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Four-dimensional sonography with spatiotemporal image correlation (STIC) tech-
nology allows acquisition of a fetal cardiac volume data set and displays a cine loop of a
complete single cardiac cycle in motion. Part 1 of this 2-part article reviews STIC tech-
nology and its features, the importance of operator training/experience, and acquisi-
tion of high-quality STIC volumes, as well as factors that affect STIC volume acquisition
rates. We also propose a detailed and practical stepwise approach to performing 4-
dimensional sonography with STIC and begin herein by providing general recom-
mendations. Part 2 will discuss specifics of the approach, along with how to determine
whether such volumes are appropriate for analysis.

Key Words—fetal echocardiography; fetus; 4-dimensional; spatiotemporal image cor-
relation; ultrasound

ongenital heart disease (CHD) is the most prevalent organ-
specific birth defect' and the leading cause of infant mor-
bidity and mortality from congenital malformations.?
Prenatal diagnosis of some CHD types is associated with an
improved preoperative condition,®” presurgical mortality rate,® sur-
vival after surgery,>°~12 and long-term neurocognitive function and
outcome.'!* Yet, despite its importance, sonographic evaluation of
the fetal heart is one of the most difficult tasks in prenatal diagnosis.

The detection of CHD is challenging,'>'¢ and the sensitivity of
sonography remains low (22.5%-52.8%),'7-?! even when more
than 90% of women in population-based studies undergo sono-
graphic examination. This situation has been attributed to the com-
plexity of fetal heart anatomy, cardiac motion, and size. Other factors
that affect the prenatal detection of CHD include***3 gestational
age at examination, fetal position, maternal obesity, fetal motion,
and abnormal amniotic fluid volume. By far, however, the most
important factor is operator skill and expertise.?*~3° Mental recon-
struction of a sequence of individual cross-sectional images is
required to perform a thorough cardiac examination.?!

Since volumetric sonography of the fetal heart allows review of
all cardiac planes at any time during the cardiac cycle, it could be
helpfulin cardiac screening.>! Four-dimensional (4D) sonography
with spatiotemporal image correlation (STIC) technology allows
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the acquisition of a fetal cardiac volume data set and dis-
plays a cine loop of a complete single cardiac cycle in
motion. Since STIC was first described 13 years ago,>*~3*
studies have demonstrated that volume acquisition can be
incorporated into the daily practice of ultrasound cen-
ters.>>36 Moreover, a large body of evidence suggests that
4D sonography with STIC facilitates examination of
the fetal heart>>337-62 and has the potential to reduce the
operator dependency that is associated with conventional
2-dimensional (2D) sonography. Among centers with
technical expertise, 4D sonography with STIC has been
shown to be an accurate and reliable method for fetal
echocardiography in the second trimester,®® as well as
between 14 and 41 weeks’ gesta’cion.64 As aresult, STIC
technology has been used in the prenatal evaluation and
diagnosis of CHD,313>63-81 3long with the assessment of
fetal cardiac function by combining STIC with Doppler,
M-mode, and other postprocessing methods.*353,82-83
Several algorithms based on STIC technology have also
been developed3*374245545561t0 aid users in systematically
and efficiently interrogating volume data sets to display car-
diac planes. Other investigators have reported novel auto-
mated and semiautomated algorithms using software
applied to fetal cardiac volume data sets to successfully gen-
erate standard echocardiographic views.3”> This process is
especially relevant, since there is a learning curve for the
acquisition and analysis of STIC volume data sets.>>%>%*
Such automation technology has the potential to both
standardize and simplify sonographic examinations of the
fetal heart by decreasing operator dependency.

Although the clinical value and advantages of 4D
sonography with STIC over conventional 2D sonography
have been demonstrated, many centers have not embraced
this modality”® and use only 2D sonography for fetal
cardiac examinations. STIC technology has been widely
available on multiple ultrasound platforms in the clinical
setting, but it is underused and its value underestimated.

What are the reasons for this? (1) Thex, y,and z dimen-
sions are not necessarily intuitive, and therefore, volumetric
sonography is perceived to be challenging; (2) there exists
the view that one should learn the basics of 2D sonogra-
phy first, before advancing into other “dimensions”; (3)
although 4D sonographic images look artful and impressive,
some believe they are mainly for “show” and may not be
applicable to one’s clinical practice (ie, lack of clinical value);
(4) the performance of volumetric sonography is thought
to be time-consuming and thus not feasible in a busy clinical
practice; (5) there is uncertainty in how to postprocess car-
diac volume data sets; (6) not everyone embraces novelty;
(7) an unexpressed fear of medical information “hidden”
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within the volume data set may exist, which could make
one vulnerable to blame later; and (8) there is a paucity of
training and educational courses on volumetric sonography
(especially hands-on).

Although sonologists do not have to be specifically
experienced in 3-dimensional (3D) or 4D sonography to
acquire high-quality STIC volumes,3¢ they should be
adequately trained. If there is a lack of standardization in
the acquisition of volume data sets, it would be a major lim-
iting step for the effective performance of fetal cardiac
examination using 4D sonography with STIC.

