – 0,3) 0,2 (0,0 – 0,3) 0,4 (0,2 –

e’ –1,4 (1,2 – 1,6) –2,2 (1,9 – 2,4) –2,5 (2,1 –

p6’ –0,5 (0,8 – 0,2) –0,7(1,0 – 0,4) –0,8 (1,1 –

Lefts ventricular free wall

a’ –2,0 (1,7 – 2,2) –3,1 (2,8 – 3,5) –3,9 (3,2–

pre’pos 0,3 (0,2 – 0,4) 0,5 (0,3 – 0,7) 0,6 (0,3 –

s’ 1,3 (1,1 – 1,5) 1,9 (1,7 – 2,2) 2,3 (2,0 –

e’ –1,3 (1,1 – 1,6) –2,1 (1,7 – 2,4) –2,6 (2,1 –

Right ventricular free wall

a’ –4,4 (3,8 – 5,0) –5,2 (4,8 – 5,7) –5,6 (4,9 –

pre’pos 0,6 (0,4 – 0,9) 1,0 (0,7 – 1,4) 1,3 (0,8 –

s’ 1,8 (1,5 – 2,2) 2,7 (2,3 – 3,1) 3,1(2,6 –

e’ –1,7 (1,1 – 2,2) –3,3 (2,8 – 3,7) –4.2 (3,5 –

The results from the linear regression analyses are presented as mean values with 9
s’, ventricular ejection; P4 and post’pos, post ejection; P5 and e’, rapid filling; P6 an
Static and dynamic forces generated by blood flow into
the heart are now the only forces left to keep the heart
in an expanded position. Once the slow filling phase
ends a new cardiac cycle begins.
The data set was analyzed using SPSS (PASW Sta-

tistics 18). Linear regression analyses were displayed
in scatter plots as well as in tables presented as mean
values with 95% confidence interval. For the variables
of insignificant change, the results were presented as
median values within a range.
ocardial TVI measurements of longitudinal velocities and

30–33 34–37 38–42

20 20 25

rvals (ms) mean (95% CI)

89) 80 (72 – 89) 82 (74 – 90) 83 (78 – 89)

61) 53 (47 – 59) 49 (44 – 55) 41 (34 – 49)

93) 80 (67 – 93) 82 (71 – 92) 110 (96 – 123)

) 4 (3–6) 4 (2–6) 3 (1 – 5)

82) 74 (67 – 82) 78 (72 – 84) 81 (77 – 86)

64) 45 (40 – 51) 43 (36 – 51) 36 (30 – 41)

89) 81 (73 – 89) 85 (75 – 95) 100 (86 – 114)

98) 94 (83 – 103) 94 (82 – 106) 96 (85 – 108)

85) 69 (60 – 77) 92 (77 – 107) 99 (83 – 114)

ities (cm/s) mean (95% CI)

3,7) –3,7 (3,3 – 4,0) –3,4 (2,8 – 3,9) –3,8 (3,3 – 4,3)

0,5) 0,7 (0,4 – 0,9) 0,7 (0,4 – 0,9) 1,1 (0,8 – 1,4)

2,2) 2,3 (2,2 – 2,4) 2,6 (2,2 – 3,0) 2,9 (2,6 – 3,3)

0,5) 0,4 (0,2 – 0,7) 0,2 (0,0 – 0,4) 1,0 (0,7 – 1,3)

2,8) –2,7 (2,5 – 3,0) –2,8 (2,3 – 3,2) –3,2 (2,6 – 3,8)

0,5) –1,6 (1,9 – 1,2) –1,2 (1,6 – 0,8) –1,3 (1,7 – 0,9)

4,6) –4,4 (3,3 – 5,0) –3,4 (2,9 – 3,8) –3,9 (3,2 – 4,6)

0,8) 0,8 (0,4 – 1,2) 1,2 (0,8 – 1,6) 1,9 (1,1 – 2,7)

2,7) 2,4 (2,2 – 2,6) 2,9 (2,4 – 3,4) 2,9 (2,4 – 3,3)

3,1) –3,6 (3,1 – 4,1) –3,2 (2,8 – 3,6) –3,0 (2,6 – 3,5)

6,4) –6,5 (5,9 – 7,1) –6,7 (5,8 – 7,7) –6,0 (5,3 – 6,7)

