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BACKGROUND: Fetuses with an estimated fetal weight below the 10"
centile have an increased risk of adverse perinatal and long-term outcomes as
well as increased rates of cardiac dysfunction, which often alters cardiac size
and shape of the 4-chamber view and the individual ventricles. As a result, a
simple method has emerged to screen for potential cardiac dysfunction in
fetuses with estimated fetal weights < 10™ centile by measuring the size and
shape of the 4-chamber view and the size of the ventricles.

OBJECTIVE: To determine the number of fetuses with an abnormal size
and shape of the 4-chamber view and size of the ventricles in fetuses with
an estimated fetal weight <10™ centile.

MATERIALS AND METHODS: This was a retrospective study of 50
fetuses between 25 and 37 weeks of gestation with an estimated fetal
weight <10™ centile. Data from their last examination were analyzed.
From an end-diastolic image of the 4-chamber view, the largest
basal—apical length and transverse width were measured from their
corresponding epicardial borders. This allowed the 4-chamber view area
and global sphericity index (4-chamber view length/4-chamber view
width) to be computed. In addition, tracing along the endocardial borders
with speckle tracking software enabled measurements of the right and left
ventricular chamber areas and the right ventricle/left ventricle area ratios
to be computed. Doppler waveform pulsatility indices from the umbilical
(umbilical artery pulsatility index) and middle cerebral arteries (middle
cerebral artery pulsatility index) were analyzed, and the cerebroplacental
ratio (middle cerebral artery pulsatility index/umbilical artery pulsatility
index) computed. Umbilical artery pulsatility indices >90™ and cere-
broplacental ratios < 10" centile were considered abnormal. Using data
from the control fetuses, the centile for each of the cardiac measurements
was categorized by whether it was <10™ or >90™ centile, depending
upon the measurement.

RESULTS: Of the 50 fetuses with estimated fetal weight <10" centile,
50% (n = 25) had a normal umbilical artery pulsatility index and cere-
broplacental ratio. These fetuses had significantly more (P < 0.02 to

<0.0001) abnormalities of the size and shape of the 4-chamber view than
controls. Inall, 44% had a 4-chamber view area >90™ centile, 32% had a 4-
chamber view global sphericity index <10" centile, 56% had a 4-chamber
view width >90™ centile, and 80% had 1 or more abnormalities of size and/
or shape. The remaining 50% of fetuses (n = 25) had abnormalities of 1 or
both for the umbilical artery pulsatility index and/or cerebroplacental ratio.
These fetuses had significantly higher rates of abnormalities (P <0.05 to
<0.0001) than controls for the following 4-chamber view measurements:
36% had a 4-chamber view area >90™ centile; 28% had a 4-chamber view
global sphericity index < 10" centile; and 68% had a 4-chamber view width
>90" centile. Only those fetuses with an abnormal umbilical artery pulsatility
index had significant changes in ventricular size; 56% had a left ventricular
area < 10" centile; 28% had a right ventricular area < 10" centile; 36% had
right ventricular/left ventricular area ratio >90™ centile. One or more of the
above abnormal measurements were present in 92% of the fetuses.
CONCLUSION: Higher rates of abnormalities of cardiac size and shape
of the 4-chamber view were found in fetuses with an estimated fetal
weight <10™ centile, regardless of their umbilical artery pulsatility index
and cerebroplacental ratio measurements. Those with a normal umbilical
artery pulsatility index and an abnormal cerebroplacental ratio had larger
and wider measurements of the 4-chamber view. In addition, the shape of
the 4-chamber view was more globular or round than in controls. These
fetuses may have an increased risk of perinatal complications and
childhood and/or adult cardiovascular disease. Screening tools derived
from the 4-chamber view, acting as surrogates for ventricular dysfunction,
may identify fetuses who could benefit from further comprehensive testing
and future preventive interventions.

Key words: Doppler pulsatility index, cerebroplacental ratio, fetal
echocardiography, fetal growth restriction, Glo4CV length sphericity index,
intrauterine growth restriction, small for gestational age, umbilical artery
pulsatility index
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cognition, memory, neuropsychological
dysfunctions, hypertension, atheroscle-
rosis, coronary artery disease, stroke,
obesity, immune dysfunction, metabolic
syndrome, cancer, and a shortened life
span.'” The task for the clinician is to
identify those fetuses with an EFW <10™
centile who are at risk for perinatal and
postnatal complications. Prenatal diag-
nostic approaches have used various
growth curves used to define fetal

indices of the umbilical (umbilical artery
pulsatility index [UAPI]) and middle
cerebral (cerebral artery pulsatility
index [MCAPI]) arteries and the
cerebroplacental  ratio  (CPR).'’"'°
Commonly, if the Doppler indices are
normal, fetuses with EFWs >3 centile
but <10™ centile have been thought to
be at lower risk for adverse outcomes in
several studies'’'”. These fetuses have
been classified as small for gestational

NOVEMBER 2019 American Journal of Obstetrics & Gynecology 495.e1


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajog.2019.06.008&domain=pdf
https://doi.org/10.1016/j.ajog.2019.06.008
http://www.AJOG.org
http://www.AJOG.org

OBSTETRICS

AJOG at a Glance

Why was this study conducted?

centile.

