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ABSTRACT

BACKGROUND AND PURPOSE: Evaluation of biometry is a fundamental step in prenatal brain MR imaging. While different studies have
reported reference centiles for MR imaging biometric data of fetuses in the late second and third trimesters of gestation, no one has
reported them in fetuses in the early second trimester. We report centiles of normal MR imaging linear biometric data of a large cohort of
fetal brains within 24 weeks of gestation.

MATERIALS AND METHODS: From the data bases of 2 referral centers of fetal medicine, accounting for 3850 examinations, we retro-
spectively collected 169 prenatal brain MR imaging examinations of singleton pregnancies, between 20 and 24 weeks of gestational age,
with normal brain anatomy at MR imaging and normal postnatal neurologic development. To trace the reference centiles, we used the
CG-LMS method.

RESULTS: Reference biometric centiles for the developing structures of the cerebrum, cerebellum, brain stem, and theca were obtained.
The overall interassessor agreement was adequate for all measurements.

CONCLUSIONS: Reference biometric centiles of the brain structures in fetuses between 20 and 24 weeks of gestational age may be a
reliable tool in assessing fetal brain development.

ABBREVIATIONS: BPD = biparietal diameter; LLD = latero-lateral diameter; CSA = clivo-supraoccipital angle; FOD = fronto-occipital diameter; GA = gestational

age; LCC = length of the corpus callosum; APD = antero-posterior diameter; CCD = cranio-caudal diameter

renatal MR imaging plays an important role in the evaluation of

the fetal brain, being usually performed as a second-look inves-
tigation when suspected brain abnormalities are detected by prenatal
sonography. Prenatal MR imaging has been demonstrated to im-
prove the diagnostic accuracy of brain anomalies, leading to changes
in clinical management in many cases.' Prenatal MR imaging results
may also affect parental counseling. In several countries, imaging is
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usually performed in the early second trimester (within 2425 weeks
of gestation) because laws and regulations require crucial decisions to
be made within such deadline, and additional MR imaging follow-up
is not compatible with time constraints.

Prenatal brain MR imaging, in addition to morphologic as-
sessment, relies on biometry evaluation. In particular, linear bi-
ometry is a fundamental step in clinical routine practice. Biome-
try is relatively easy to assess as far as reference parameters are
established. Thus, normative data of the main fetal brain dimen-
sions are necessary to detect possible disorders in brain develop-
ment. Different studies have reported normative MR imaging
biometric data of fetuses in the late second and third trimesters of
gestation.3 > In contrast, few studies have reported them in fetuses
in the early second trimester, and these had some methodologic
limitations: small number of fetuses®”’; inadequate descriptive
analysis based on maximum and minimum values rather than on
centiles of each measurement™’; and volumetric measurements
difficult to apply clinically (fetal movements during MR imaging
acquisition, time-consuming postprocessing analysis).®'?

The purpose of our study was to report centiles of reference
MR imaging linear biometric data of a large cohort of fetal brains
within 24 weeks of gestation.
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Table 1: Indications for prenatal MR imaging

No. of

Indication for Prenatal MRI Fetuses (%)
Unclear CNS findings at ultrasound 80 (47)
Extra-CNS disease or malformation 30(18)
Previous child with a confirmed CNS malformation 59 (35)

MATERIALS AND METHODS

Population

We reviewed the prenatal brain MR imaging data bases of 2 refer-
ral centers of fetal medicine, accounting for the examinations per-
formed between 2005 and 2016: three hundred fifty examinations
at Istituto Di Ricovero e Cura a Carattere Scientifico Fondazione
Ca’ Granda Ospedale Maggiore Policlinico (Milan, Italy) and
3500 examinations at Ospedale dei Bambini “Vittore Buzzi” (Mi-
lan, Italy). The prenatal MR imaging data bases were approved by
the institutional review boards of the 2 hospitals, and all women
signed an informed consent for the research use of data.