1,8) 1,3 (0,8 – 1,9) 2,2 (1,5 – 2,9) 3,0 (2,2 – 3,8)

3,7) 3,4 (3,1 – 3,7) 4,2(3,6 – 4,7) 4,5 (3,6 – 5,4)

4,9) –4,9 (4,3 – 5,5) –5,6 (4,6 – 6,5) –4,5 (3,6 – 5,3)

5% confidence intervals. P1 and a’, atrial contraction; pre’pos, pre ejection;
d p6’, slow filling.
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Results
The myocardial time intervals and velocities measured
during a cardiac cycle, as well as the Tei index and
the e’/a’ ratio, extracted from septum as well as the left
and right ventricular free wall, are presented in Table 2.
The variables that were observed to significantly change
throughout pregnancy are further described with gesta-
tional age specific mean values and confidence intervals
in Table 3.
Fetal heart rate decreased from a mean 147 bpm

(range 133 to 164) at 18 weeks of gestation to a mean
137 bpm (range 117 to 142) at term (r = 0.401), equiva-
lent to a prolonged duration of a fetal cardiac cycle with
about 30 ms throughout gestation. This corresponded to
an increase in diastolic duration, as the duration of
systole did not vary significantly with gestational age, ei-
ther during pre ejection or ventricular ejection. Figure 3
shows two CSD generated from septum from the aver-
age of 10 fetuses at 18 weeks of gestation and 10 fetuses
at term, respectively, displaying the different time inter-
vals during a cardiac cycle. During diastole, the duration
of atrial contraction and rapid filling were prolonged
while the duration of post ejection was shortened. The
linear regression plots for the measurements of these
phases, made from septum and the left and right ven-
tricular free wall, are displayed over gestational age in
Figure 4(a), (b) and (c). Adherent gestational age spe-
cific mean values and confidence intervals are stated
in Table 3.
Multiple regression analysis showed that a combina-

tion of HR and gestational age enhanced the correlations
for the duration of artial contraction (r = 0,461) and
rapid filling (r = 0,516). However, no significant relation-
ship was observed between HR and the post ejection
phase or the systolic durations. Sex was not decisive for
any of the measured variables even though HR was
Figure 3 The cardiac state diagram (CSD). Example displaying the cardi
average fetus (a) at 18 weeks of gestation and (b) at term. P1, atrial contra
rapid filling; P6, slow filling. Full circle represents one cardiac cycle.
observed to be significantly higher for the female fetus
up until 30 weeks of gestation.
During a cardiac cycle the longitudinal peak velocities

of septum showed a linear increase with gestational age,
as did the peak velocities of the left and right ventricular
free wall, except for the peak velocity of post ejection
(post’). Figure 4(d), (e), (f ) show the increase through-
out gestation for the peak velocity of ventricular ejection
(s’), rapid filling (e’) and atrial contraction (a’) extracted
from septum as well as the left and right ventricular free
wall. Adherent gestational age specific mean values and
confidence intervals are stated in Table 3. The velocity
during pre and post ejection show a biphasic motion
pattern, but single phase movements may occur as well
(more common during pre ejection). However, the nega-
tive peak velocities of these phases did not change sig-
nificantly throughout gestation.
The peak velocities of the right ventricular free wall

were higher compared to the peak velocities of septum
or the left ventricular free wall, and showed a higher
rate of change with gestational age during ventricular
ejection and rapid filling. This corresponded to a more
prominent increase of the e’/a’ ratio observed in the
right ventricular free wall compared to the left ventri-
cular free wall and septum. The displacement of the
AV-piston, i.e. the distance covered during ventricular
ejection, also showed a linear increase more prominent
in the right ventricular free wall as pregnancy advanced,
as can be seen in Figure 5. The mean value of the left
ventricle (septum and the left ventricular free wall)
increased from 1 to 3 mm (r = 0,616), and that of the
right ventricular free wall increased from 2 to 5 mm
(r = 0,534). The velocity and displacement measurements
extracted from the right ventricular free wall conse-
quently displayed a wider distribution compared to sep-
tum and the left ventricular free wall.
ac state diagram (CSD) generated from septum, representing the
ction; P2, pre ejection; P3, ventricular ejection; P4, post ejection; P5,