Therefore, in this 2-part article, our main objectives
are to: (1) review STIC technology and its characteristic
features; (2) discuss the importance of operator training/
experience and acquisition of high-quality STIC volumes;
(3) review factors that affect STIC volume acquisition rates;
(4) propose a practical and stepwise approach to perform-
ing 4D sonography with STIC; and (5) review the evalua-
tion of STIC volumes to determine their appropriateness
for analysis. Part 1 focuses on the first 3 objectives, along
with general recommendations on performing 4D sonog-
raphy with STIC. Part 2° provides a detailed and specific
approach on steps to be taken before and at STIC volume
acquisition, as well as how to determine whether such vol-
umes are appropriate for analysis. We propose that there is
aneed to demystify 4D sonography with STIC, so that it is
no longer perceived as being too challenging to perform. In
this way, the technology can be implemented more widely
in fetal cardiac examinations.

STIC Technology

The term 4-dimensional (or 4D) describes volume data sets
that incorporate information about the 3 spatial dimensions
and the temporal dimension.®” Four-dimensional STIC
technology allows acquisition of a fetal cardiac volume
data set and visualization of cardiac structures as a cine
loop of a complete single cardiac cycle in motion.3*~34%
It is considered an indirect motion-gated offline scanning
mode.3>34419798 STIC technology is currently available
on multiple ultrasound platforms and is integrated into
the system’s 3D /4D basic software option. Therefore,
no additional software packages for online analysis are
required.>3 Moreover, software packages are also available
for offline analysis, which duplicate the online environment.

The principles used by the STIC algorithm to
synchronize spatial and temporal information in fetal
cardiac volume data sets are similar to that of the non-
electrocardiographic motion Fourier analysis gating
method proposed 20 years ago®® and have been described
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in detail elsewhere.3>~3* Nelson et al® were able to gate
(synchronize) the spatial and temporal information nec-
essary to display 4D images of the beating fetal heart.
Once STIC has been activated, the array within the
transducer begins an automatic single sweep over the pre-
determined volume, or region of interest (ROI).3310
The STIC volume display comprises thousands of 2D
images acquired through the area of interest during this
single automated sweep. The B-mode frame rate during
the volume scan can be as high as 150 frames per second*?;
thus, a series of rapidly acquired B-mode images are stacked
up behind each other. For example, a 10-second, 25° angle
of acquisition would contain 1500 B-mode images.3*%
Immediately after the STIC volume scan is completed, the
system runs a spatial and temporal correlation of the data,
detects the systolic peaks, and calculates the fetal heart
rate.3>* Frames acquired during the same phase of the car-
diac cycle (although from a different position in space) are
merged into the same volume data set.!”! This process is
repeated for all phases of the cardiac cycle. Thus, B-mode
images are arranged in order according to their spatial and
temporal domains (note the term spatiotemporal image cor-
relation). After image rearrangement, an ordered sequence of
volume data sets is displayed within seconds on the screen as
a continuous cine loop containing all phases of the cardiac
cycle, and the data are ready for analysis.>*** Although ret-
rospective, gating is performed immediately after the
volume scan while the patient is still on the table,'%* allow-
ing its integration into clinical use. The STIC volume may
be reviewed while the patient s still present; therefore, volume
acquisitions may be repeated as necessary. Such volumes can
then be saved to the ultrasound machine or to a network.
Although fetal cardiac volume acquisition can also be
achieved by using a nongated static 3D approach, neither
the heart rate nor motion is considered during acquisition
and rendering. As a result, this technique cannot be used to
assess events related to the cardiac cycle, as well as myocar-
dial wall and valvular motion. Moreover, the 3D static
sweep captures cardiac structures randomly within the
cardiac cycle.!® Thus, measurements of cardiac and out-
flow tract dimensions at the end of diastole or systole can-
not be performed. In essence, the acquired static 3D
volume contains an infinite number of 2D sonographic
planes, but without regard to spatial or temporal motion.
There are still, however, several beneficial features of static
3D volume acquisition of the fetal heart™: (1) rapid acquisi-
tion speeds (0.5-2 seconds); (2) the possibility of acquiring
large volumes (ROI and acquisition angle), but with mini-
mal artifacts; and (3) such volume data sets maybe combined
with color Doppler, power Doppler, or B-flow imaging.

J Ultrasound Med 2016; 35:1021-1042
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Characteristic Features and Applications of
4D Sonography With STIC

Once the image data are analyzed according to their spatial
and temporal domains, the dynamic image sequence can
be displayed as a multiplanar reformatted view, single plane,
and/or rendered image.3* The following describes the
characteristic features and applications of 4D sonography
with STIC (Table 1). The interested reader is referred to
other articles for further review.>?

1. Three Dimensions—Operators can shift from a 3D
mental image reconstruction (which occurs during
conventional 2D sonographic examination) to a “true”
3D demonstration of anatomic structures.!%*

2. Temporal Resolution—The dynamic image sequence
in the multiplanar or surface-rendered display demon-
strates improved temporal resolution®® and is attrib-
uted to the increased number of 2D images stored in
the STIC volume data set. Thus, a fetal heart that is
difficult to image using 2D sonography will become a
superior image when viewed with STIC.33

3. Operator Dependency—When using 4D sonography
with STIC, there is reduced dependency on operator
experience and skills to image the fetal heart (which
is characteristic of 2D sonography).

