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Abstract
Purpose—To assess what image plane is most reproducible for performance of brain volumetry
measurements, and to determine inter- and intra-observer variability in determining fetal brain
volume in fetuses referred for ventriculomegaly (VM).

Materials and Methods—In this IRB-approved, HIPAA compliant prospective study, 50
consecutive fetuses 17 to 37 weeks gestational age (GA) referred for magnetic resonance (MR)
imaging for VM underwent fast spin-echo T2-weighted imaging. Supratentorial brain parenchyma,
lateral ventricles, extra-axial and cerebellar volumetric measurements were manually obtained in 3
planes by two radiologists. Inter- and intra-observer variability were assessed. The relationship
between volumes and GA, lateral ventricular diameter, and preliminary neonatal outcomes were
compared and results were stratified by prenatal and postnatal diagnosis (normal, isolated VM, VM
with other central nervous system findings).

Results—Volumes increased with GA. The presence of VM correlated with increased lateral
ventricle diameter. The effect of image plane was negligible. Inter- and intra-observer variability
were low. In all cases, parenchymal volume was significantly different between the normal study
group and those with VM. Ventricular volumes were significantly different in neonatal outcomes of
isolated VM of 10-15 mm compared to the group with VM with other central nervous system findings
(P = .002).

Conclusion—Supratentorial parenchyma and lateral ventricular volumes can be reliably measured
on fetal MR and imaging plane was not an important factor in measurement. Further studies are
needed to correlate these indices with long-term postnatal outcomes.
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Introduction
Mild fetal ventriculomegaly (VM) is defined as a transverse atrial measurement of 10-15 mm
[1] and is associated with other anomalies, both neuronal and somatic, in 70-85% of cases
[2-10]. Multiple studies have shown that the anomalies that occur in conjunction with, or are
the source of, enlarged ventricles (rather than the degree of dilatation) account for most of the
morbidity and mortality associated with VM [1-10]. Therefore, the sonographic finding of fetal
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VM prompts a careful search for other anomalies, both inside and outside the central nervous
system (CNS). However, the false negative rates for the detection of associated anomalies in
experienced prenatal diagnostic centers is approximately 10-25% [1,11]. In some of these cases
the missed anomalies (e.g., migrational disorders of the gray matter) were too subtle to be
detected with ultrasound prior to birth. In others, the anomaly was potentially diagnosable but
technically difficult [12]. Fetal MR has greatly improved our ability to counsel patients with
prenatal diagnosis of VM, since it can show abnormalities that are not diagnosed
sonographically [13-18].

Follow-up of cognitive and motor development in cases of sonographically diagnosed fetal
VM has been reported in a limited fashion [4,7,19-21]. However, it is difficult to generalize
these preliminary results due to small sample sizes, inclusion of various anomalies associated
with mild VM, differences in evaluation techniques, and short terms of follow-up. In studies
limited to follow-up of sonographically isolated mild VM, developmental delays were reported
in 0-36% of cases [1,6,22,23]. This wide range of outcomes can be explained at least in part
by differing methods of evaluation of development. The degree of ventriculomegaly is
correlated to outcome, with fetuses with ventricular width less than 12 mm having better
outcome [21,24].

As part of an ongoing study to assess outcomes in fetuses with VM, we hypothesized that the
use of qualitative and quantitative MRI indices will improve the diagnostic utility of MR to
predict outcomes compared to a reliance on sonographic data alone. Specifically, in fetuses
with VM, higher ventricular volume and lower cortical volume (with respect to gestational
age, GA) will each correlate negatively with normal cognitive and motor development.

However, in order to test this hypothesis, we must first validate the method of performing fetal
brain volumetry. This study was performed to assess what image plane is most reproducible
for performance of brain volumetry measurements, and to determine inter- and intra-observer
variability in determining fetal brain volumes in fetuses referred for VM.

Materials and Methods
Patients

50 fetuses from 50 consecutive pregnant patients referred for MR due to sonographically
diagnosed VM were studied between 7/1/2003 and 10/18/2004 as part of an IRB approved,
HIPAA compliant NIH funded study at ≪name of institution withheld≫. Patient data
included age by dates in weeks (based on either the last menstrual period (LMP) or the estimated
due date if the patient had been re-dated in a first trimester sonogram) and referral diagnosis.