Figure 4 (See legend on next page.)
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(See figure on previous page.)
Figure 4 Tissue velocity imaging reference values. The duration of (a) atrial contraction, (b) post ejection and (c) rapid filling, as well as the
peak velocities of (d) ventricular ejection (s’), (e) rapid filling (e’) and (f) atrial contraction (a’), extracted from septum as well as the left and right
ventricular free wall plotted over gestational age (p < 0,001). The figure displays linear regression analysis with 95% confidence interval. S, septum;
LV, left ventricular free wall; RV, Right ventricular free wall.
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We could confirm the feasibility and potential use of
the new technique, previously demonstrated in a study
of non ST-elevation myocardial infarction in adults [11]
and a study of experimental hypoxia in fetal sheep [14].

Discussion
The objective of this study was to establish gestational
age specific reference data for TVI measurements of the
fetal myocardium. These data also reveal some new in-
formation regarding prenatal cardiac function as this
study is the first to assess myocardial mechanics during
fetal development by evaluating the different time inter-
vals during a cardiac cycle according to the motion shifts
of the AV-piston. The finding that the post ejection
phase, measured from septum and the left ventricular
free wall, decreased with gestational age, might reflect
lactate dependent myocardial performance. During this
phase the ventricular myocardium starts to relax, which
paradoxically is an energy consuming process, caused by
the repolarization process of the heart muscle cells, and
consequently this phase will be very sensitive to low oxy-
gen levels. In accordance adults exhibit a prolongation
of post ejection during exercise and controlled hypoxia
resulting in lactecaemia [11]. In a recent study on fetal
Figure 5 AV-piston displacement. The displacement of the
atrioventricular plane (AV-piston) increased with gestational age. The
figure displays a linear regression analysis with 95% confidence
interval for the stroke lengths of the left and right ventricle
(p < 0,001). LV, Left ventricle; RV, Right ventricle.
lamb we also observed a prolongation of post ejection at
controlled hypoxia [14], suggesting an adaptive mechan-
ism of the fetal heart to resolve to a more immature
state at relative hypoxia. In the right ventricular free wall
no significant change of the post ejection phase was ob-
served throughout gestation, which is consistent with
the absence of this phase for the corresponding cardiac
wall in adults. The prolongation of the rapid filling phase
throughout gestation is most likely due to an increase in
size and volume. However, the maturational rate of e’
was more prominent, which in accordance with recent
findings [15] indicate an improvement in active relax-
ation as pregnancy advances.
In concurrence with previous studies [2,15-20] we ob-

served that all peak velocities during the cardiac cycle
were higher in the right ventricular free wall compared
to septum and the left ventricular free wall - consistent
with right ventricular dominance. As can be seen in
Figure 4, the right ventricle also showed a greater stroke
length compared to the left. We could also confirm the
gestational increase in fetal myocardial velocities despite
a maturational fall in fetal heart rate [7], and the in-
crease of the e’/a’ ratio, corresponding to a redistribution
from A-wave towards E-wave dominance with gesta-
tional age. The higher ventricular filling velocities con-
firming the active Frank-Starling mechanism in the fetal
heart [7], which is particularly apparent during fetal ar-
rhythmias [21]. The maturational rate of s’ and e’ was
higher in the right ventricular free wall compared to
the left ventricular free wall and septum, implying that
the differential loading of the ventricles does influence
the measures of myocardial maturation, unlike Gardiner
et al. previously suggested [7]. Sex was not decisive for
any of the measured variables even though HR was ob-
served to be significantly higher for the female fetus up
until 30 weeks of gestation. Unlike Bilardo et al [22].,
we did not observe a relationship between sex and e’,
however, multiple regression analysis showed that a
combination of HR and gestational age enhanced the
correlation for the rapid filling phase. This would imply
that an increased HR might affect the ability to measure
e’ accurately.
Previous studies that used spectral Doppler reported