4. Cardiac Volume Data Set—An operator can navigate
within the STIC volume, reslice, and produce all the
standard image planes necessary for a diagnosis, either
during the clinical examination or in the patient’s
absence.>”* Other unique characteristics of a cardiac
volume data set include:

a.  Unlimited number of images: Anatomic structures
can be evaluated in different planes of section
other than the original acquisition plane.

b. Sequential planes: Real-time 2D sonography
allows the sonologist to focus only on a single
plane at a time. However, using STIC technology,
an operator can view or scroll through multiple
cardiac planes in sequence (even within a specific
view, such as the 4-chamber view), since there is
avolume with 3D information behind each frame
(Video 1). As a result, ventricular septal defects
may be identified, for example, which otherwise
could have been missed by interrogation of only
a single plane of the 4-chamber view.

c.  Rotation around a 360° axis: Cardiac anatomic
structures may be viewed from multiple per-
spectives.

d.  Fullindependence and control in navigation: During
real-time 2D sonography, the operator is entirely
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dependent on any fetal position changes (which
affect cardiac views), movements, and the heart
rate. All such factors also affect the duration of the
sonographic examination. On the other hand,
when navigating through a STIC volume data set,

according to user preference), and the duration
of the examination. Moreover, fetal movement
is absent during navigation through volumes.

Such advantages allow an improved assessment
of CHD.%*

the operator has full independence and control 5. Offline Volume Review—Since volume data sets may

over the fetal “position” (and, thus, cardiac views),

the speed of the cine loop (which can be adjusted

be reloaded and reviewed at any time, fetal cardiac
examinations can be performed even in the patient’s

Table 1. Characteristic Features and Applications of 4D Sonography With STIC

Advantages

Comments

1. Three dimensions
2. Temporal resolution
3. Operator dependency

4. Cardiac volume data set

a.  Unlimited number of images

b. Sequential planes

2]

d. Fullindependence and
control in navigation

5. Offline volume review
. Cine loop format
7. Display formats

a. Multiplanar

[©)]

b. Rendered
8. Virtual planes

9. Repeatability

10. Combination with other applications

11. Congenital heart disease

12. Functional cardiac evaluation
13. Counseling

14. Education and training
15. Telemedicine

Rotation around a 360° axis

Operators can shift from a 3D mental image reconstruction to a “true” 3D demonstration of
anatomic structures

Resolution is improved due to an increased number of 2D images stored in the STIC volume
data set

Reduced dependency on operator experience and skills to image the fetal heart (which is
characteristic of 2D sonography)

Operator can navigate within the volume, reslice, and produce all the standard image planes
necessary for a diagnosis

Anatomic structures can be evaluated in different planes of section other than the original
acquisition plane

Can view or scroll through multiple cardiac planes in sequence (even within a specific view,
such as the 4-chamber view)

Cardiac anatomic structures may be viewed from multiple perspectives

Operator has full independence and control over the fetal “position” (and, thus, cardiac views),
speed of the cine loop (which can be adjusted according to user preference), and duration
of the examination

Fetal cardiac examinations can be performed even in the patient’s absence

Allows specific phases of the cardiac cycle (end diastole, end systole) to be analyzed

Allows correlation between image planes that are perpendicular to the main acquisition plane

A reference dot tool can be used to manually navigate through the STIC volume data set
and localize the same anatomic structure in the 3 orthogonal planes

Allows reconstruction of a 3D rendered image of the fetal heart that contains depth in the
z-plane and provides additional information not available from thin 2D image slices

Images of the fetal heart not generally accessible or viewed by using a standard 2D
sonographic approach may be obtained

Cardiac structures and measurements in normal fetal hearts have demonstrated high
repeatability between (inter), and within (intra) observers

STIC technology can be combined with other applications by selecting the appropriate
setting before volume acquisition (eg, color Doppler) or can be combined with
postprocessing modalities (eg, inversion mode)

Can improve the ability to identify complex intracardiac relationships

May shorten examination time

Accurate in diagnosing most major structural CHD

Potential to increase the detection rate of CHD

Fetal cardiovascular parameters can be calculated (eg, stroke volume, cardiac output,
ejection fraction, TAPSE, ventricular mass, fractional shortening)

Results in improved understanding of CHD by the family

Enhances prenatal counseling and interdisciplinary team consultation/management

Useful in both medical education and professional training in fetal echocardiography

Review of STIC volume data sets by other examiners or consultative experts can occur
atremote sites

May improve health care delivery systems by extending the benefits of prenatal
cardiac screening

TAPSE indicates tricuspid annular plane systolic excursion.
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absence. Moreover, offline review and interpretation
of volumes have the potential to improve patient
throughput and efficiency of clinical practice.!%

6.  Cine Loop Format—STIC technology “mimics” a real-
time examination of the fetal heart due to its motion
characteristics (Video 2). Moreover, the cine loop
may be played in slow motion or stopped at any time
for a detailed analysis of specific phases of the cardiac
cycle. End-diastolic and end-systolic views can be iden-
tified by interrogating the STIC volume frame by frame.
The speed of the cine loop may also be adjusted based
upon user preference.

7. Display Formats
a.  Multiplanar display: This format (Figure 1 and

Video 2) allows correlation between image planes
that are perpendicular to the main acquisition
plane (hence, the term multiplanar). Since motion
information is preserved with STIC technology,
multiple planes of the fetal heart in motion can be
visualized and examined simultaneously.5%106-108
Each of the scan planes can also be moved and
rotated (eg, on the x-, y-, or z-axis) while main-
taining synchronization with the cardiac cycle
(Figure 2, A-C, and Videos 3-5). Moreover, in
the multiplanar display, the 3 planes intersect at
a point. By moving the position of such point
(or “reference dot”), the examiner can manually
navigate!® through the STIC volume data set, and
the corresponding planes will change respectively

Figure 1. In this STIC volume, the multiplanar display allows correlation
between cardiac planes that are perpendicular to the main acquisition
plane. The acquisition plane (apical 4-chamber view) is located in the
upper left corner. Notice that the reference dot is located in the descend-
ing aortain all 3 planes.