Imaging
Ultrasound—All fetuses had a sonogram performed at our institution on the day of the MR.
Sonograms were performed with an ATL 5000 (ATL, Bothell, WA) unit with 2.5–5.0-MHz
transducers by a radiologist with experience in high-risk obstetric ultrasound (initials withheld
for review, 12 years of experience). When the fetus was in cephalic position, a transvaginal
scan was also performed to better assess intracranial anatomy.

Sonographic data obtained included biometric measurements in weeks (biparietal diameter
(BPD), head circumference (HC), and average ultrasound age (calculated from the average of
BPD, HC, abdominal circumference and femur length using Hadlock [25]), and lateral
ventricular diameter (measured on a transverse image at the atrium). When VM was
asymmetric, the larger ventricular diameter was used for data analysis. Sonographic diagnosis
of VM (defined as a lateral ventricle measurement ≥ 10 mm), and other CNS anomalies were
recorded.

Kazan-Tannus et al. Page 2

AJR Am J Roentgenol. Author manuscript; available in PMC 2007 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MR protocol—MR examinations were performed on a 1.5-T superconducting system (Signa,
General Electric Medical Systems, Milwaukee, WI) using an 8-element phased array surface
coil with a radiologist monitoring the study as it was being performed. A 3-plane scout view
was obtained and used to orient the first diagnostic imaging sequence. Single shot fast spin
echo imaging was performed in the fetal sagittal, coronal, and axial planes using the following
parameters: TR/TE = single shot/60; field of view from 30 × 30 cm up to 34 × 34 cm; matrix
of 256 × 256 or 512 × 512; 4-5 mm slice thickness, sequence acquisition time of 29-45 seconds.
The number of slices in each sequence depended upon fetal size and orientation of image plane
to cover the region of interest. Each sequence was utilized as the scout for subsequent
sequences. Sequences were repeated as needed to demonstrate pertinent anatomy, but since
these studies were performed to assess CNS anatomy, and not necessarily to perform
volumetry, sequences were not repeated if only a few slices were affected by motion. T1
weighted sequences were obtained for diagnostic purposes, but were not used for the volumetry
portion of this study.

MR diagnosis—MR images were reviewed by a radiologist experienced in fetal MR (initials
withheld for review, 11 years experience), and measurement of the size of the lateral ventricle
(in mm) at the level of the atrium and at the frontal horns obtained using electronic calipers
was recorded. MR diagnosis of VM (lateral ventricle measurement ≥ 10 mm), and other CNS
anomalies were recorded.

Cases with discrepant diagnoses—Discrepant cases were categorized as follows:
• When a referred VM case appeared normal upon sonography and MR, the case was

categorized as normal.
• When either sonography or MR showed an anomaly in addition to VM, the case was

categorized as having VM plus an additional CNS finding.
• When the sonographic and MR impression of VM were discordant in cases where the

lateral ventricle measured close to 10 mm and no other CNS anomalies were
visualized, the sonographic impression (the current standard for measurement of the
ventricular atrial diameter) was used for categorization of the fetus (i.e., normal or
VM).

Volume calculation
MR images were transferred to an Advantage Windows workstation (ADW 3.0 GE Medical
Systems, Milwaukee, WI) and volumes were assessed using Advantage Windows Volume
Analysis software (Voxtool 3.1® GE Medical Systems, Milwaukee, WI).

Radiologist A (initials withheld for review, with 3 years experience in fetal MR), selected the
best sagittal, coronal and axial sequences for volumetric analysis. If a sequence subjectively
showed motion that would interfere with accurate tracing, or if the entire brain was not included
in a sequence then that sequence was not utilized for data analysis. If a particular image plane
was obtained more than once during an examination, then the sequence with less motion was
chosen for review. A total of 135 sequences in 50 fetuses were evaluated (46 axial, 44 coronal,
45 sagittal). 40 used 3 slice orientations, 6 used 2 slice orientations, and 4 used 1 slice
orientation. No fetuses were excluded from review due to motion on all sequences.