higher peak velocities compared to the present results
[2,19,20,23], which is in agreement with the reported
overestimation of velocity using this technique [10]. Also
the e’/a’ ratio was higher in these studies, indicating a
larger overestimation of e’. Using TVI, different studies
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have reported varying results [15-18,24]. The measure-
ments of e’ and a’ in the present study were in better
compliance with previously reported results than the
measurements of s’. An explanation for the observed
discrepancies could be the angle dependency of the vel-
ocity measurements [25] or the placement of the ROI
[25,26]. However, all aforementioned studies state ac-
ceptable reproducibility of their measurements. Which is
also valid for the measurements made in this study,
where reproducibility as well as intra- and inter-observer
variability has been demonstrated to be acceptable in the
controlled clinical setting [27], and may indicate that the
equipment used is not interchangeable - previously dem-
onstrated in both adult [28] and fetal [29] echocardio-
graphy. This implies that one should need to establish
separate reference materials when measuring amplitudes
of the myocardial velocity curve depending on which
ultrasound system and is being used. A study demon-
strating normal values and age related changes of pre’
also suggest that pre’ and post’ are more reliable than s’,
as s’ has shown to be preload and afterload dependent
[23,30,31]. Even though we demonstrate less distribution
for pre’, the peak velocity during such a short time inter-
val is easy to miss. Further studies are needed in order
to confirm the reasons for the discrepancies, and to es-
tablish whether this also applies for the timing of the
mechanical events during a cardiac cycle.
As long as the timing of myocardial events can be

represented accurately, time intervals could be more ro-
bust measurements than myocardial velocities as these
measurements are less angle dependant and less in-
fluenced by tethering effects. Furthermore, time intervals
have been described as markers of cardiac performance,
where the myocardial performance index or Tei index,
reflecting the relationship between the transition phases
(pre and post ejection) and ventricular ejection, has
been evaluated as a marker of fetal cardiac dysfunction
[32-34]. These time intervals were in the present study
shown to be independent of heart rate within the stud-
ied heart rate interval. However, there was no gestational
age related change of this index, despite a maturational
shortening of the post ejection phase, which implies that
the Tei index might not be as sensitive. Traditionally this
index has been calculated from Doppler derived blood
flow measurements, which are not comparable to tissue
velocity measurements [35], and these measures should
not be used interchangeably.
The transition phases mirror the hearts mechanical

function and have been shown to be lactate sensitive
markers for asphyxia and metabolic acidosis [14,36].
Lactate is a metabolite in anaerobic metabolism and re-
flects tissue hypoxia. Determination of lactate in blood
from the fetus’s scalp during labor has been studied ex-
tensively and comparative studies of pH have shown that
lactate analysis has similar or better predictive properties
compared with pH analysis in the identification of short
term neonatal morbidity [37,38]. Thus non-invasive
methods to determine the fetal lactate status is of great
potential value in the area of fetal monitoring.
The timing of mechanical events has hitherto been dif-

ficult to ensure without a simultaneous ECG signal. To
make the analysis of TVI measurements easier and more
effective we introduced the CSD as a potential aid in
fetal monitoring. Using this method we measure the
time intervals according to the changes from static
to dynamic work based on the DAPP-technology, and
thus no longer require a simultaneous ECG signal. This
means that in the future we can potentially provide a
fully automated evaluation of the longitudinal myocar-
dial velocity profile. Hypothetically this method could
give early indications of myocardial dysfunction that
should be beneficial in many patient groups where fetal
myocardial function is affected and facilitate detection of
risk pregnancies as well as aid in the assessment before
and after intrauterine fetal therapy.
The provided reference material demonstrated the

feasibility of the technique and that the measurements
are sensitive enough to yield insight into maturational
changes in myocardial function, which provides a foun-
dation that will enable further investigations and po-
tentially allow identification of fetuses with myocardial
dysfunction.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
NE, BL, LÅB and MW participated in the design of the study and the
interpretation of data, as well as revised the maniscript. NE performed the
offline measurements, statistical analysis and drafted the manuscript. JJ
performed the software development, defined the timing of the mechanical
events during a cardiac cycle, participated in the interpretation of data and
revised the manuscript. KFW and LH performed the ultrasound image
acquisition ande revised the manuscript. All authors read and approved the
final manuscript.

Acknowledgements
This work was supported by the Swedish Heart-Lung Foundation.

Author details
1Department of Medical Engineering, School of Technology and Health, KTH
Royal Institute of Technology, Alfred Nobels Allé 10, Huddinge 141 52,
Sweden. 2Department of Obstetrics and Gynecology, Centre of Fetal
Medicine, Karolinska University Hospital, Kirurggatan 9, Huddinge 141 86,
Sweden.