J Ultrasound Med 2016; 35:1021-1042
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Figure 2. STIC volume of a normal fetal heart. A, The reference dot is
located in the crux of the fetal heart, and the acquisition plane has been
rotated onthe x-axis. Notice that simultaneously, the B plane in the upper
right corner (ductal arch in this case) is rotated upward. B, The reference
dotislocated in the crux of the fetal heart, and the acquisition plane has
been rotated rightward on the y-axis. Notice that simultaneously, the B
and C planes have also changed. C, The reference dot is located in the
crux of the fetal heart, and the acquisition plane has been rotated on the
z-axis (like a cartwheel). Notice that simultaneously, the B and C planes
have also changed.
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(Figure 3 and Video 6).33 The reference dot can
also be used to localize the same anatomic structure
in the 3 orthogonal planes (eg, right ventricle;
Figure 3 and Video 6). Clinical examples in which
the multiplanar display has been shown to be use-
fulinclude examination of the great vessels** and
cardiac biometry,'1® once a specific cardiac struc-
ture (eg, ventricular septum) has been obtained
in all 3 orthogonal planes.

b.  Rendered display: STIC technology allows recon-
struction of a 3D rendered image of the fetal
heart that contains depth in the z-plane, provid-
ing additional information not available from
thin 2D image slices (Figure 4 and Video 7).3

Figure 3. In the multiplanar view, the reference dot can be used to local-
ize the same anatomic structure (here, the right ventricle) in all 3 orthog-
onal planes.

Figure 4. STIC technology allows reconstruction of a 3D rendered
image of the fetal heart (here, the 5-chamber view; lower right image)
that contains depth in the z-plane. Increased depth allows the posterior
wall of the chambers to be viewed simultaneously with the atrioven-
tricular valves.

For example, image depth can be altered by the
user, so that with decreasing depth, a slice may be
isolated. On the other hand, increased depth
allows the posterior wall of the cardiac chambers
to be viewed simultaneously with the atrioven-
tricular valves.

8. Nonconventional or Virtual Planes—Navigation through
a STIC volume allows images of the fetal heart that
are not generally accessible or viewed by using a stan-
dard 2D sonographic approach (eg, ventricular and
atrial septum en face and coronal atrioventricular valve
plane!!V112; Figures S and 6 and Videos 8 and 9).

Figure 5. Ventricular septum en face. STIC technology allows visualiza-
tion of “virtual” planes that are not generally accessible or viewed by
using a standard 2D sonographic approach. In the apical 4-chamber
view, the green render line is positioned to image the ventricular sep-
tum from the right ventricle. The rendered image (ventricular septumen
face, triangular in shape) depicted by the white arrow appears realistic,
due to the chosen render mode.

Figure 6. Coronal rendered image of the atrioventricular valves in dias-
tole (STIC volume with color Dopplerimaging). In the apical 4-chamber
view (upper left corner), the green render line is positioned to image the
atrioventricular valves en face from the ventricles. Color Doppler is seen
through the open mitral valve (MV) and tricuspid valve (TV).
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9. Repeatability—Variation in repeated measurements
made on the same patient under identical conditions
is defined as repeatability of measurements.!!3 Using
STIC technology, cardiac structures and measurements
in normal fetal hearts have demonstrated high repeata-
bility between (inter), and within (intra) observers.!'#
Moreover, ventricular volume calculations using STIC
combined with postprocessing modalities have also
been shown to be repeatable and reproducible.!!s

10. Combination With Other Applications—STIC tech-
nology can be combined with other applications by
selecting the appropriate setting before volume acqui-
sition. These include color Doppler (Figure 7,A and B,

Figure 7. A, Apical 4-chamber view in diastole (STIC volume with color
Dopplerimaging). The rendered image in the lower right corner shows
only color Doppler through the mitral (left) and tricuspid valves (right).
B, Apical 4-chamber view in systole (STIC volume with color Doppler
imaging). The rendered image in the lower right corner shows color
Doppler through the great vessels only (LVOT indicates left ventricular
outflow tract; and PA, pulmonary artery). The normal crisscrossing of the
great vessels is visualized.

J Ultrasound Med 2016; 35:1021-1042
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and Videos 10 and 11),3?#01!! power Doppler,56116

high-definition flow Doppler (similar to bidirectional

power Doppler),!” and B-flow.5118119 STIC can also

be combined with postprocessing modalities, which

are not available in the 2D sonographic mode, includ-

ing surface rendering,>*!1212 inversion mode,%>¢” and
multislice (Figure 8 and Video 12).#250106107 The end
result is a multitude of display modes for STIC volume
data sets.