Key findings

ventricles.

This study was designed to evaluate the screening potential of assessing the size
and shape of the 4-chamber view and the size of the right and left ventricles as
surrogates for cardiac dysfunction in fetuses with estimated fetal weights <10™

Fetuses with an EFW <10™ centile had an increased area of the 4-chamber view,
an abnormal globular shape of the 4-chamber view, and an abnormal size of the

What does this add to what is known?

Using these indirect markers for cardiac dysfunction, this study demonstrates
that commonly used methods of Doppler surveillance poorly identifies fetuses
with an estimated fetal weight <10™ centile with an abnormal size and shape of
the 4-chamber view and an abnormal size of the right and left ventricles.

age (SGA),”" signifying that they are
“constitutionally” small’' and therefore
may have a “benign condition.”'” "
Those with EFWs <10" centile with
any abnormal UAPI or CPR have been
defined as having FGR.""

Applying diagnostic tools used to
evaluate ventricular size and function in
pediatric and adult patients, investigators
have identified forms of ventricular
dysfunction in FGR that have persisted
postnatally. In these fetuses, ventricular
remodeling alters the primary structure/
shape of the heart as an adaptive response
to FGR .*'%*%**7° Early studies of the
fetal heart have linked FGR to car-
diomegaly.”®*”  Recently, Rodriquez-
Lopez et al described 3 phenotypes of
fetal ventricular remodeling: (1) elonga-
tion of the ventricular chambers, (2) a
round, or globular shape of the ventricles,
and (3) hypertrophic ventricular walls.
These phenotypes were associated with
an increased area of the 4-chamber view
(4CV), ventricular dysfunction, and
adverse perinatal outcomes.”® Unfortu-
nately, assessment of fetal ventricular
function requires sophisticated ultra-
sound imaging techniques (pulsed
Doppler, tissue Doppler, M-mode, 4-
dimensional virtual organ computer-
aided analysis, and speckle tracking) that
are not available to all clinicians.”
Because changes in the overall cardiac
size and shape of the 4CV and size of the
individual right ventricle (RV) and left

ventricle (LV) are features of cardiac
dysfunction,”***>’! the current study
addressed whether a simple approach to
measure these parameters could identify
fetuses with an EFW <10™ centile who
might be at risk for cardiac dysfunction,
irrespective of their UAPI and CPR
findings.

Materials and Methods

The purpose of this study was to identify
whether there was a significant increase
in the number of fetuses with an EFW
<10™ centile who had an abnormal area
and shape of the 4CV as well as abnormal
areas of the right and left ventricles, to
determine whether these measurements
could be used as screening tools for
cardiac dysfunction. A total of 50 pa-
tients signed a consent form to partici-
pate in the study, which was approved by
the Colorado Multiple Institutional Re-
view Board (Institutional Review Board
Number 14-1360, date of approval
March 16, 2018). Exclusion criteria
included a maternal age <18 years and
any fetus with genetic or structural
anomalies. For this study, the last ultra-
sound examination prior to delivery was
used for the analysis. The EFW was
computed from measurements of the
biparietal diameter, head circumference,
abdominal circumference, and femur
length using the Hadlock formula.”*
All fetuses had EFWs <10th centile on
entrance to the study and were serially
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examined during the third trimester of
pregnancy.

Two-dimensional real-time grayscale
clips of the fetal heart at the level of the
4CV were obtained at each study visit. To
evaluate the size and shape of the 4CV,
the end-diastolic image was identified
using a  technique  previously
described.”””' The 4CV basal—apical
length was measured from the base to
the apex of the heart, as well as the widest
transverse width (Figure 1). From these 2
measurements, the global sphericity in-
dex and global area of the 4CV were

computed as follows’”":

Equation 1.

4-Chamber Global Sphericity Index =
End-Diastolic Basal-Apical Length/
End-Diastolic Transverse Width

Equation 2. 4-Chamber Global
End-Diastolic Area = (3.4159%
End-Diastolic Basal Apical Length *
End-Diastolic Transverse Width) /4

As previously reported, the mean
(1.233) and standard deviation (SD)
(0.0953) for the 4CV global sphericity
index was independent of gestational
age.”