Received: 30 April 2013 Accepted: 9 August 2013
Published: 16 August 2013

References
1. Oudijk MA, et al: The effects of intrapartum hypoxia on the fetal QT

interval. BJOG 2004, 111:656–660.
2. Chan LY, et al: Reference charts of gestation-specific tissue doppler

imaging indices of systolic and diastolic functions in the normal fetal
heart. Am Heart J 2005, 150:750–755.



Elmstedt et al. Cardiovascular Ultrasound 2013, 11:29 Page 9 of 9
http://www.cardiovascularultrasound.com/content/11/1/29
3. Larsen LU, et al: Strain rate derived from color doppler myocardial
imaging for assessment of fetal cardiac function. Ultrasound Obstet
Gynecol 2006, 27:210–213.

4. Crispi F, et al: Feasibility and reproducibility of a standard protocol for 2D
speckle tracking and tissue doppler-based strain and strain rate analysis
of the fetal heart. Fetal Diagn Ther 2012, 32:96–108.

5. Perk G, Tunick PA, Kronzon I: Non-doppler two-dimensional strain
imaging by echocardiography–from technical considerations to clinical
applications. J Am Soc Echocardiogr 2007, 20:234–243.

6. Tutschek B, Zimmermann T, Buck T, Bender HG: Fetal tissue doppler
echocardiography: detection rates of cardiac structures and quantitative
assessment of the fetal heart. Ultrasound Obstet Gynecol 2003, 21:26–32.

7. Gardiner HM, et al: Myocardial tissue doppler and long axis function in
the fetal heart. Int J Cardiol 2006, 113:39–47.

8. Elmstedt N, Lind B, Ferm-Widlund K, Westgren M, Brodin LA: Temporal
frequency requirements for tissue velocity imaging of the fetal heart.
Ultrasound Obstet Gynecol 2011, 38:413–417.

9. Matsui H, Germanakis I, Kulinskaya E, Gardiner HM: Temporal and spatial
performance of vector velocity imaging in the human fetal heart.
Ultrasound Obstet Gynecol 2011, 37:150–157.

10. Manouras A, Shahgaldi K, Winter R, Nowak J, Brodin LA: Comparison
between colour-coded and spectral tissue doppler measurements of
systolic and diastolic myocardial velocities: effect of temporal filtering
and offline gain setting. Eur J Echocardiogr 2009, 10:406–413.

11. Larsson M, et al: State diagrams of the heart–a new approach to
describing cardiac mechanics. Cardiovasc Ultrasound 2009, 7:22.

12. Lundback S: Cardiac pumping and function of the ventricular septum.
Acta Physiol Scand Suppl 1986, 550:1–101.

13. Lundbäck S: State machine interface system. WO 2007/142594 2007.
14. Wågström E, et al: The cardiac state diagram as a novel approach for

evaluation of Pre- and post ejection phases of the cardiac cycle in
asphyxiated fetal lambs. Ultrasound Med Biol 2013. in press.

15. Nii M, Roman KS, Kingdom J, Redington AN, Jaeggi ET: Assessment of the
evolution of normal fetal diastolic function during mid and late
gestation by spectral doppler tissue echocardiography. J Am Soc
Echocardiogr 2006, 19:1431–1437.

16. Vogt M, Muller J, Elmenhorst J, Muhlbauer F, Oberhoffer R: Fetal color-
coded tissue doppler echocardiography: experiences with the “tracking
method” in normal fetuses. Eur J Obstet Gynecol Reprod Biol 2012,
164:10–14.

17. Larsen LU, et al: Systolic myocardial velocity alterations in the growth-
restricted fetus with cerebroplacental redistribution. Ultrasound Obstet
Gynecol 2009, 34:62–67.

18. Larsen LU, Petersen OB, Sloth E, Uldbjerg N: Color doppler myocardial
imaging demonstrates reduced diastolic tissue velocity in growth
retarded fetuses with flow redistribution. Eur J Obstet Gynecol Reprod Biol
2011, 155:140–145.