11. Congenital Heart Disease—Prenatal assessment and
diagnosis of CHD using conventional 2D sonography
require an analysis of anatomic structures through a
mental reconstruction of their spatial relationships.
Four-dimensional sonography with STIC can improve
the ability to identify such complex intracardiac rela-
tionships (Figure 9 and Video 13) and may also
shorten the examination time.33*3121 Moreover, fetal
cardiac abnormalities undetected during real-time
sonographic examination may be detected at the time
of STIC volume review.*’ A high degree of accuracy
has been demonstrated when using STIC technology
to prospectively evaluate fetuses with a wide spectrum
of CHD.%* Even in the first and early second trimesters,
STIC volume evaluation has been shown to be accu-
rate in diagnosing most major structural heart defects.*’
Therefore, 4D sonography with STIC has the poten-
tial to increase the detection rate of CHD,33%? and
some have proposed its clinical application in cardiac
screening and CHD diagnosis.®*

Figure 8. Multislice mode applied to a STIC volume data set from a nor-
mal fetal heart. Eight transverse sections from the upper mediastinum to
the upper abdomen are displayed. In the overview image (ductal arch),
the parallellines indicate the exact position of the planes of section shown
inthe 8 subsequentimages. Note the transverse aortic arch (-3 image),
3-vessel view (-2 image), 5-chamber view (green asterisk image), 4-
chamber view (1image), and stomach (4 image). Also see Video 12.
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12. Functional Cardiac Evaluation—Within volume data
sets, a specific cardiac phase (end diastole or end sys-
tole) can be identified by observing the opening and
closing of the atrioventricular and semilunar valves.
Therefore, by capturing these time points within the
cardiac cycle, ventricular volume measurements may
be obtained (Figure 10)*® and the fetal stroke vol-
ume, cardiac output, and ejection fraction calcu-
lated.#4485382-848687 It ig generally agreed that 4D
ventricular volume quantitation is more accurate than

Figure 9. Multiplanar display of a fetus with coarctation of the aorta.
The reference dot is located in the transverse aortic arch, which can be
confirmed by viewing both the A (upper left) and B (upper right) planes.
Narrowing of the aortic isthmus is apparent (white arrow).

Figure 10. Quantification of fetal left ventricular volume (2.11 mL) during
end diastole. The virtual organ computer-aided analysis (VOCAL) trace
was performedinthe A plane at the level of the 4-chamber view. The lower
rightimage depicts the 3-dimensional model created by the VOCAL tool,
which includes the entire traced volume.

1028

2D-derived methods because geometric assumptions
are avoided, along with magnification of small errors
(inherent in the latter modality).!°%!?? Thus, 2D
echocardiography has limitations in the assessment of
fetal cardiac function.!?>!2* Other fetal cardiovascu-
lar parameters [eg, tricuspid annular plane systolic
excursion®®!5 (Figure 11 and Video 14), ventricular
mass,% and fractional shortening®” (Figure 12 and
Video 15)] have also been calculated using STIC
technology.

Figure 11. Measurement of STIC M-mode fetal tricuspid annular plane
systolic excursion (TAPSE) vertically, parallel to the ventricular septum.
The vertical movement of the tricuspid annulus during systole and
diastole is derived from measurement (5.7 mm) of the amplitude of the
M-mode wave. This measurement is normal for 25 weeks’ gestation.>
RVindicates right ventricle.

Figure 12. Calculation of fractional shortening using STIC M-mode.
The M-mode cursor line is placed perpendicular to the ventricular sep-
tum at the level of the mitral and tricuspid valves. From end-diastolic and
end-systolic measurements of the ventricles, fractional shortening [(end-
diastolic dimension—end-systolic dimension)/end-diastolic dimension)]
can be calculated. Forthe right ventricle, the fractional shortening is 34%
(normal). LV indicates left ventricle; and RV, right ventricle.

J Ultrasound Med 2016; 35:1021-1042



13. Counseling—Four-dimensional sonography with
STIC can result in an improved understanding of
CHD by family members. Moreover, prenatal coun-
seling, as well as interdisciplinary team consultation
and management can be enhanced.

14. Education and Training—The study and analysis of
STIC volume data sets is useful for both medical edu-
cation and professional training in fetal echocardiog-
raphy.

1S. Telemedicine—Digital storage and review of STIC vol-
ume data sets by other examiners or consultative experts
can occur at remote sites by transmitting files over net-
works.3268126 Such offline networking capabilities
may improve health care delivery systems by extend-
ing the benefits of prenatal cardiac screening to poorly
served or underserved areas.'!’

Importance of Acquiring High-Quiality
STIC Volumes and Influence of Operator
Training/Experience

Quality of STIC Volumes

The effective performance of fetal cardiac examination
using STIC technology requires 2 essential steps: (1) vol-
ume acquisition; and (2) postprocessing.!** The quality of
a STIC volume data set is essential for postprocessing and
assessment.>® When the volume data set is suboptimal,
subsequent analysis will be hindered by low image quality
and artifacts. Indeed, investigators have demonstrated that:
(1) the ability to visualize fetal cardiac structures is corre-
lated with STIC volume quality'?’; (2) a positive correla-
tion exists between the “acquisition condition score” (score
assigned to fetal movements, ROI setting, acquisition
angle, cardiac apex position, and shadowing) and “quality”
of STIC volumes®; specifically, the higher the acquisition
condition score, the better the volume “quality” (based on
the ability to display cardiac structures); and (3) in a mul-
ticenter study of 4D fetal echocardiography in the first
trimester, centers that reviewed a higher (versus lower)
percentage of suboptimal STIC volumes had lower accu-
racy for identifying CHD.*

Therefore, when STIC volume data sets are of high
quality, they are more likely to be informative (ie, suc-
cessful display of cardiac planes and anatomic struc-
tures) when analyzed. When the opposite is the case (ie,
volume data sets of poor quality), the “garbage in,
garbage out” principle used in the fields of computer sci-
ence and information and communications technology
applies.!?8 Specifically, computers (since they operate
by logical processes) will unquestionably process unin-
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tended and even nonsensical input data (garbage in) to
produce undesired and often nonsensical output
(garbage out).1?® Similarly, a STIC volume data set of
suboptimal or poor quality will also produce undesired
and uninformative “output.” It follows, then, that
improving the diagnosis of CHD based on STIC tech-
nology cannot occur if the quality of volume data sets is
suboptimal or poor.