From the same 4-chamber view clip,
speckle tracking software (TomTec Im-
aging Systems, Munich, Germany) was
used to measure the end-diastolic
endocardial borders of the RV and LV,
as previously described (Figure 2),
which allowed computation of the end-
diastolic areas of the RV and LV.”"**
From these measurements, the RV/LV
area ratio was computed (mean, 0.88;
SD, 0.18) which was independent of the
EFW. A value >90" centile (1.11) was
considered abnormal. Coupled with
each cardiac study, the pulsatility
indices of the umbilical and middle
cerebral arteries were measured, and
the CPR was calculated using the
following formula'"" :

Equation 3.

Cerebroplacental Ratio = Middle
Cerebral Artery Pulsatility Index/
Umbilical Artery Pulsatility Index
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FIGURE 1
End-diastolic 4-chamber view. The basal-apical length (BAL) is measured
from the base of the atrial chambers to the apex of the ventricular chambers

The transverse width (TW) is measured perpendicular to the BALW at the widest portion of the 4-
chamber view.
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Hobbins et al. Size and Shape of the Four-Chamber View in Fetuses With an Estimated Fetal Weight <10™ Centile. Am J Obstet
Gynecol 2019.

Using previously published equations, Equation 4. Z-Score =
the.mean and SD from control fetuses in (Measured Valuesay ponuses —
which the EFW was the independent
variable were used to compute the Z Mean ool Fenses) /
score and corresponding centile for the Standard Deviation control Fetuses

4CV area, 4CV length, 4CV width, LV
area, RV area, UAPIL, and CPR, as fol- Equation 5. Excel Centile Formula =

30,31 37 .
lows. Normsdist (Z-score value)

FIGURE 2
Ventricular end-diastolic measurements

The purple overlay demonstrates the end-diastolic area of the right ventricle (RV) and left ventricle (LV).
LA, left atrium; RA, right atrium.

Hobbins et al. Size and Shape of the Four-Chamber View in Fetuses With an Estimated Fetal Weight <10™ Centile. Am J Obstet
Gynecol 2019.

Measurements of the 4CV global
sphericity index, 4CV area, 4CV length,
4CV width, RV area, LV area, RV/LV .,
ratio, biometry, and Doppler studies
were used from the last ultrasound prior
to delivery. Z scores >1.28 (>90th cen-
tile) or <1.28 (10th centile) were used to
separate study fetuses with an abnormal
UAPI and/or CPR as well as measure-
ments of the 4CV (4CV area, 4CV global
sphericity index, 4CV length, and 4CV
width) and ventricles (RV area, LV area,
and the RV/LV area ratio).”*"*>*’

The study fetuses were divided into
the following 6 groups: (1) all fetuses,
irrespective of the UAPI and CPR; (2)
those with a normal UAPI and CPR; (3)
those with any abnormal UAPI and/or
CPR; (4) those with an isolated
abnormal UAPI and normal CPR; (5)
those with an isolated CPR and normal
UAPIL; and (6) those with both an
abnormal UAPI and CPR. Using mea-
surements from a detailed analysis of
global, transverse, and longitudinal
ventricular contractility in the same
cohort of fetuses, the presence or
absence of any form of abnormal ven-
tricular contractility was determined for
each of the above 6 groups.™

x> Analysis with Yates correction fac-
tor (NCSS 12, Kaysville, UT) were used
to compute the odds ratio, 95% confi-
dence interval, and P value to determine
whether there were significant differ-
ences between the control and study fe-
tuses for the cardiac measurements
described above. The interobserver
variability for the 4CV length, 4CV
width, 4CV area, and the 4CV global
sphericity index was compared between
2 of the authors (D.G. and G.R.D.) for 27
fetuses using the Bland—Altman 2-tailed
t test. The intraobserver measurements
for the above measurements from the
4CV and the RV and LV areas have been
previously reported (by G.R.D.) and
were not recomputed for the current
study.”* 2%

Results

Control group

The demographics have been previously
described.®”! Briefly, the fetuses
demonstrated a normal estimated
weight for gestational age, determined
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from first or second trimester dating
examinations. The fetuses were studied
between 20 and 40 weeks of gestation.
Fetuses with congenital malformations
were excluded from the study, as well as
fetuses with maternal risk factors that
could alter fetal growth.”"”’

