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Fetal Weight Estimation from Lengths
and Volumes Found by Three-
dimensional Ultrasonic Measurements

James F. Brinkley, MD, W. Desmocnd McCalium, MD, Saundra K. Muramatsu,
Donna Yee Liu

A custom-built computer system combined with a commercial real-time ul-
trasonic scanner was used to predict fetal weight. A special three-dimensional
(3D) locating system provided 3D coordinates of fetal surface points imaged
on multiple ultrasound scans. The 3D coordinates were used to develop
length and volume variables that are not available with commercial instru-
ments. Multiple regressions were used to compare these lengths and vol-
umes with more conventional diameters and circumferences for their ability
to predict fetal weight. Measurements were made on 41 live fetuses within
48 hours prior to delivery (weight range 1,985-4,734 g, mean weight 3,421
g). Combinations of 19 measured variables were analyzed against birth
weight and the natural log of birth weight. The correlation between log birth
weight and combinations including lengths from 3D measurements was R =
.93, SE = 73 g/kg. When volumes from 3D measurements {which are much
more difficult to obtain) were added, the correlation was R = .94, SE = 69
g/kg. These results suggest that lengths from 3D measurements have the
potential to improve fetal weight prediction by 25--30 per cent over current
methods, which have an approximate error of 100 g/kg. The relative lack of
improvement with volumes from 31 measurements is probably the result of
technical problems which may be overcome with further research. {Key
words: fetal weight, three-dimensional ultrasound, computers, computer
graphics)

Knowledge of fetal weight is important in the
management of premature labor, the growth-re-
tarded fetus (IUGR), and breech presentation if
vaginal delivery is contemplated. The clinical
utility of accurate weights has prompted several au-
thors to examine the potential of ultrasonic
methods of weight prediction.’ 7 These methods
estimate weight by using regression analysis to cor-
relate a few one- or two-dimensional fetal mea-
surements with birth weight. The accuracy of most
of these methods is on the order of 100 g/kg (1 SE),
which is not accurate enough to allow monitoring
of weekly growth rates for a fetus with suspected
IUGR.

In a previous publication® we demonstrated a
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small but statistically significant improvement in
weight prediction when a longitudinal variable was
added to head and trunk diameters. The longitu-
dinal variable, acquired from a static B-scan, had a
relatively high repeatability error. We also ana-
lyzed a volume formula based on the sum of a series
of parallel scans. This formula gave poorer predict-
ability than simpler measurements, partly because
of a higher repeatability error and partly because
of an inadeguate mathematical volume model.
Therefore, improvement in fetal weight estimation
should come as more repeatable methods are found
to measure length and volwne, and as more accu-
rate three-dimensional volume models are devel-
oped. _

Recently® we demonstrated on a series of 26 dead
neonates that volume, measured by displacement,
correlates closely with measured weight (r = .99).
This tlose relationship implies that precise volume
measurements will eventually lead to highly accu-
rate weight estimates. A method was described for
obtaining three-dimensional (3D) positions of fetal
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surface points in terms of a fixed external reference
coordinate system.® 19 The technique utilizes a spe-
cial position-locating system which allows points ac-
quired from different individual scans to be related
in three dimensions.!! Length and volume vari-
ables calculated from these 3D “points” are not obh-
tainable from most commercial real-time instru-
ments because the entire fetus does not always fit
on a single ultrasound scan. These variables are
referred to as “3D lengths” and “3D volumes”
throughout the remainder of this paper.

In vitro tests on the dead neonates showed that
3D head and trunk volumes correlated closely with
weight (r = .98). The primary advantage of 3D
volumes is that they reflect the underlying shape
of the object being imaged. Therefore, they ecan
give more accurate volumes for irregular shapes.
However, these volumes, in the current state of
development, are cumbersome to obtain. Length
measurements acquired with the locator are more
practically available. The present paper has two
purposes: to assess the utility of the easily acquired
3D length measurements in the in utero prediction
of fetal weight, and to assess the utility of the more
complicated but theoretically more accurate 3D
volumes in the prediction of fetal weight.