We collected prenatal brain MR imaging examinations of sin-
gleton pregnancies, between 20 and 24 weeks of gestational age
(GA), which were performed for the indications reported in Table
1. Exclusion criteria were the following: 1) clear or suspected
brain abnormalities at prenatal MR imaging, 2) poor image qual-
ity, 3) chromosomal abnormalities, 4) pregnancies complicated
by infections, and 5) extra-CNS malformations frequently asso-
ciated with CNS malformations (eg, cardiac rhabdomyoma).
Gestational age was calculated by obstetricians and gynecologists
on the basis of the menstrual period and ultrasound criteria and
expressed as completed weeks.

Image Acquisition and Analysis

In both hospitals, prenatal MR imaging examinations were per-
formed at 1.5T with the same scanner model (Achieva; Philips
Healthcare, Best, the Netherlands) and phased-array abdominal
or cardiac coils. Prenatal MR imaging protocols were standard
clinical and state-of-the-art, were identical for both hospitals, and
included the following: T2-weighted single-shot fast spin-echo
multiplanar sections (3- to 4-mm-thick sections; gap = 0.1 mm;
TR/TE = 3000/180 ms; in-plane resolution = 1.1-mm?); bal-
anced fast-field echo multiplanar sections (3-mm-thick contigu-
ous sections; TR/TE = 7/3.5 ms; in-plane resolution = 1.5 mm?);
T1-weighted fast spin-echo multiplanar sections (5.5-mm-thick
sections; TR/TE = 300/14 ms; turbo factor = 3; in-plane resolu-
tion = 1.4 mm?); in some cases, T2-weighted 3D fast-field echo
sections (1.1-mm-thick sections; TR/TE = 2.5/4.7 ms; in-plane
resolution =1.1 X 1.1 mm?®); single-shot fast spin-echo fluid-
attenuated inversion recovery sections (4-mm-thick sections; TR/
TE = 600/54 ms; in-plane resolution = 1.25 X 3.1 mm?); and
diffusion-weighted imaging sections (5.5-mm-thick sections; TR/
TE = 1000/90 ms; b factor = 0—600 s/mm?; FOV = 320 X 320
mm, matrix = 128 X 128).

Image analysis was performed on dedicated PACS worksta-
tions equipped with professional monitors. All images were inde-
pendently reviewed for evaluation of biometry with respect to GA
by 1 fetal neuroradiologist and 1 resident with >2 years of expe-
rience in prenatal MR imaging. In accordance with the method

5,13,14

described in previous studies, each reader evaluated the fol-

lowing measurements: thecal fronto-occipital diameter (FOD),
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thecal biparietal diameter (BPD), length of the corpus callosum
(LCCQ), cerebral FOD, cerebral BPD, width of the atria of the lat-
eral ventricles, mesencephalic antero-posterior diameter (APD),
vermian APD, vermian cranio-caudal diameter (CCD), cerebellar
latero-lateral diameter (LLD), latero-lateral diameter of the pos-
terior cranial fossa (PCF), pontine APD and pontine CCD, and
clivo-supraoccipital angle (CSA). All MR imaging measures were
expressed in millimeters, with the only exception being the CSA
(degree). The ratio between the LCC and cerebral FOD was also
calculated (LCC/cerebral FOD). For details about measurements,
see On-line Figs 1A-6B. Each measure was taken twice or thrice
on the same or different acquisitions, preferably on balanced fast-
field echo images in consideration of their higher spatial resolu-
tion (thinner sections) compared with single-shot fast spin-echo
T2-weighted images. The average of the measures of each reader
was regarded as his best (ie, most reliable) measure. The average of
these best measures was used to trace the reference charts.

Statistical Analysis
The lack of precision (random error) of MR imaging assessments
was expressed as standard error of measurements (ie, the SD of
the measures of the same subject).'” The difference between the
averages of measures made by the 2 assessors (A and B) partici-
pating in this study was regarded as an estimate of the difference in
their accuracy (systematic error).