Demographics of fetuses with an
EFW <10™ centile

The maternal ethnicity of the 50 fetuses
with an EFW <10th centile was 82%
white, 6% Hispanic, 4% black, 2%
Asian, and 6% mixed race. The average
maternal age was 28.5 years (SD, 0.71).
Of the patients, 24% smoked, 32% had
other pre-existing health issues, 4% had
hypertensive disorders of pregnancy, 4%
had a TORCH (ie, Toxoplasma gondii,
rubella virus, cytomegalovirus [CMV],
herpes simplex virus) infection, and
none had gestational diabetes. The
average gestational age at the time of the
examination was 32 weeks 4 days (SD, 3
weeks 4 days). The fetal sex was 58%
female and 42% male. None of the 50
study fetuses demonstrated absent or
reverse diastolic flow of the umbilical
artery Doppler waveform.

Interobserver measurements of the
4CV end-diastolic length, width,

and global sphericity index

The 2-tailed ¢ test demonstrated no sig-
nificant differences between the 2 ex-
aminers, as shown by the following
results as represented by the mean and
standard error of the mean: (1) 4CV
length (35.92 £ 0.96 vs 35.17 £ 0.88);
(2) 4CV width (41.19 £ 1.30 vs 41.2 +
1.27); and (3) 4CV global sphericity in-
dex (1.14 £ 0.018 vs 1.17 £ 0.10).

Distribution cardiac measurements
in fetuses with an EFW <10™ centile
Of the fetuses, 50% (n = 25) had a
normal UAPI and CPR, and 50% (n =
25) had an abnormal UAPI and/or CPR.

Group I: All fetuses, irrespective
of the UAPI and CPR (n = 50)

As a group, the following were signifi-
cantly more frequent (P = 0.02 to
0.0001) when compared to controls
(Table 1): 4CV area >90" centile, 40%
(n = 20); 4CV global sphericity index

<10™ centile, 30% (n = 15); 4CV width
>90'" centile, 62% (n = 31); LV area
<10™ centile, 40% (n = 20); RV
area<10™ centile, 22% (n = 11); and the
RV area/LV area ratio >90™ centile, 28%
(n = 14). In all, 86% (n = 43) of the
fetuses had 1 or more of the above
abnormal measurements. Of these 43
fetuses, 86% (n = 37) had 1 or more
types of  abnormal  ventricular
contractility.

Group 2: Normal UAPI and CPR
(n = 25)

As a group, the following were signifi-
cantly more frequently noted (P =
0.003—0.0001) when compared to con-
trols (Table 1): 4CV area >90" centile,
44% (n = 11); 4CV global sphericity
index <10™ centile, 32% (n = 8); and
4CV width >90™ centile, 56% (n = 14)
(Table 1). In all, 80% of the fetuses (n =
20) had 1 or more of the above abnormal
measurements. Of these 20 fetuses, 85%
(n = 17) had 1 or more types of
abnormal ventricular contractility.

Group 3: Any abnormal UAPI and/
or CPR (n = 25)

As a group, the following were signifi-
cantly more frequently found (P =
0.01—0.0001) when compared to con-
trols (Table 1): 4CV area >90'" centile,
36%; 4CV global sphericity index <10
centile, 28%; 4CV width >90™ centile,
68%; LV area < 10" centile, 56%; RV area
<10 centile, 28%; and an RV area/LV
area ratio >90" centile, 36% (Table 1).
In all, 92% (n = 23) had 1 or more of the
above abnormalities. Of these 23 fetuses,
87% (n = 20) had 1 or more types of
abnormal ventricular contractility.

Group 4: Abnormal UAPI with a
normal CPR (n = 11)

As a group, the following were signifi-
cantly more frequently noted (P =
0.01—0.0001) when compared to con-
trols (Table 1): 4CV global sphericity
index <10™ centile, 36%; 4CV width
>90™ centile, 55%; LV area< 10" centile,
82%; RVarea < 10" centile, 36%; and an
RV area/LV area ratio >90™ centile, 36%
(Table 1). In all, 91% (n = 10) had 1 or
more of the above abnormal measure-
ments. Of these 10 fetuses, 80% (n = 8)
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had 1 or more types of abnormal ven-
tricular contractility.

Group 5: Abnormal CPR with a
normal UAPI (n = 11)

As a group, the following were signifi-
cantly more frequently noted (P =
0.01—0.0001) when compared to con-
trols (Table 1): 4CV area >90™ centile
45%; 4CV width >90" centile, 73%; RV
area >90'™ centile, 45%; and RV area/LV
area ratio >90'" centile, 36% (Table 1).
Inall, 91% (n = 10) had 1 or more of the
above abnormal measurements. Of these
10 fetuses, 90% (n = 9) had 1 or more
types of abnormal  ventricular
contractility.