METHODS
Patient Population

A population of 41 women were scanned within
48 hours of delivery. Thirty-three of the women
were admitted for elective cesarean section; the
other eight were in early labor during the scans.
Two complete ulirasound examinations, obtained
within a half-hour interval, were performed on 36
of the patients, The other five, who were in early
labor, had only one scan each.

MICROPHONE
COORDINATE
SYSTEM

Figure 1. Locations of points in three
dimensions. A point (such as the Base
of the head) was indicated in the dis-
play coordinate system with a light
pen, then converted to three-dimen-
sional microphone coordinates by
means of three spark gaps mounted on
the scan head. A second point, such
as the Aump end of the spine, could
be determined in the same way. The
three-dimensional distance between
these two points formed a length {(vari-
able TLBR) that couid be acquired
without requiring complete trunk visu-
alization on a single scan.

Lengths from Three-dimensional Measurements

Figure 1 is a schematic diagram of the way poinis
taken from separate ultrasound scans were related
to each other in order to form the 3D length and
volume variables. The position-locating system
consisted of a set of three fixed hemispherical mi-
crophones arranged at right angles to each other as
a three-dimensional microphone coordinate
system. The microphones were mounted directly
over the maternal abdomen. A flat plexiglas plate
containing three small spark gaps was fixed in a
known way to a Toshiba 3.5-MHz linear-array scan
head. The position and orientation of the scan plane
with respect to the microphone coordinate system
was established by firing each spark gap in turn.
The transit time of the acoustic shock wave pro-
duced by each spark was measured between the
spark gap and each of the microphones. These
transit times were converted to distance from the
known speed of sound in air; the distances were
used to calculate the three-dimensional coordinates
of each spark gap with respect to the microphone
coordinate system. Since three points are required
to define a plane, the coordinates of the three spark
gaps were enough to completely specify the posi-
tion and orientation of the ultrasound scan plane in
space,

A point on the fetus (such as the Base of the head)
was indicated with a light pen on the two-dimen-
sional ulirasonic display (in the same manner as the
cursor on commercial real-time scanners is used to
indicate points). The outputs of the light pen were
the two-dimensional XY display coordinates of the
mdicated point. These coordinates were converted
to three-dimensional XYZ microphone coordinates
by means of the spark gap locations and the known
relationship between the spark gaps and the scan
plane.
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Once points on the fetus were described as
three-dimensional XYZ coordinates it was possible
to relate points to each other, even if they were
obtained from separate two-dimensional scans. For
example, after the location of the Base of the head
had been determined, the ultrasound transducer
could be moved to the fetal rump and the Rump
end of the fetal spine located, also with respect to
the fixed microphones. The distance between these
points could be calculated from the formula for the
distance between two points in three dimensions,
producing a long axis measurement without re-
quiring complete fetal trunk visualization on any
one scan.

Volumes from Three-dimensional Measurements

When a series of points was indicated with the
light pen, as for example around the borders of a
trunk cross section (fig 2), the resulting XYZ coor-
dinates of these points formed a “slice” through the
fetus which could be related to slices found from
other arbitrarily oriented ultrasound scans. The
combination of a large number of such slices
through the fetal head and trunk formed a recon-
struction of the fetal head and trunk geometry.
Three-dimensional head and trunk volumes were
found from this reconstruction by linear interpo-
lation.® Figure 3A is a computer plot of the head
and trunk reconstruction for a live term fetus.
Figure 3B shows results of the interpolation pro-
cess used to find three-dimensional head and trunk
volumes.

Ultrasonically Measured Variables

On each patient, 19 ultrasonic variables were
measured, including the 3D lengths and volumes.
For the patients with paired observations the mean
value for the two observations was used, and a re-
peatability measure was calculated as the absolute

Figure 2. Abdominal cross section, Left, before being out-
lined with a light pen. Right, after being outlined. Partial
outlines were allowed. The three-dimensional microphone
coordinates of the outlined scan formed a “slice” through
the fetus. A large number of such slices acquired throughout
the head and trunk formed the three-dimensional recon-
struction.