The estimates of the size attained at 22 weeks of GA and of the
mean weekly increase from 20 to 24 weeks were derived from the
following linear model:

E(MR trait) = u + a X s+ B X t+ vy X s Xt,

where E(MR trait) is the expected value of the MR imaging trait, s
is 0 for females and 1 for males, t = GA-22, u is size attained by
females at 22 weeks, « is the “male-versus-female” difference in
size attained at 22 weeks, 3 is mean weekly increase shown by
females from 20 to 24 weeks, and vy is the “male-versus-female”
difference in an average weekly increase from 20 to 24 weeks.

To trace the reference centiles, we used the CG-LMS
method.'® This expresses the centiles in terms of GA-specific
curves called L(t), M(t), and S(#). The M(t) and S(¢) curves corre-
spond to the median and coefficient of variation of the MR imag-
ing trait at each age, whereas the L(t) curve allows for the GA-
dependent skewness of the distribution of the trait. The value (y)
of the MR imaging trait at a given age can be transformed into a
SD score (SDS):

[y/ M) — 1

SDS = "1 % st

The value y (p, t) of the pth centile at GA = tis given by y (p, t) =
M(1) X [1 + 2z, X L(1) X S(1)]WEO1 where z, is the standard
normal deviate corresponding to probability p.

Centiles were calculated using the software LMS program,
Version 1.29 (Medical Research Council, Leicester, UK).

RESULTS

A total of 169 fetuses (23 fetuses of 20 weeks, 73 of 21 weeks, 43 of 22
weeks, 22 of 23 weeks, 8 of 24 weeks) satisfied all the inclusion criteria.
One-hundred fifty-nine of 169 fetuses were followed to term and



Table 2: Accuracy and precision of MR imaging measurements

No?  Mean® B-A© B-A (%) t Test® P SEM"  CV, 8 wh P

PCF 165 28.61 0.022 0.08 0.17 1148 4.01 0.059

Cerebral FOD 168 56.77 —3.258 —5.74 —18.53 <.01 1611 2.84 0.158 <.05
Cerebral BPD 169 42.12 —1.263 —3.00 —11.68 <.01 0.995 2.36 —0.141

Vermian APD 167 7.08 0.014 0.20 0.21 0.611 8.64 0.192 <.05
Cerebellar LLD 166 21.81 —1.020 —4.68 —10.41 <.01 0.893 4.09 om

Vermian CCD 168 10.13 —0.934 —9.22 —13.29 <.01 0.644 6.36 —0.004

CSA 168 72.25 1.020 141 177 5.278 7.30 0.192 <.05
LCC 152 17.97 0.176 0.98 175 0.878 4.89 0.071
LCC/cerebral FOD (%) 151 31.69 2.252 70 1.87 <.01 1.648 5.20 0.238 <.01
Thecal FOD 167 63.47 0.360 0.57 297 <.01 1106 174 0.002

Thecal BPD 169 49.74 0.682 137 4.45 <.01 1410 2.83 0.106
Mesencephalic APD 18 4.46 0.197 4.4 3.08 <.01 0.490 10.99 0.143

Pontine APD 159 6.69 —0.074 —1.10 —1.34 0.491 7.34 0.241 <.01
Pontine CCD 158 7.53 —0.384 —5.10 —6.24 <.01 0.547 7.27 0.184 <.05
Lateral ventricles 161 6.76 0.568 8.40 8.15 <.01 0.625 9.25 —0.214 <.01

Note:—SEM indicates standard error of the measurements; APD, antero-posterior diameter; BPD, biparietal diameter; CCD, cranio-caudal diameter; CV, coefficient of variation;
CSA, clivosupraoccipital angle; LCC, length of the corpus callosum; LLD, latero-lateral diameter; FOD, fronto-occipital diameter; PCF, latero-lateral diameter of the posterior

cranial fossa.
# The number of observations.
> Mean of all measurements.

© Mean difference between assessor B and assessor A (difference in accuracy of assessors A and B).

9 Percentage interassessor difference [100 X (B—A)/ mean].
€ t test for difference in B—A.

fMeasuring error—that is, the SD of the measures of the same fetus (lack of precision).