Group 6: Combined abnormal
UAPI and abnormal CPR (n = 3)
As a group the following were signifi-
cantly more frequently seen (P =
0.02—0.008) when compared to controls
(Table 1): 4CV width >90" centile
100%; LV area<10™ centile 100%; and
RV area <10" centile, 66%. In this small
group, 100% had 1 or more of the above
abnormal measurements and 1 or more
types of abnormal  ventricular
contractility.

Comment

Principal findings

Our principal findings were as follows:
(1) Of the fetuses with EFWs <10™
centile and normal UAPI and CPR
measurements, 80% had at least 1 mea-
surement of abnormal size and shape of
the 4CV. (2) Those with an isolated
abnormal UAPI demonstrated the 4CV
to be significantly wider and more
globular, and to have decreased LV and
RV areas. (3) Those with an isolated
abnormal CPR had a significantly higher
incidence of an increased area and width
of the 4CV. In addition, 45% had
enlarged RVs, creating a significant
discrepancy in the RV/ LV area ratio.

A striking finding involved those with
normal UAPI and CPR (Group 2) who
had significantly higher rates of abnor-
malities than controls in the 4CV area,
4CV width, and 4CV global sphericity
index. However, ventricular size and RV/
LV area ratio were not different from
controls. Fetuses with abnormal UAPIs
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TABLE 1

Summary of cardiac measurements in fetuses with an estimated fetal weight below the 10™ centile, stratified by the results of the umbilical artery pulsatility

index and the cerebroplacental ratio

Right ventricular

4CV Global 4CV Global 4CV Global Left Right Left Right area/left ventricular
cardiac area sphericity index  transverse width ventricular area  ventricular area  ventricular area  ventricular area  area ratio
Fetuses <10™ centile >90™ centile <10th centile >90™ centile <10"™ centile <10™ centile >90™ centile >90™ centile >90™ centile
20/50 (40%) 15/50 (30%) 31/50 (62%) 20/50 (40%) 11/50 (22%) 6/50 (12%) 10/50 (20%) 14/50 (28%)
Group 1. All Study Fetuses, OR, 6 OR, 3.6 OR, 14.7 OR, 6 OR, 2.5 OR, 1.2 OR, 2.2 OR, 3.5
Irrespective of the UAPI 95% Cl, 2.8—12.5 95% Cl, 1.8—8.2 95% Cl, 7—30.6  95% Cl, 2.8—12.5 95% Cl, 1.1-5.7 95% Cl, 0.46—3.2 95% Cl, 0.97—5.1 95% Cl, .1.6—7.5
and CPR P < 0.0001° P =0.001? P < 0.0001? P < 0.0001° P < 0.02° P=0.6 P=0.06 P < 0.001%
Fetuses Classified by the
UAPI and CPR
11/25 (44%) 8/25 (32%) 14/25 (56%) 6/25 (24%) 4/25 (16%) 5/25 (20%) 5/25 (20%) 5/25 (20%)
Group 2. Normal UAPI OR,7 OR, 4.2 OR, 11.4 OR, 2.8 OR, 1.7 OR, 2.2 OR, 2.2 OR, 2.2
and CPR 95% Cl, 2.8—17.6 95% Cl, 1.6—11  95% Cl, 4.6—28.5 95% Cl, 1-8 95% Cl, 0.53—5.4 95% Cl, 0.76—6.6 95% Cl, 0.76—6.6 95% Cl, 0.76—6.6
P < 0.0001° P < 0.003% P < 0.0001° P=10.05 P=03 P=0.14 P=0.14 P=0.14
9/25 (36%) 7/25 (28%) 17/25 (68%) 14/25 (56%) 7/25 (28%) 1/25 (4%) 5/25 (20%) 9/25 (36%)
Group 3. Fetuses with any  OR, 5.0 OR, 1.3-9.3 OR, 7.3—49.9 OR, 114 OR, 3.5 OR, 0.38 OR, 2.2 OR, 5.0
Abnormal UAPI and/or CPR  95% Cl, 2—13 P <0.01% P < 0.0001? 95% Cl, 4.6—28.5 95% Cl 1.3—9.4  95% Cl, 0.05—2.9 95% Cl, 0.76—6.6 95% Cl, 2—13
P < 0.001% P < 0.0001° P <0.01% P=0.34 P=0.14 P < 0.001%
3/11 (27%) 4/11 (36%) 6/11 (55%) 9/11 (82%) 4/11 (36%) 0/11 (0%0 0/11 (0%) 4/11 (36%)
Group 4. Abnormal Doppler OR, 3.7 OR, 5.1 OR, 10.8 OR, 40.5 OR, 5.1 OR, 5.1
UAPI >90™ Centile, 95% Cl, 0.8—13.7 95% Cl, 1.4—19.1 95% Cl, 3—38.6  95% Cl, 8.1—200 95% Cl, 1.4—19.1 95% Cl, 1.4—19.1
Normal CPR P=10.08 P<0.01% P < 0.001? P < 0.0001? P < 0.01° P < 0.01°
5/11 (45%) 2/11 (18%) 8/11 (73%) 2/11 (18%) 1/11 (9%) 1/11 (9%) 5/11 (45%) 4/11 (36%)
Group 5. Abnormal OR, 7.5 OR, 2 OR, 24 OR, 2 OR, 0.9 OR, 0.9 OR, 7.5 OR, 5.1
CPR < 10™ Centile, 95% Cl, 2.1—26.8 95% Cl, 0.4—9.9 95% Cl, 5,9—97.8 95% Cl, 0.4—9.9 95% Cl, 0.1—7.4 95%Cl, 0.1—7.4 95% Cl, 2.1—26.8 95% Cl, 1.4—19.1
Normal UAPI P < 0.002* P=04 P < 0.0001° P=04 P=0.92 P=0.92 P < 0.002° P < 0.01°
1/3 (33%) 1/3 (33%) 3/3 (100%) 3/3 (100%) 2/3 (66%) 0/3 (0%) 0/3 (0%) 1/3 (33%)
Group 6. Both Abnormal OR, 4.5 OR, 4.5 OR, 61 OR, 61 OR, 18 OR, 4.5
UAPI and CPR 95% Cl, 0.39—51 95% Cl, 0.39—51 95% Cl, 3—1235 95% Cl, 3—1235 95% Cl, 1.6—207 95% Cl, 0.39—51
P=0.22 P=0.22 P =0.007" P =0.007% P=0.02° P=10.22