Criteria for STIC Volume Acquisition

When acquiring STIC volumes using prespecified crite-
ria, the successful generation of information (eg, fetal
cardiac views) should be more consistent among exami-
nations than if no protocol were followed. For example,
what would be the result if there were no STIC acquisi-
tion criteria pertaining to fetal spine location? It is likely
that successful visualization of the 3-vessel and trachea
view would be greater for a fetus with the spine located at
6 o’clock than at 12 o’clock (due to acoustic shadowing
from the spine). Comparing and interpreting the per-
formance of 4D sonography with STIC among studies
may also be challenging, since it depends on whether
acquisition criteria have been implemented. For exam-
ple, one group of investigators may report that the rate of
obtaining satisfactory fetal cardiac views using STIC
technology is poor and therefore conclude that STIC
should not be used in clinical practice. Another group
might report exactly the opposite findings. However, for
the first investigators, were STIC volumes obtained ran-
domly, or were standardized criteria followed during the
acquisition process? If the first scenario actually occurred
(ie, STIC volumes obtained randomly), an unbeknownst
reader will erroneously believe that 4D sonography with
STIC has no clinical value. Taken together, if there is a
lack of standardization in the acquisition of STIC volume
data sets, it would be a major limiting step to effective
performance of fetal cardiac examination using 4D
sonography with STIC.

Operator Training and Experience

The acquisition of high-quality STIC volumes requires
adequate training, and this factor is the key determinant
of a successful complete cardiac examination.!*” More-
over, investigators have reported the impact of experi-
ence, in which more experienced sonographers have: (1)
a significantly higher success rate of STIC volume acqui-
sition than those less experienced (88.4% versus 70.5%;
P=.02)%; (2) significantly less reported fetal movements
interfering with STIC volume acquisition (expert versus
beginners, 12% versus 62%; P < .05); and (3) fewer
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motion artifacts observed in STIC volumes than in those
acquired by beginners (16% versus 42%; P < .05).36
Recently, Novaes et al'?’ reported that in normal fetuses,
the proportion of STIC volumes considered adequate to
demonstrate S cardiac views was higher for STIC “spe-
cialists” than “nonspecialists” (66.7% versus 36.2%; P <
.001). The latter group comprised physicians without
experience in volumetric sonography.

Other factors besides operator skill and experience
influence the quality of STIC volume data sets, such as fetal
breathing and movements.>*3#13? It is noteworthy, how-
ever, that such factors also influence image quality in 2D
sonography; therefore, these are not unique to 4D sonog-
raphy with STIC. Indeed, it is important to clarify the
relationship between these two sonographic modalities.
A prevailing myth that should be abolished is that STIC
technology is immune to some of the limitations inherent
in 2D sonography. For example, we have been asked how
to avoid acoustic shadows from being introduced into
STIC volume data sets when the fetal spine is anteriorly
located. STIC technology is just as susceptible to limita-
tions in scanning windows*® as 2D sonography; thus, such
issues cannot be resolved.

What Is the Success Rate of STIC Volume
Acquisition, and Are Such Volumes
Informative?

An important issue is the success rate of STIC volume
acquisition when examining fetuses with normal hearts.
These rates range widely from 26% to 100%323536394547-
49,77,84,85,92,114,115,129,131-134 (Table 2) and depend on many
factors, such as operator training and skill, route of exami-
nation (transabdominal versus transvaginal), gestational
age, maximum duration of the examination allowed,
patient ambulation, and number of STIC volume acqui-
sitions per patient. Yet, probably the most important
factors influencing the volume acquisition rate are the preset
criteria/requirements for acquisition, as well as their degree
of rigor.” These criteria may include specifics about fetal
movement and breathing, fetal position, acoustic shadow-
ing, and which anatomic structures should be visualized
before volume acquisition begins.”” For example, at one end
of the spectrum, if a transducer is simply placed over the
fetal heart without any specifications, and the success rate
of STIC acquisition is defined as just “obtaining a vol-
ume,” the rate will be 100%. In contrast, if there are strin-
gent criteria required for obtaining a STIC volume data
set, the success rate is likely to be lower.

1030

The criteria set forth by investigators to acquire STIC
volumes will vary, depending on the area(s) being studied.
For example, if color Doppler velocimetry is combined with
STIC to evaluate flow through the atrioventricular valves, it
is acceptable for the fetal spine to be located anteriorly.
When STIC M-mode is used to obtain fetal cardiac dimen-
sions,*” assess ventricular fractional shortening,'** or meas-
ure ventricular wall and interventricular septal thickness,®
alateral insonation of the fetal heart (ie, spine located lat-
erally) is obtained (Figure 12 and Video 15). This situa-
tion is also the case when evaluating fetal pulmonary veins
(STIC combined with B-flow)!3¢ or the outflow tracts.>’
However, when the goal is to assess fetal cardiac views, the
spine should ideally be located posteriorly to minimize
acoustic shadowing.!!¢