Segmentation was performed using hand tracing of a free-form region-of-interest (ROI) on
individual consecutive slices in the axial, sagittal and coronal (figure 1) planes around the outer
aspect of supratentorial cortex, lateral ventricles and cerebellum. In addition, the extra-axial
cerebrospinal fluid (CSF) was traced in the axial plane (figure 2). The area of each ROI obtained
per image was automatically calculated (based on the cross-sectional area and slice thickness)
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and summed to determine the total ROI volume. Lateral ventricular volume included the
choroid plexus. Supratentorial parenchymal volumes were obtained by subtracting the volume
of the lateral ventricles from the volume of the supratentorial cortex tracing. In two images
from the same 17week gestational age fetus, the two measures were small and close together
(16-17 cc) and the difference was negative; these points were not used in analysis.

Radiologist A performed volumetry on all 50 fetuses at two separate intervals, 6 months apart,
to minimize recall bias. The second set of volumetric analyses was performed blinded to the
volumes obtained during the first analysis. A second radiologist, Radiologist B (initials
withheld for review, with 1 year experience in fetal MR) performed volumetric analysis a single
time on the same sequences as Radiologist A.

The total amount of time to manually trace the regions of interest was calculated for Radiologist
A. This time included up to 3 image planes, cerebellar, and extra-axial space measurements.
In order to obtain an estimate of time needed to perform volumetry in a single plane, this overall
number was divided by the number of imaging planes used for the volumetry.

Neonatal outcome analysis
Neonatal outcomes were obtained from chart review (N= 38), imaging (N=24), and survey
data (N=13), with 9 being in more than one category. If a patient dropped out of the study prior
to postnatal imaging being performed, the mother was mailed a survey asking whether she felt
her infant was normal or if there was another reason for leaving the study. Postnatal outcomes
for 5 fetuses, all in the prenatal isolated VM group, were not obtained due to termination of
pregnancy or loss to follow-up. One fetus with holoprosencephaly was excluded from
outcomes analysis.

The relationship between prenatal diagnosis, neonatal outcomes, and volumes were compared
overall using two different definitions of isolated mild VM. The first comparison defined a
diagnosis of isolated mild VM as 10-12 mm and included the following groups:

• Normal at the time of the prenatal MRI;
• Mild VM only (10-12 mm) at the time of the prenatal MRI and neonatal outcome

either normal or isolated mild VM ≤12 mm only;
• Mild VM only (10-12 mm) at the time of the prenatal MRI and abnormal outcome

(other CNS abnormality found at birth, postnatal VM >12 mm, or death).

The alternative scenario defined a diagnosis of isolated mild VM as 10 -15mm and included
these groups:

• Normal at the time of the prenatal MRI;
• Mild VM only (10-15 mm) at the time of the prenatal MRI and neonatal outcome

either normal or isolated mild VM ≤ 15 mm;
• Any other VM diagnosis at the time of the prenatal MRI and/or abnormal outcome

(other CNS abnormality at birth, postnatal VM > 15 mm, or death).

Any fetus with prenatal diagnosis of isolated mild VM who lacked outcome data was
categorized as having a postnatal outcome of normal/mild VM to address potential bias related
to a differential lack of follow-up across study groups.

Statistical analysis
Each volume measurement (supratentorial parenchyma, ventricles, cerebellum, and extra-axial
CSF) was analyzed separately, as was the ratio of ventricular to supratentorial parenchymal
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volume. We used a comprehensive mixed-effects regression model to assess simultaneously
the influences of GA, plane of observation, random variability among subjects, and random
variability between and within raters. Fetal GA was represented in four alternate ways: by
dates, ultrasound biometry; BPD alone, and HC alone. The regression model also included
terms for interaction of plane with rater, testing whether rater agreement was better in one plane
of observation than another; and interaction of plane with fetal size, testing whether the
relationship of volume with respect to GA or brain size was the same as observed from all
directions.

To compare volume among subgroups according to prenatal diagnosis and neonatal outcome,
we added these groupings to the regression model.