A B

Figure 3. Computer-generated reconstruction of the head
and trunk of a live term fetus in utero. A, original ultrasound
slices. Each contour in the computer plot is a single light
pen outling (as in fig. 2) displayed in its three-dimensional
relationship to all the other slices. B, longitudinal and cross-
sectional interpolated scans, Volume was found from these
scans.

difference of the two observations divided by the
mean. Overall repeatability for each of the 19 vari-
ables was estimated from the mean of the indi-
vidual repeatability measures. Fetal weight was
measured at birth.

The left portion of table 1 summarizes the ultra-
sonically measured variables. The variables are
named to reflect their origins: the entire Body, the
Head alone, or the Trunk alone. The type of mea-
surement is also indicated: a longitudinal Length,
a transverse Diameter, a CIRcumference, or a
Volume. The 3D head and trunk volumes are called
HV3D and TV3D in this table. Although several of
the variables could have been measured by con-
ventional calipers (for example, the BPD), others
could not, since it was impossible to include the
entire area on a single scan with our real-time
scanner. Those variables that would always require
a position locator are indicated in the table.

All the independent variables (except the 3D vol-
umes) were derived from the three-dimensional lo-
cation of 12 fetal landmarks (fig. 4). Each landmark
was located in 3D by means of the position-locating
system. Various lengths and diameters were de-
rived from the distances between these points in
the manner indicated in figure 1. These lengths and
diameters were then manipulated to create the in-
dependent variables shown in table 1.

Crown-rump length {variable BL.CR in table 1)
is the linear distance between the crown and rump,
rather than a curvilinear distance along the spine.

Head Circumference (variable HCIR in table 1)
was derived from the biparietal and fronto-occipital
diameters by assuming an elliptical cross section.
Trunk Circumference (TCIR) was similarly derived
from two transverse trunk diameters.

A Head Volume FORmula (HVFOR) was derived
from the product of the two transverse head di-




166 BRINKLEY ET AL—JOURNAL OF ULTRASOUND iN MEDICINE

Tahle 1. Relative Repeatabilities of Independent Variables

Independent Repeatability
Variabtes Site Description {Per Cent)
BLGR* Body  Length from Grown of head 5.8
o Rump end of spine

BLMR* Body Length from Midline echo to 5.5
Rump end of spine

BSHE Body  After SHEpard: HDST x 6.4
TCIR

HCIR Head ClRcumference of ctoss 3.2
section in plane of BPD

HCGIR2 Head  CIRcumference squared 6.4

HDSY Head  Diameter, biparietal (BPD) 35

HDUV Head  Diameter, fronto-occipital 4.8

HLCM Head  Length from Crown to 18.0
Midiine echo

HLCB Head  Length from Crown to Base 8.3

HLMB Head Length from Midline echo to 16.6
Base

HVFGR Head Volume FORmula: HLCB x 1.5
HDST x HDUV

HV3D* Head  Volume by 3D reconstruction 9.5

TCIR Trunk  CiRcurnference of cross 4.4
section at umbilical vein

TCIR2 Trunk  CIReumference squared 8.8

TDWX Trunk  Diameter, fransverse 6.4

TDYZ Trunk  Diameter, anteroposterior 6.2

TLBR* Trunk  Length from Base of head to 6.5

Rump end of spine

TVEOR*  7runk  Volume FORmula: TDBR X 10.9
TOWX x TOYZ
TV3D~ Trank  Volume by 30 reconstruction 8.9

* Requires 3D focator.

ameters and a head longitudinal length, A Trunk
Volume FORmula (TVFOR) was similaly derived
from the product of the two transverse trunk di-
ameters and a trunk longitudinal length. These
products are called volumes because they are re-
lated to volume formulas for cylinders and ellip-
soids.