Cl, confidence interval; CPR, cerebroplacental ratio; 4CV, 4-chamber view; OR, odds ratio; UAPI, umbilical artery pulsatility index.

@ Data in cells with superscript letter “a” represent significant differences in the number of fetuses with abnormal measurements when compared to the control fetuses.
Hobbins et al. Size and Shape of the Four-Chamber View in Fetuses With an Estimated Fetal Weight <10™ Centile. Am ] Obstet Gynecol 2019.
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and normal CPRs (Group 4), while
having higher rates of an abnormal 4CV
width and 4CV global sphericity index
than controls, had significantly smaller
ventricles. Because the LV area was more
proportionally decreased in size, the RV/
LV area ratio was significantly increased.
Like those in the other groups, fetuses
with abnormal CPRs and normal UAPIs
(group 5) demonstrated abnormalities
of an increased 4CV area and 4CV width,
but the ventricles were affected in a
different way. In 45% (n = 5) of cases,
the RV was enlarged, creating an increase
in RV/LV area ratio for a different reason.
The frequent enlargement of the 4CV
width, noted in all study groups, un-
doubtedly was responsible for the
increased 4CV area, which was observed
in all groups except those with abnormal
UAPIs (groups 4 and 6).

Importantly, a separate companion
study evaluated the same cohort of pa-
tients with EFWs <10™ centile for ab-
normalities of ventricular contractility
using speckle tracking technology.” Fe-
tuses with abnormal measurements of
the 4CVand ventricles in each group had
at least 1 abnormality of ventricular
contractility. Because these dysfunc-
tional changes occurred in fetuses with a
normal UAPI and CPR, abnormalities of
size and shape of the 4CV may warrant
increased scrutiny despite reassuring
Doppler results, especially as these fe-
tuses have been reported to have ven-
tricular dysfunction with postnatal
cardiovascular consequences when other
cardiovascular imaging modalities have
been used.””’

Findings related to other
investigations

The above findings now provide some
basis for understanding how changes in
size and shape of the 4CV, acting as
surrogates for cardiac dysfunction, relate
to other studies assessing fetal Doppler
as an indicator of overall fetal condition
and markers of hypoxia at the tissue level
in the fetal heart. In FGR, impaired
placental perfusion results in varying
degrees of oxygen and nutrient depri-
vation, to which the fetal cardiovascular
system adapts at the organ, tissue, and
subcellular levels of the heart. One

mechanism to maintain cardiac output is
to change the size and shape of the 4CV
and ventricles.**