The volume measurements were log-transformed for analysis. Consequently the regression
contrasts and variance components are expressed as percentages; e.g., the patient-to-patient
standard deviation of log10 parenchymal volume was 0.139, which we report as a relative
standard deviation of 100%×(100.139−1) = 38%. Gestational age was entered linearly in the
model, and accordingly the relationship of volume with respect to GA is expressed as
percentage per wk; e.g., the regression coefficient for log10 parenchymal volume was 0.0646/
wk, which we report as 100 %×( 100.0646−1) = 16.0%/wk. Head size was log-transformed for
entry into the regression model, making the rate increase of volume with respect to head size
the exponent of a power-law relationship; e.g., the regression coefficient for log10 parenchymal
volume was 2.7 per log10 BPD, which we report as volume being proportional to the 2.7 power
of BPD. For comparison among outcome groups of the ratio of ventricular to parenchymal
volume, we log-transformed the ratio, i.e., analyzed the difference in log volumes.

As a general index of reliability for each volume measurement, including all sources of random
variance, we calculated the intraclass correlation coefficient (ICC) as: (Subject variance) ÷
(Subject + Inter-rater + Intra-rater + Residual variance). To assess the correlation of ventricular
volume with MR measurements of ventricular size and parenchymal thickness, we used the
Spearman correlation coefficient, adjusted for GA, because of its resistance to bias from highly
skewed data. To assess the correlation between measurement time and GA, neither of which
showed a pronounced skew, we used the Pearson correlation coefficient.

We used p<0.05 as the threshold for statistical significance and interpreted correlations above
0.6 as strong, below 0.4 as mild. SAS software (version 9.1, Cary, NC) was used for all analyses.
Mixed-effects regression was carried out with the SAS MIXED procedure, with 0 as a lower
bound on random variance estimates. In cases where the optimal estimate was on the boundary,
we report variance as “negligible.”

Results
Patient population

Prenatal diagnosis, postnatal diagnosis, and outcome data are given in Table 1. There were 8
normal fetuses at prenatal imaging and 29 fetuses with isolated VM.

Volumes with respect to gestational age
Gestational age by dates ranged from 17 weeks to 36 weeks and 5 days. The dependence of
fetal brain volume measurements on GA is detailed in Table 2 and illustrated in Figures 3-5.
Supratentorial parenchymal volumes ranged from 1.6 to 291 cc and was 16% higher for every
additional week of GA as measured by either dates or ultrasound variables (p<0.0001).
Ventricular volumes ranged from 1.9 to 74 cc and increased by 4% per week, a statistically
significant rate (p<0.005), though slower than parenchyma. Cerebellar volume and extra-axial
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CSF increased with respect to GA at rates comparable to parenchyma, 15% and 12% per week,
respectively (p<0.0001).

Parenchymal volume increased in proportion to the 2.7 power of BPD (p<0.0001), whereas
ventricular volume increased only as the 0.6 power (p<0.03). Cerebellar volume and extra-
axial CSF increased similarly to parenchyma, in proportion to the 2.5 and 2.2 power
respectively (p<0.0001). Similar results were obtained for rates of increase with respect to HC.

Two versus three dimensional measurements
There was a moderately strong and significant positive correlation between ventricular volumes
and ventricular diameter at the left and right atrium (Spearman r=0.62, adjusted for ultrasound
GA), with lesser (r=0.42−.43) but still significant correlations at the left and right frontal horn
(all p<0.0001).

Inter- and intra-observer variability
Inter-observer agreement was excellent, with 3% standard deviation between the two raters for
measurements of parenchyma, 6% for ventricles, 4% for extra-axial CSF, and negligible
variation for cerebellum (Table 3). Still less variability was seen for the two measurements on
different occasions by a single rater: 4% for extra-axial CSF and the other variables studied
being negligible. The overall reliability of measurement was best for ventricular volume
(ICC=0.86) and poorest for cerebellum (ICC=0.34).