Acquisition rates and/or the definition of an “accept-
able” STIC volume data set are also influenced by the pur-
pose of study (eg, to visualize cardiac views and structures
or to calculate ventricular volumes and indices of cardiac
function). For example, if the objective is to visualize the 4-
chamber view only, the rate of acceptable STIC volumes
should be high. On the other hand, if clear demarcation of
ventricular endocardial borders and absence of shadowing
artifacts in multiple planes is required for evaluating fetal
cardiac function, the rate of acceptable STIC volumes will
be lower.3

Collectively, it is therefore important to keep these
concepts in mind when reviewing reports on the success
rates of STIC volume acquisition. In general, the greater the
number and rigor of preset criteria/requirements, the lower
the success rate will be.%? A far more crucial issue, however,
is whether STIC volume data sets are informative (ie, abil-
ity to display cardiac planes and structures), which occurs
onlyif they are of high quality.> Just because a volume data
set has been obtained, it does not necessarily translate into
one that s clinically useful. Thus, there may not be a direct
relationship between the STIC acquisition rate and the
quality of information that can be derived from such vol-
umes. For example, the acquisition rate may be 100%, but
due to suboptimal STIC quality, volumes may be uninfor-
mative. The flip side is that stringent acquisition criteria may
lead to lower STIC volume acquisition rates, but volumes
may be very informative.

In some cases, acquisition of an appropriate STIC
volume will not be possible despite multiple attempts (eg,
secondary to an uncooperative fetus or maternal obesity).
Yet, these factors are no different from those of conven-
tional 2D sonography, in which a successful fetal cardiac
examination may not always be possible.

J Ultrasound Med 2016; 35:1021-1042
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How to Perform 4D Sonography With STIC

There are 4 essential steps when performing 4D sonogra-
phy with STIC: (1) volume acquisition; (2) volume dis-
play; (3) volume manipulation/postprocessing; and (4)
storage of volumes and images. After STIC volume acqui-
sition, standardization of the multiplanar view, volume inter-
rogation to obtain cardiac views and/or rendering of the
volume is performed. In this article, we will review concepts
pertaining to STIC volume acquisition and display only.

Three main time points deserve focus when acquiring
STIC volume data sets and determining their appropriate-
ness for analysis: (1) before acquisition of STIC volumes;
(2) acquisition of STIC volumes; and (3) immediately after
acquisition of STIC volumes (iie, multiplanar display and/or
STICLoop®).

It is noteworthy that the specific approach described
herein pertains to STIC volumes acquired through a trans-
abdominal approach, using B-mode sonography, and viaa
transverse acquisition plane of the fetal chest (level of the
4-chamber view). We recognize that not every aspect of
this approach will apply to all clinical situations and will vary
depending on the primary goal. Our intent is to describe an
overall practical method to serve as a guide. Moreover, if the
described technique is not followed, it does not necessarily
mean that the STIC volume data set will be uninformative.
Indeed, clinically useful information can still be obtained
from STIC volumes derived by using a variety of approaches,
provided that they are of high quality.

At what gestational ages should STIC volumes be
obtained? In general, we recommend that volumes be acquired
between 19 and 30 weeks’ gestation for optimal assessment
of fetal cardiac anatomy.”> High-quality STIC volumes tend
to become more difficult to acquire after this gestational age
range, due to fetal positioning and acoustic shadowing,
Indeed, authors have reported that only a few high-quality
STIC volumes can be acquired beyond 29 weeks’ gesta-
tion.*® It is noteworthy, however, that volumes of superior
quality can still be obtained throughout the third trimester,
even up to 39 weeks’ gestation.”” Moreover, in the first and
early second trimesters, a detailed evaluation of both normal
and abnormal fetal hearts using STIC technology can be
performed.?>#74127,13L137 Thig fact is clinically relevant,
due to the increasing role of first-trimester fetal cardiac exam-
ination!38-1*3 (eg, increased nuchal translucency thickness
in the presence of a normal fetal karyotype ). However, the
challenges of performing 4D sonography with STIC in
the first trimester include frequent fetal motion and the size
of cardiac structures. Transvaginal sonography may be used
to obtain volumes in early pregnancy.?>4749127
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General Recommendations

We propose the following general recommendations when

performing 4D sonography with STIC:

1. Play an Active Role—1If possible, sonologists should
proactively get the fetus into a more optimal position
and/or move fetal parts out of the imaging field of view..
For example, the following actions can be performed:
(1) Ask the mother who is lying supine to turn (orroll)
laterally onto her side in the same direction that you
wish the fetal cardiac apex to turn. For example, let us
assume that a vertex fetus has the cardiac apexlocated
at 7 o’clock (transverse plane of the chest) on the
monitor screen. If the desired effect is movement of
the fetal cardiac apex to an 11-o’clock position (a
“clockwise roll”), the mother also should be asked to
rollin a clockwise direction, so that she comes to rest
on her left side. In our experience, frequently changing
the maternal position (eg, rolling to either or both lat-
eral sides, ambulating, going to the restroom, or sitting
up) will usually change the fetal position successfully
into the desired one. (2) Gently “move” the fetus into
the desired position by placing one’s hands on the
maternal abdomen. (3) Gently tap on the maternal
abdomen or ask the mother to cough, so that fetal
parts (eg, an extremity) move out of the field of view.
(4) Change the tilt and position of the examination
bed. Understandably, women often prefer the upper
part of the bed to be raised at an angle for comfort.
However, when the entire bed is tilted upward (head
higher than the feet), or the bed is “jackknifed” or bent
at the midway point of the bed (and, thus, the mater-
nal waist), maneuvering the probe around the mater-
nal abdomen is sometimes suboptimal and awkward
because sonologists may have to bend their wrists
backward to obtain optimal images. Therefore, when
possible, we prefer to scan patients lying completely
supine to “flatten” their abdomen or with the entire
bed tilted downward (feet higher than the head).
In our experience, this position allows easier maneu-
vering and tilting of the transducer, and sonologists
are able to bend their wrist forward to scan.