In 2007, Girsen et al evaluated pat-
terns in Doppler wave forms from the
umbilical artery and the ductus venosus
in fetuses with EFW <10 centile, and
demonstrated a progressive increase in
adverse perinatal outcome in those with
a normal Doppler UAPI (group I), an
abnormal UAPI with a normal DV
(group II), and those with an abnormal
UAPI and abnormal DV (group I0).%° As
the Doppler values became incremen-
tally more abnormal (groups I-III), the
incidence of an abnormal 5-minute
APGAR score increased and umbilical
artery blood gases showed lower PO,
values.”” The peptide, N-terminal pep-
tide of proA-type natriuretic peptide, a
biochemical marker for increased
venous pressure and atrial distension,
was present in all 3 groups, whereas RV
and LV cardiac output, diastolic filling,
and ventricular fractional shortening
were not significantly different from the
control fetuses.” In 2008, Crispi et al
classified fetuses with an EFW <10™
centile and an abnormal UAPI >2 SD
above the mean as follows: Stage I,
presence of end-diastolic flow of the UA;
Stage 2, absence of end-diastolic flow of
the UA; and Stage 3, reverse end-
diastolic flow of the UA. In addition to
computing the RV and LV combined
cardiac output, they examined ventric-
ular function by measuring the
myocardial performance index with
pulsed Doppler echocardiography and
examined both diastolic and systolic
ventricular  function.”” They also
measured biochemical markers that
were associated with abnormal cardiac
function (B-type natriuretic peptide)
and myocardial cell damage (heart fatty
acid—binding protein, C-reactive pro-
tein, and troponin I).*” They found
abnormal amounts of B-type natriuretic
peptide to be present in all 3 stages of an
abnormal Doppler UAPL*’ In addition,
perinatal deaths were not associated only
with abnormal levels of the biochemical
marker of abnormal cardiac function,
but also with the markers linked to
myocardial cell damage.” These 2
studies strongly suggest that fetuses with
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EFW <10th centile can experience
enough hypoxia to release a marker of
ventricular dysfunction before abnormal
changes in umbilical artery waveforms,
markers of cell damage, or even when
some abnormal echocardiographic
changes are present. Also, although
Dopplers of the umbilical arteries do
seem to convey information about in-
cremental fetal deterioration, they are
not sensitive indicators of hypoxia or
early cardiac dysfunction when they are
normal.

From the results of our study, coupled
with an understanding of fetal cardiac
deterioration, we hypothesize that in the
early stages of modest hypoxia (normal
Doppler UAPI), the lateral walls of the
4CV widen, without major changes in
the 4CV length, thus creating a larger,
rounder heart capable of maintaining
stroke volume.® If hypoxia worsens
(abnormal UAPI and/or abnormal
CPR), the ventricular areas become
discrepant in size because the larger RV
is dealing with increased resistance in the
placental circulation,*"** and the pul-
monary arteries.”” The latter change
occurs in concert with brain sparing.**
In the next and last stage of late FGR,
the demand of the fetus exceeds the
ability of the placenta to function prop-
erly because of pathological changes
in the wvilli and other placental
structures.””” " This may result in
decreased end-diastolic flow in the um-
bilical artery Doppler waveform. The
4CV of these fetuses, although being
rounder and wider, generally are of
normal size. Yet the fetuses in this study
had smaller left ventricles. This results in
a mismatch between the size of the 4CV
and the inner measurements of the
ventricular areas that can be explained by
thickening of the myocardium, as has
been previously described.”®

Clinical implications

Managing pregnancies complicated by
fetuses with an EFW<10™ centile has
been challenging. Protocols have used
traditional surveillance such as serial
biometry, fetal heart rate monitoring,
biophysical profiles, and Doppler wave
form analysis.*® Early/severe FGR fetuses
show a fairly consistent pattern of
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deterioration.*””° In contrast, late FGR

fetuses pursue a much less predictable
pathway to morbidity, which may not
appear until months or years after
birth in the form of postnatal
cardiovascular (1ysfu11ction,20‘23‘28’51‘52
abnormal  neurological  develop-
ment,”*>** or the metabolic syn-
drome.”  Fetuses/infants with late
emerging neuro-developmental abnor-
malities may often have a normal UAPL’
Our findings suggest that some cases of
cardiac compromise are not predicted by
commonly used assessment of the UAPI
and the CPR and, therefore, all fetuses
with EFWs <10™ centile might benefit
from sophisticated testing of left and
right ventricular function through
methods such as myocardial perfor-
mance indices,”® tricuspid annular peak
systolic excursions, mitral annular peak
systolic excursions,”” ventricular sphe-
ricity indices,””” or newer methods of
ventricular function using speckle
tracking analysis.”**>**?* 7" However,
these types of evaluations are not
currently available for all patients,
require special expertise, and are
expensive. Cardiac screening of the
size and shape of the 4CV and the size
of the ventricular chambers could
represent a far simpler, intermediate
step, to identify those fetuses most in
need of heightened surveillance before
and after birth. Further studies are
required to better clarify the above
relationships.