8 Measuring error expressed as coefficient of variation (%) of (100 X SEM / mean).

" Correlation coefficient between interassessor B—A difference and the mean of the measurements made on a single fetus.
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FIG1. Vermian CCD (the MR imaging trait with the worst percentage
disagreement in accuracy between the 2 assessors). Bland-Altman
plot of the interassessor B—A difference versus the mean of the mea-
sures made on a single fetus. Dashed lines are the limits of agreement
for the B—A difference: Ninety-five percent of these differences are
expected to lie within these limits when the agreement between the
2 assessors is perfect.

determined to be healthy postnatally. Ten of 169 fetuses were missed
at postnatal follow-up, and their sex was unknown because their par-
ents did not want to know the sex at the time of the MR imaging and
only head-targeted MR imaging was performed.

Reliability

As reported in Table 2, assessor B provided measures slightly
higher than assessor A for most MR imaging traits and slightly
lower for the cerebrum (cerebral FOD and BPD), vermis (verm-
ian APD and CCD), and pons (pontine APD and CCD). The
interassessor disagreement in accuracy ranged from —9.2%
(vermian CCD) to +8.4% (width of the atria of the lateral ventri-
cles). The measuring error ranged from 1.7% (thecal FOD) to
11.0% (mesencephalic APD). A weak positive correlation
emerged between the interassessor B-A difference and the mean
of the measures made on a single fetus for most traits (maximum
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FIG2. Pontine APD (the MR imaging trait with the highest correlation
of disagreement in accuracy between the 2 assessors and size of MR
imaging trait). Bland-Altman plot of the interassessor B—A difference
versus the mean of the measures made on a single fetus. Dashed lines
are the limits of agreement for the B—A difference: Ninety-five per-
cent of these differences are expected to lie within these limits when
the agreement between the 2 assessors is perfect.

r= +0.241, pontine APD). On the contrary, cerebral BPD, verm-
ian CCD, and the width of the atria of the lateral ventricles showed
a weak negative correlation (maximum r = —0.214).

The Bland-Altman plot for vermian CCD (Fig 1) (ie, the MR
imaging trait with the worst percentage disagreement in accuracy
between the 2 assessors) shows that 16.1% (27/168) of differences
are below the lower agreement limit instead of the expected 2.5%.
The Bland-Altman plot for pontine APD (Fig 2) (ie, the MR imaging
trait with the highest correlation of disagreement in accuracy be-
tween the 2 assessors and size of MR trait) shows that the number of
differences within the agreement limits (153/159) is close to the ex-
pected one (151/159). Thus, we can conclude that for all the MR
imaging traits here considered, both systematic and random errors of
measurements can be regarded as negligible. Bland-Altman dia-
grams for all MR imaging traits are reported in On-line Figs 7).
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Table 3: Median and reference limits (5th and 95th centiles) for MR imaging traits between 20 and 24 completed weeks of gestation

20 Weeks 21 Weeks 22 Weeks 23 Weeks 24 Weeks

5th 50th 95th 5th 50th 95th 5th 50th 95th 5th 50th 95th 5th 50th 95th
PCF 233 263 293 246 278 311 259 293 329 27.2 30.8 347 285 324 36.5
Cerebral FOD 46.7 51.2 564 50.1 548 60.2 534 584 64.1 56.8 620 679 60.2 655 7.7
Cerebral BPD 362 387 41.6 37.8 409 445 394 430 474 409 452 50.5 424 473 53.6
Vermian APD 5.5 6.3 7.2 6.0 6.8 7.8 6.4 7.3 8.4 6.8 7.8 9.0 7.2 83 9.6
Cerebellar LLD 18.2 19.9 21.8 19.1 211 234 201 224 25.0 21,0 236 26.6 219 249 283
Vermian CCD 77 9.0 10.0 83 9.8 109 89 106 1.9 9.5 4 128 101 121 3.8
CSA 63.7 71.0 799 636 71.6 81.5 634 721 83.2 63.2 727 85.0 631 73.2 86.8
LCC 133 15.3 17.1 14.7 17.1 19.2 16.0 18.9 214 173 20.7 23.6 186 225 25.8
LCC/cerebral FOD (%) 273 299 325 278 311 343 283 323 361 287 335 380 291 347 399
Thecal FOD 53.4 57.5 62.1 56.7 61.3 66.6 60.0 652 71.2 632 69.0 757 664 728 804
Thecal BPD 421 457 499 444 483 529 467 509 56.0 49.0 53.6 59.1 513 56.2 62.1
Mesencephalic APD 36 44 5.2 37 4.5 5.2 3.8 45 53 3.8 4.6 53 3.9 4.6 5.3
Pontine APD 5.5 6.2 6.9 57 6.5 73 6.0 6.8 77 6.3 7.1 8.0 6.5 74 84
Pontine CCD 6.3 7.1 7.9 6.5 7.4 8.3 6.7 7.7 8.7 6.8 8.0 9.0 7.0 8.2 94
Lateral ventricles 5.7 7.0 8.4 5.3 6.8 8.4 5.0 6.6 8.4 47 6.4 8.5 45 63 8.5