19. Harada K, Tsuda A, Orino T, Tanaka T, Takada G: Tissue doppler imaging in
the normal fetus. Int J Cardiol 1999, 71:227–234.

20. Naujorks AA, et al: Myocardial tissue doppler assessment of diastolic
function in the growth-restricted fetus. Ultrasound Obstet Gynecol 2009,
34:68–73.

21. Lingman G, et al: Haemodynamic assessment of fetal heart arrhythmias.
Br J Obstet Gynaecol 1984, 91:647–652.

22. Clur SA, Oude Rengerink K, Mol BW, Ottenkamp J, Bilardo CM: Is fetal
cardiac function gender dependent? Prenat Diagn 2011, 31:536–542.

23. Harada K, Ogawa M, Tanaka T: Right ventricular pre-ejection myocardial
velocity and myocardial acceleration in normal fetuses assessed by
doppler tissue imaging. J Am Soc Echocardiogr 2005, 18:370–374.

24. Watanabe S, et al: Characterization of ventricular myocardial performance
in the fetus by tissue doppler imaging. Circ J 2009, 73:943–947.

25. Hayashi SY, et al: Analysis of mitral annulus motion measurements
derived from M-mode, anatomic M-mode, tissue Doppler displacement,
and 2-dimensional strain imaging. J Am Soc Echocardiogr 2006,
19:1092–1101.

26. Fraser AG, et al: Feasibility and reproducibility of off-line tissue doppler
measurement of regional myocardial function during dobutamine stress
echocardiography. Eur J Echocardiogr 2003, 4:43–53.

27. Elmstedt E, Lind B, Ferm-Widlund K, Westgren M, Brodin L-Å:
Reproducibility and variability in the assessment of color-coded tissue
velocity imaging of the myocardium. J biomed graph comput 2013,
3:16–23.

28. Martensson M, Olsson M, Brodin LA: Ultrasound transducer function:
annual testing is not sufficient. Eur J Echocardiogr 2010, 11:801–805.

29. Kapusta L, et al: Second trimester ultrasound: reference values for two-
dimensional speckle tracking-derived longitudinal strain, strain rate and
time to peak deformation of the fetal heart. J Am Soc Echocardiogr 2012,
25:1333–1341.

30. Oki T, et al: Effect of an acute increase in afterload on left ventricular
regional wall motion velocity in healthy subjects. J Am Soc Echocardiogr
1999, 12:476–483.

31. Dincer I, et al: Assessment of left ventricular diastolic function with
doppler tissue imaging: effects of preload and place of measurements.
Int J Cardiovasc Imaging 2002, 18:155–160.

32. Raboisson MJ, et al: Early intertwin differences in myocardial performance
during the twin-to-twin transfusion syndrome. Circulation 2004,
110:3043–3048.

33. Kaponis A, et al: The importance of venous doppler velocimetry for
evaluation of intrauterine growth restriction. J Ultrasound Med 2011,
30:529–545.

34. Hernandez-Andrade E, Benavides-Serralde JA, Cruz-Martinez R, Welsh A,
Mancilla-Ramirez J: Evaluation of conventional doppler fetal cardiac
function parameters: E/a ratios, outflow tracts, and myocardial
performance index. Fetal Diagn Ther 2012, 32:22–29.

35. Acharya G, et al: Comparison between pulsed-wave doppler- and tissue
doppler-derived Tei indices in fetuses with and without congenital heart
disease. Ultrasound Obstet Gynecol 2008, 31:406–411.

36. Koga T, Athayde N, Trudinger B: The fetal cardiac isovolumetric
contraction time in normal pregnancy and in pregnancy with placental
vascular disease: the first clinical report using a new ultrasound
technique. BJOG 2001, 108:179–185.

37. Ingemarsson I, Westgren M: ST analysis. BJOG 2007, 114:1445.
38. Wiberg-Itzel E, et al: Determination of pH or lactate in fetal scalp blood in

management of intrapartum fetal distress: randomised controlled
multicentre trial. BMJ 2008, 336:1284–1287.

doi:10.1186/1476-7120-11-29
Cite this article as: Elmstedt et al.: Reference values for fetal tissue
velocity imaging and a new approach to evaluate fetal myocardial
function. Cardiovascular Ultrasound 2013 11:29.
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
	Objectives
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Results
	Discussion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