Image plane
The measured volumes (p>0.10) and inter-observer variation (interaction variance negligible)
did not differ systematically by plane of observation. Supratentorial parenchymal and
ventricular volumes were proportionately larger with larger GA, HC and BPD, with variations
in size being similar in all three planes (p>0.10).

The sole influence of imaging plane that we observed was in cerebellar volume, which showed
more rapid increase in the sagittal plane with respect to all four dating measures – GA by LMP
or ultrasound, BPD, and HC – than in the coronal or axial plane (p<0.01). The difference in
rates had the effect of making sagittal measures consistently highest and axial measures lowest
at late GA, whereas the reverse order held at low GA (Fig. 5).

Volumes and outcomes
Table 4 shows the differences in parenchymal volume, ventricular volume, and ventricular
percentage and preliminary neonatal outcomes using two different definitions of mild VM
(10-12 mm and 10-15 mm). When adjusting for GA, image plane, rater, and patient variability,
there were significant differences in the test groups. However, when comparing only the 10-12
mm groups with normal and abnormal outcomes, no significant difference was found in any
of the three measurements. When comparing the groups using mild VM of 10-15 mm, a
difference was found when comparing ventricular volumes (p = 0.002) and ventricular/
parenchymal ratio (p = .001). Figure 6 and 7 illustrate the parenchymal and ventricular volumes
with respect to GA in these groups.

Time for measurement
Total time to obtain all the volumetric data varied from 20 to 80 min (mean ± SD 62.6 ± 13.8
minutes). When divided by the number of image planes obtained, time required for the volume
measurements ranged from 15.7 to 35.0 minutes for each plane of observation (mean ± SD
23.0 ± 3.0 min). The time was mildly correlated with GA (Pearson r=0.3, p=0.05).
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Discussion
Counseling women with pregnancies affected by fetal ventriculomegaly is difficult due to the
wide range of reported outcomes. While outcomes are best when ventriculomegaly is isolated,
and when the atrial diameter measures less than 12 mm, it would be helpful to have other
morphologic indices to improve our counseling. One potential area where MR can add
additional information beyond that available with ultrasound and beyond 2D characterization
of associated abnormalities, is in precise volume measurements, not just of the parenchyma,
but also of the ventricles.

There have been many published manuscripts on the use of volumetry for assessment of fetal
lungs using ultrasound [17,26-28] and MRI [17,29-33]. However, there has been less attention
given to brain volumetry. In a study of postmortem fetuses by Kinoshita et al [34] the maximum
volume of the ventricles was 2.6 cc at 23 weeks. We found a similar volume early in gestation,
ranging from 1.9 cc in our in vivo population. Our maximum ventricular volume was 74 cc,
much greater than that reported by Kinoshita, which is expected given our ventriculomegaly
population. In a preliminary report of 3D modeling of the fetal brain Schierlitz et al assessed
8 fetuses for brain morphology and ventricular volume measurements [35]. However,
ventricular volumes were not given for comparison.

Our study has shown that volumetry of the parenchyma and ventricles in fetuses referred for
VM can be performed in a reliable manner, since inter- and intra-observer variability are low.

One limitation of this study was the length of time required to perform the manual tracings. It
should be noted that this time includes evaluation of extraaxial CSF space and cerebellar
volumes that would not necessarily be performed in volumetry to predict outcome in the future.
As software enhancement of semi-automatic tools for aid in tracings are developed the time to
perform volumetry should also decrease. In addition, an important finding in this study is that
the effect of image plane is negligible. This means that if volumetry is to be performed, time
can be saved by performing it in a single image plane, utilizing the plane with the least motion.

It is important to recognize that volumetry of the cerebellum does vary with image plane. This
is likely due to the small size of the cerebellum, and the fact that motion of the fetus between
image acquisitions can lead to under or overestimates of volume.

The potential for accurate supratentorial volumes obtained in any image plane also has
important consequences for scanning time in the magnet. If diagnostic information is obtained
on sequences obscured by motion, as long as one sequence in a fetal examination has relatively
little motion, then volumetry can be performed. In our study, the images were monitored by a
radiologist interested in ensuring that diagnostic information was obtained, but without regard
for the performance of volumetry. In this small series, at least one sequence was suitable for
volumetry in every case. There is potential in the future that if volumetry becomes a standard
method of evaluation that more attention will need to be paid to motion artifact, or that lower
resolution, faster sequences will be needed.