The ultrasound screening techniques
described in this study involved the
acquisition of a 2-dimensional digital
clip of the 4CV. From the derived image
at end diastole, the size and shape of the
4CV were assessed by obtaining only 2
measurements: the 4CV width and 4CV
length. Although speckle tracking soft-
ware was used to measure the end-
diastolic LV area and RV area, the ven-
tricular areas can be measured by using
point-to-point tracking software, avail-
able on all current ultrasound ma-
chines.”” Therefore, using common
tools, it is possible to measure lengths
and areas of the 4CV and the area of the
ventricles. The screening described in
this study can be readily performed.

5

Research implications
The question may be posed, “Why are
FGR fetuses predisposed to abnormal
cardiac contractility?” In animal models,
the cardiomyocytes are vulnerable to
hypoxia, which can result in shortening
of the sarcomeres within these cells,
which are important components of
cardiac contractility.”""°> However, when
the myocardium has undergone
remodeling, often another “hit” is
needed to adversely affect contractility of
the myocardium. Epigenetics can play a
role through hypermethylation of DNA,
which exerts an effect on endothelial
dysfunction responsible for hyperten-
sion in children and cardiovascular and
renal disease, metabolic syndrome, and
diabetes in children and adults.””*>%*
There is some evidence that if cardiac
remodeling is identified early, there is a
possible opportunity to ameliorate or
even to reverse the process. Based on the
epigenetic “2 strike” concept, initial
remodeling may represent the first “hit,”
with the heart waiting for the second
“hit” to occur sometime later in life.
Armed with this information, parents
can avoid the second strike after birth for
their children through breastfeeding,”
special diets"*® (especially those with a
beneficial balance of polyunsaturated/
saturated fats),” exercise,’” and avoid-
ance of smoking. Also, preventive ac-
tions with vitamins such as folic acid®®
and/ or supplementation with alpha
omega fatty acids’”®” could be initiated.

Strengths and limitations

Two elements of the study design require
further clarification. First, there is a lack
of uniformity regarding which Doppler
thresholds to use in the clinical man-
agement of fetuses with an EFW <10™
centile."' We have chosen a more inclu-
sive cutoff of the 90™ and 10" centiles,
which would identify more fetuses with
an abnormal UAPI and/or CPR. If we
had selected the 5" and 95 centiles as
our thresholds, 10 fewer cases would
have been labeled as being abnormal, 7
of which had at least 1 abnormality of
cardiac size and shape. Second, we elec-
ted to first identify the number of fetuses
with abnormal cardiac measurements

using the thresholds of the 10™ and 90™
centiles (Z-score equivalents <1.28 or
>1.28). Following the computation of
the cardiac results, the number of fetuses
who had cardiac measurements that fell
outside this range were computed for
analysis of the odds ratio, corresponding
confidence intervals, and P values. The
reason for approaching the analysis in
this manner, instead of just comparing
Z-score values between the control and
study fetuses, was to determine how
many study fetuses actually had
abnormal cardiac measurements, as
defined in our study protocol. In doing
so, we believed that this approach had
more clinical relevance.”’

Our study deals mostly with preg-
nancies complicated by late-onset
growth disturbance, with 50% of fe-
tuses having a normal UAPI and CPR.
None of our patients with UAPIs >90™
centile had absent or reversed diastolic
flow in umbilical artery. A larger sample
of fetuses <10™ centile with more severe
Doppler profiles might yield different
results. Yet, we believe that the study’s
strength is that the fetuses with an EFW
<10™ centile are representative of the
more common “real-world” scenario in
which they often do not have obvious
signs of Doppler deterioration resulting
in absent or reversed flow of the umbil-
ical artery.””*

This cross-sectional study did not
track sequential changes occurring in the
area of the 4CV and ventricles. Longi-
tudinal studies with an expanded data-
base are in progress to determine
whether fetuses with an EFW <10™
centile demonstrate evolving changes in
the size and shape of the 4CV and
changes in the RV area and LV area as the
UAPI and/or CPR become abnormal.

A limitation of the current study is
that we have not correlated our findings
with neonatal cardiology and neurolog-
ical outcomes. However, as studies of the
neonatal heart, brain, and cognitive
abilities are presently in progress at the
University of Colorado in this cohort of
fetuses, these correlations will be the
focus of further reports from this group
in an expanded cohort of fetuses with an
EFW <10" centile.
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In conclusion, the current study
demonstrates that, regardless of normal
measurements of the UAPI and CPR,
86% of fetuses with an EFW <10™
centile had 1 or more abnormal mea-
surements of the size and/or shape of the
4CV and ventricles. When the UAPI and
CPR were abnormal, concomitant ab-
normalities of the ventricular area were
present for the LV (28%, <10™ centile)
and RV (58%, >90"" centile). u
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