Note:—APD indicates antero-posterior diameter; BPD, biparietal diameter; CCD, cranio-caudal diameter; CSA, clivosupraoccipital angle; LCC, length of the corpus callosum;
LLD, latero-lateral diameter; FOD, fronto-occipital diameter; PCF, latero-lateral diameter of the posterior cranial fossa.

Encephalic Growth

At 22 weeks of gestation, the MR imaging traits under study attained
asize ranging from 4.5 mm (mesencephalic APD) to 65.2 mm (thecal
FOD). The CSA was 72.5° and the LCC/cerebral FOD ratio was
31.7%. The average weekly increase from 20 to 24 weeks was highly
significant for all traits except for CSA and mesencephalic APD and
ranged from 0.31 mm/week (pontine APD and CCD) to 3.81 mm/
week (thecal FOD). The growth rate (ie, weekly increase/size at 22
weeks) ranged from 0.69% (CSA) to 9.22% (LCC). The only MR
imaging trait that was found to decrease with increasing GA was the
width of the atria of the lateral ventricles (—0.20 mm/week, —3.0%).
Details are reported in On-line Table 1.

Difference between Sexes in Encephalic Growth

At 22 weeks of gestation, male fetuses are already larger for all MR
imaging traits, with only the exception of the vermian APD and LCC/
cerebral FOD ratio. The maximum difference was observed in the
PCF, where males are larger than females by 5.2%. As for the weekly
increase of MR imaging traits, males appeared to grow faster than
females from 20 to 24 weeks of GA for 9 of the 15 MR imaging traits
under study, with a maximum of 17.9% for PCF (On-line Table 3).
Possibly because of the shortness of the GA interval considered, none
of the differences between the sexes in growth velocity were signifi-
cant. Details are given in On-line Tables 2 and 3.

Reference Centiles

The sex differences reported above, though extremely interesting
from an ontogenetic point of view, were not large enough to sug-
gest the need for different reference charts for females and males.
Thus, MR imaging traits were fitted with a CG-LMS model inde-
pendent of sex. In the short GA interval under study, M(¢) and
S(t) were assumed to change linearly with GA, whereas L(t) was
assumed to be constant. The use of more flexible CG-LMS models
did not improve the goodness of fitting. All the diameters of the
cerebrum, cerebellum, and theca were found to have a positively
skewed distribution, as well as the CSA. The remaining MR imaging
traits were negatively skewed. The coefficient of variation appeared to
increase slightly with increasing GA in all MR imaging traits, with the
only exception being the cerebral FOD and mesencephalic APD. De-
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FIG 3. Reference chart for cerebral FOD growth: a whole set of
computed centiles (3rd, 5th, 10th, 25th, 50th, 75th, 90th, 95th, 97th)
with observed values. Females are denoted by light gray dots, males
by dark gray dots, and fetuses of sex unknown by white dots.
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FIG 4. Reference chart for cerebral BPD growth: a whole set of
computed centiles (3rd, 5th, 10th, 25th, 50th, 75th, 90th, 95th, 97th)
with observed values. Females are denoted by light gray dots, males
by dark gray dots, and fetuses of sex unknown by white dots.

tails are reported in On-line Table 4. GA-dependent reference cen-
tiles (5th, 50th, and 95th centiles) are given in Table 3. Figs 3 and 4
show growth charts of the cerebral FOD and BPD. The growth charts
of all MR imaging traits are given in On-line Fig 8.