2. Practice Efficiency During the Sonographic Examina-
tion—Success in STIC volume acquisition can be
achieved by constantly adapting to the fetal situation.
Using this approach is particularly relevant when
imaging the fetal heart, since examination of this organ
is highly dependent on fetal position, and fetuses can
move frequently. A few examples of practicing effi-
ciency during the sonographic examination include

J Ultrasound Med 2016; 35:1021-1042



the following: (1) Recognize when there is an optimal
moment to image the fetal heart and acquire STIC
volume data sets. If the fetal spine is anteriorly located
at first, but the fetus suddenly flips to a supine position,
one should immediately focus on cardiac examination.
If the fetal heart is already in an optimal position, and
conditions are appropriate (eg, absence of fetal breath-
ing or movement), the sonologist should take advan-
tage of this opportunity by immediately acquiring
multiple STIC volumes in rapid succession. Such a
chance may not occur again. (2) In the presence of a
suboptimal fetal position, instead of trying repeatedly
and unsuccessfully to image cardiac structures, one
can examine other fetal organs, obtain biometric meas-
urements, etc, to allow time for the fetus to change into
amore optimal position. While doing so, the sonolo-
gist should frequently check back to see whether the
fetal heart can now be imaged successfully using
STIC. Thus, in summary, one should always be “on
the lookout” throughout the sonographic examina-
tion and take advantage of any proper moments to
obtain STIC volumes.

3. Usea Volumetric Transducer Throughout the Examina-
tion—If the sonologist plans to acquire STIC volume
data sets during the sonographic examination, it is
advantageous to use a volumetric transducer through-
out the study. This use avoids having to switch back
and forth between a probe used for 2D imaging and a
volumetric transducer, all of which takes time, requires
setting changes, and is inefficient when practiced fre-
quently. Fortunately, next-generation volume trans-
ducers have been designed to be lighter than previous
versions, for the purpose of reducing user fatigue.

4. Prepare the Machine Settings Beforehand—Since cap-
turing STIC volume data sets can occur at any time
during the examination, it is helpful to “prepare” the
acquisition settings on the ultrasound machine before-
hand (eg, adjust the ROl size, decrease the depth, and
set the acquisition angle and time). Such measures are
helpful because if conditions suddenly become opti-
mal for STIC acquisition (eg, fetal spine moves to a
6-0’clock position), the settings have already been
programmed, and one can immediately proceed with
the acquisition. If this preparation has not occurred
beforehand, sometimes while the operator spends time
adjusting the settings, fetuses will change position or
commence breathing movements, and the chance
becomes lost. Of course, despite all preparations,
adjustments are sometimes necessary (eg, change the
depth) due to a dynamic fetal environment.

J Ultrasound Med 2016; 35:1021-1042
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S.  Prepare the Patient Beforehand—TIt s helpful to explain
to patients ahead of time that there may be attempt(s)
throughout the sonographic examination to obtain
STIC volumes; therefore, her participation is encour-
aged (eg, maintain a breath hold and remain motion-
less). The purpose of 4D sonography with STIC and
how it is performed should be discussed with the
patient. In general, we have found such a practice to be
invaluable because patients are informed, prepared
ahead of time, and more likely to be cooperative.

Conclusions

Prenatal diagnosis of CHD is important, since it is the lead-
ing organ-specific birth defect and the leading cause of infant
morbidity and mortality from congenital malformations.
However, sonographic evaluation of the fetal heart is one of
the most difficult tasks in prenatal diagnosis, and the detection
of CHD remains challenging. Since STIC technology was
first described 13 years ago, a large body of evidence sug-
gests that it facilitates examination of the fetal heart and has
the potential to reduce the operator dependency associated
with conventional 2D sonography. Four-dimensional
sonography with STIC has also been used to successfully
evaluate and diagnose CHD, as well as assess fetal cardiac
function. Yet, despite the advantages of 4D sonography with
STIC over conventional 2D sonography, the former has
been underused and its value underestimated.

STIC volume acquisition can be incorporated into the
daily practice of ultrasound centers. However, using such
technology to examine the fetal heart requires an impor-
tant prerequisite: the training of sonologists to acquire
high-quality volume data sets so that they are informative.
Here we have described general recommendations on the
performance of 4D sonography with STIC. In part 2 of this
article,®we discuss a detailed and practical stepwise approach
for STIC volume acquisition, along with methods to deter-
mine whether such volumes are appropriate for analysis.

Our overall goal is to demystify an imaging modality that
is considered by many to be too complicated and challenging
to perform. By doing so, the objective is to encourage sonol-
ogists to embrace STIC technology as an additional and
valuable tool for examining the fetal heart. Since the sensitiv-
ity of 2D sonography for CHD has not improved over the
last decade, there is a need to address this long-standing
problem and offer a solution that could improve detection
rates. Bringing high-quality ultrasound screening to all
pregnant women is essential, and 4D sonography with
STIC should move to the forefront of this solution. In doing
so, the first steps include education and training each other.
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