RUMP END GF SPINE BASE OF HEAD

TRUNK CROSS-SECTION

MIDLINE ECHO

U] HEAD CROSS-SECTION

Regressions

Multiple linear regressions were performed to
determine which combination of independent vari-
ables was the best predictor of birth weight or nat-
ural log of birth weight. The regressions included
hoth the standard method, in which the user se-
lects the combination of variables to be included,
and stepwise regression, in which the computer
automatically selects the best combination.'* In the
stepwise procedure the dependent variable and a
group of potential independent variables are given
as input to the computer. At each stage that vari-
able is chosen which can do the most to explain the
variance in the dependent variable, after taking
into account already included variables. A variable
is only added if it explains a statistically significant
amount of the remaining variance. Multiple runs of
the stepwise procedure were performed with dif-
ferent groups of independent variables as input.
These multiple runs were done in order to deter-
mine the best combination of variables not re-
quiring a locator (standard variables), the best com-
bination including 3D length variables, and the
best combination including 3D length and 3D
volume variables. The program STATPACK! was
used for this analysis.

RESTULTS

The population of 41 infants was normally dis-
tributed, with mean weight 3,421 g, standard de-
viation (SD) 607 g, and range 1,985 to 4,734 g. Two
infants weighed less than 2,500 g, 19 weighed
9,500-3,500 g, and 20 weighed more than 3,500 g.

The right column of table 1 shows the repeat-
ability for each of the 19 independent variables.

_- CROWN OF HEAD

Figure 4. Fetal land-
marks. Distances be-
tween the three-dimen-
sional locations of these
landmarks were used to
create all the indepen-
dent variables except
the three-dimensional
head and trunk voi-
umaes.
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Table 2 shows the results of multiple regressions
on the data from the 41 fetuses.

Regression equations for the two best formulas
(regressions 1 and 2 in table 2} are:

Regression 1:
Ln{weight) =0.000364(HVFOR)
+ 0.000195(TVFOR)
+ 0.000222(TV3D) + 7.183

R = 0.941, SE = 69 g/kg

Regression 2;
Lo(weight) = 0.000429(HVFOR)
+ 0.000283(TVFOR)
+ 7.150
R = 0.932, SE = 73 gkg

DISCUSSION

One of the problems with comparing different
weight prediction methods is that the distribution
of weights in the population greatly influences the
results, If a new formula is statistically produced
from a given population then all formulas against
which it is being compared should also be statisti-
cally produced from the same population. Other-
wise the new formula will be optimized to the cur-
rent data while the previous formula will not. If
both are optimized to the same data then any dif-
ferences will be due to the underlying model and
method of acquiring measurements.

The fact that only two infants in our population
weighed less than 2,500 g means that our formulas
are valid only for infants weighing more than 2,500
g. The fairly large constant terms of 7.18 and 7.15
in the best two regressions demonstrate that these
formulas are not valid for small fetuses. Thus, com-
parisons of the relative predictabilities of different
models tested in our population are valid only for
larger fetuses,

However, our results are similar to those previ-
ously found when the same models were used.
Thus, we expect that results from new methods
found in our small population will exirapolate to
larger populations.

For example, regression 6 employs the model
reported by Campbell and Wilkin.! Their reported
prediction error for a population of 140 fetuses was
91 g/kg, compared with our error of 106 g/kg.

Regression 5 employs the model reported by
Shepard and associates (BPD, abdominal circum-
ference, and BPD times abdominal circumfer-
ence).® Their reported error for a population of 73
fetuses was 106 g/kg, compared with our error of
102 g/kg.

The Utility of Lengths from Three-
dimensional Measurements

Regression 2 is the computer-chosen best com-
bination of variables that includes a 3D length
{trunk length) but no 3D volumes. Regression 5 is
one of the currently accepted standard models.?

Tahle 2. Regressions, n = 41, Mean Weight =
3,421 Grams

Dependent Variables
Ln (weight)

Weight (g) {o/ka)
Independent Variables Regrassion R SE R SE
1. HVFOR TVFOR* TV3D* Stepwiset 949 199  .941 69
2. HVFOR TVFOR* Stepwiset 934 223 932 73
3. HV3D* TVaD* 30D volumes 904 266 .892 91
4, TCIR HVFOR Stepwise§ 881 295 .886 94
5. HDST TCIR BSHE Shepard et al.b 868 313 811 101
6. TCIR TCIR2 Campbell and 844 334 853 106

Wilkin®

* Requires 30 locator.

+ Computer-chosen best combination from ameng all possible indepen-
dent variables.