DISCUSSION
We provided reference linear fetal brain measurements that can be used
for clinical fetal MR imaging on a single-case basis. In particular, our



study focused on GAs between 20 and 24 weeks because in many coun-
tries, crucial decisions such as pregnancy termination are possible only in
the early second trimester because of laws and regulations.” Until now,
most of the MR imaging fetal studies in the literature have referred to
normative biometric data published by Parazzini et al in 2008° to exam-
ine fetuses younger than 24 weeks of gestation. In this study, the authors
did not calculate centiles but provided the minimum and maximum of
each measured parameter.” In our study, we conspicuously enlarged that
population by doubling the number of fetuses younger than 24 weeks of
gestation, and we applied a CG-LMS method to trace the reference cen-
tiles. Comparing our data with those by Parazzini et al, we observed
differences for some reference limits of supratentorial measurements
(eg, cerebral FOD and BPD), while no substantial difference was noted in
reference limits of subtentorial structures (eg, vermian diameters and
cerebellar LLD). However, our study is not directly comparable with that
of Parazzini et al because of the different statistical methods used for the
analyses.

We implemented the measurements by Parazzini et al,” and we
also added the PCF, CSA, pontine APD, pontine CCD, and mes-
encephalic APD. Furthermore, we provided the LCC/cerebral
FOD ratio. The PCF and CSA may be useful for the assessment of
posterior fossa malformations, accounting for dimensional
anomalies such as Dandy-Walker malformation and closed neu-
ral tube defects.'>'” The diameters of the pons (ie, pontine APD
and CCD) and the mesencephalic APD may be useful for the
assessment of malformations involving the brain stem, such as
pontocerebellar hypoplasia, molar tooth malformation, and dien-
cephalic-mesencephalic junction dysplasia. The LCC/cerebral
FOD ratio may help in assessing midline malformations, such as
isolated mild-to-moderate forms of corpus callosum hypoplasia,
an entity that often cannot be reliably assessed by simple visual
judgment.

Data about interassessor agreement showed that almost all
measurements are, in a sense, objective and independent of the
idiosyncrasies of the assessor. The mesencephalic APD showed
the highest variability (Table 2). This can be explained by the
difficulty in obtaining a suitable orbitomeatal plane (only in 118
of 169 fetuses in our group) and in further delineating the inter-
peduncular fossa and the mesencephalic tectum. The vermian
APD and CCD showed a high variability because of their small
size and the difficulty in delineating the fastigium of the fourth
ventricle. In agreement with Parazzini et al,” we decided to mea-
sure the LCC as the distance between the anterior and posterior
inner surfaces because they are better delineated than the outer
ones due to the marked contrast with the contiguous CSF. How-
ever, as reported in Table 2, in 17 of the 169 fetuses, the LCC could
not be measured by the 2 assessors because an exact midsagittal
plane was not available.

The main purpose of this work was obviously to provide reli-
able reference limits that can be used in daily clinical practice;
however, we took the opportunity of such measurement collec-
tion to acquire information about physiologic cerebral and cra-
nial growth based on linear measurements.

The main limitation of our study is that the fetuses were not
homogeneously distributed across the GAs of interest and we in-
cluded only 8 fetuses at 24 weeks of GA. However, the CG-LMS
method calculated the growth curves and the reference limits for

each GA, taking into account all data collected, under the sensible
assumption that the growth rate does not change suddenly from
one week of gestation to the subsequent week.

CONCLUSIONS

We provided new reference limits of the biometric measurements
used for the MR imaging assessment of the fetal brain between 20
and 24 weeks of gestation.
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