A second limitation of our study was limited outcome data. This was intentional, as we are
currently following a large cohort of fetuses with VM with standardized neurologic and
psychologic testing. The current manuscript is meant to elucidate the methodology for
performing fetal volumetry. We have shown that there is a low inter- and intra-observer
variability, and that only a single image plane needs to be utilized. Even with the limited
neonatal outcomes assessed in this study we have shown a difference in parenchymal and
ventricular volumetry between normal fetuses and those with VM. We have also shown a
significant difference in ventricular volumes in fetuses with VM compared to those with normal
(or isolated VM) postnatal diagnosis and those with abnormal outcomes. Being able to show
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these differences in such a small cohort, suggests that quantitative data from the MR might be
useful in formal outcomes analysis in large cohorts in the future.

Use of a standardized comprehensive method of evaluation is needed to correlate degree of
VM, age at diagnosis, and associated findings with postnatal development. Parenchymal and
ventricular volumetry are tools that may aid in this process. Further studies are needed to
correlate longer term outcomes with these findings.
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Figure 1.
Coronal views of fetus at 31 weeks demonstrating tracings of the supratentorial cortex (A),
ventricles (B), and cerebellum (C). The supratentorial parenchymal volume was determined
by subtracting the values for the ventricles from that of the cortex.
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Figure 2.
Axial image at 31 weeks demonstrating the tracing of extra-axial CSF
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Figure 3.
Volume of supratentorial parenchyma was directly related to fetal GA as determined by
ultrasound. A similar pattern was observed with GA determined by dates, BPD, and HC (see
Table 2).
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Figure 4.
Volume of ventricles was directly related to fetal GA as determined by ultrasound but increased
less rapidly than parenchymal volume (Fig. 3). A similar pattern was observed with GA
determined by dates, BPD and HC (see Table 2).
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Figure 5.
Volume of cerebellum (including vermis) was directly related to fetal GA as determined by
ultrasound (l.) and brain size as represented by BPD (r.). Rate of increase was comparable to
that of parenchyma (Fig. 3) and varied significantly by plane of measurement. Similar patterns
were observed with GA determined by dates or by brain size represented by HC (see Table 2).
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Figure 6.
Parenchymal volume measured by MR, grouped by prenatal diagnosis and preliminary
neonatal outcome.  normal outcome; + − − − − mild isolated VM 10-15 mm prenatal
diagnosis with either normal outcome or isolated mild VM; ▾ ·········· all other VM cases. For
illustration each point represents an average over all 3 planes and 2 raters; the analysis was
performed on individual data points.
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Figure 7.
Ventricular volume measured by MR, grouped by prenatal diagnosis and preliminary neonatal
outcome.  normal outcome; + − − − − mild isolated VM 10-15 mm prenatal diagnosis
with either normal outcome or isolated mild VM; ▾ ·········· all other VM cases. For illustration
each point represents an average over all 3 planes and 2 raters; the analysis was performed on
individual data points.
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Table 2
Increase of fetal brain volume measurements with gestational age by dates and biometry.

Measure Increase /wk, %* Power-law exponent*

GA (dates) GA (US) BPD HC

Supratentorial parenchyma 16.5 16.0 2.7 3.4
Ventricles 4.2 3.7 0.6 0.6
Extra-axial cerebrospinal fluid 12.6 11.9 2.2 2.8

Cerebellum: overall 15.8 15.2 2.5 3.2
 axial 14.4 13.8 2.3 2.9
 coronal 15.9 15.1 2.5 3.2
 sagittal 17.1 16.6 2.8 3.5

*
From mixed-model analysis of variance; see Methods for details. All rates and exponents differ significantly from zero, p<0.05. All were invariant across

plane of observation, p>0.10, except for cerebellum, which by all measures increased more rapidly in sagittal plane, least in axial plane (p<0.01). HC=
head circumference; GA= gestational age BPD=biparietal diameter
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