1 Computer-chosen best combination from among variables inciuding 3D
lengths but not 30 volumes.

§ Computer-chosen best combination of variables not requiring a 3D
locator.

The addition of longitudinal variables imiproves the
standard error (the most important single measure
of predictability) by 28 g/kg, or 28 per cent. When
compared with the computer-chosen best combi-
nation not requiring a position locator {regression
4) the improvement is 21 g/kg, or 22 per cent.
These results are in accord with those of other au-
thors, who report increased predictability when
longitudinal variables are included.®15

The variables in regression 2 could easily be ob-
tained either by using a locator to acquire the 3D
positions of various landmarks on the fetus or by
making the measurements directly using a scanner
with a very wide field of view. It seems reasonable
that if simple limb length measurements were also
inchuded further imiprovements in weight predic-
tion could be expected.

The Utility of Volume from Three-
dimensional Measurements

The regression results show that although head
and trunk 3D volumes (regression 3) are somewhat
more accurate weight predictors than most
methods reported in the literature, they are not
the most accurate of the weight prediction models
we examined. As in our previous study,® combi-
nations of simply measured variables did as well as
or better than 3D head and trunk volumes. Only
when 3D trunk volumes were added to the head
and trunk volume formulas was there a small (but
statistically significant, P < 0,05) improvement
(regression 1 versus regression 2).

These resulls again show that statistically opti-
mized formulas, based on one- or two-dimensional
measurements, do about as well as our best method
for computing volume. Since the method for
finding 3D volumme is cumbersome (about 90 min-
utes for the head and trunk®) the volume methods
are not vet ready for practical use. However, the
close empirical relationship between volume and
weight® implies that better methods for finding
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volume will eventually lead to more accurate esti-
mates of weight. :

" The current volume method shows definite im-
provement over that reported previously (sum of a
set of parallel scans).? For the earlier method even
a single circumference measurement gave better
results. The current method works when non-par-
allel, incomplete scans are used, thus allowing
much better definition of the fetal endpoints. Also,
the real-time scanner makes the patient examina-
tion time much shorter, thus reducing the effects
of movement.

Nevertheless, the 3D volume method employed
in this study has many technical limitations which
prevent it from accurately measuring true fetal
volume. These limitations include the continuing
effects of fetal movement, the absence of fetal limb
measurements, and the continuing difficulty in de-
fining the endpoints of the fetal trunk.

The data acquisition system employed in this
study was designed to minimize the effects of
movement by allowing all the scans to be recorded
on videotape before being outlined with the light
pen.!® The time required to obtain the scans for a
reconstruction of the head and trunk was about 1-
2 minutes. Although the fetus often has 1-2 minute
periods of immobility, there are still small move-
ments which contribute to errors. The effects of
movement could be greatly reduced with the ad-
vent of a three-dimensional real-time scanning de-
vice.

One of the reasons limbs were not included is
that limbs move more than the head and trunk. In
addition, the time required to outline scans for
complete limb reconstructions was too great even
for research use. Future studies might approximate
limb volume with geometric models. However,
these models are not likely to be better than the
statistical techniques unless they are accurate re-
flections of imb geometry.

The inability to completely define the fetal end-
points is due to the fact that a term fetus is naturally
curled up, making it difficult to obtain clear images
of the neck and rump regions. Given the physical
Lmitations of ultrasound, there will always be por-
tions of the fetus that are not easily visualized.
Since the computer currently does not have any
knowledge of fetal shape it is unable to make rea-
sonable guesses in the absence of data. In the fu-
ture it may be possible to teach the computer the
expected shape of the fetus, then to have the com-
puter utilize this knowledge to fill in areas of
missing data.!f

CONCLUSION

The results of this study suggest that, given the
availability of a 3D locator or a scanner with a wide

field of view, easily acquired longitudinal trunk
measurements may improve fetal weight prediction
by about 20-30 per cent. Because of the small
sample size this potential will have to be tested on
much larger populations. The study has also dem-
onstrated the application of 3D volume models,
which, though not yet ready for practical use, rep-
resent a further step in the direction of accurate
3D fetal reconstructions for precise monitoring of
growth.
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