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Abstract The role of post-mortem fetal conventional
autopsy (CA) is undisputed but poses challenges with
small, macerated bodies, and increasing parental refusal.
Fetal post-mortem magnetic resonance imaging (PMMRI)
is a less invasive alternative that can be used for assessment
of the brain, including the posterior fossa (PF) structures.
The purpose of this study was to evaluate the imaging
characteristics of the PF in PMMRI compared to antenatal
MRI (ANMRI), using CA as the gold standard. A retro-
spective, single-center study of ten fetuses who underwent
ANMRI, PMMRI, and CA from August 2010 to May 2018.
The PF structures were evaluated qualitatively for imaging
findings, and quantitatively by obtaining the transcerebellar
diameter, vermian length, brainstem thickness, width of the
fourth ventricle and cisterna magna, skull base angles, and
PF volume. Twenty MRI exams were included. The med-
ian gestational age of ANMRI was 21.7 weeks. The
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median age at termination of pregnancy (TOP) and
PMMRI was 23.7 weeks. There was good congruence
between PMMRI, ANMRI, and CA, with 60% complete
congruence and 40% partial congruence between ANMRI
and PMMRI. PMMRI and CA showed 70% complete
congruence, and 20% partial congruence. No incongruence
was noted. PF evaluation on CA was not possible in 1 case
due to maceration. Quantitative evaluation in PMMRI
showed significant enlargement of most PF structures
compared to ANMRI and smaller CSF-filled spaces
(p value < 0.05). PMMRI is an acceptable imaging
modality for the macroscopic evaluation of PF structures.
Smaller CSF-filled spaces and enlargement of the brain are
expected findings when evaluating PMMRI.

Keywords Fetal imaging - Post-mortem MRI - Antenatal
MRI - Posterior fossa - Conventional autopsy - Brain
malformation

Introduction

Fetal brain malformations are one of the most common
causes for termination of pregnancy (TOP) [1, 2], and
posterior fossa (PF) malformations are the most common
brain anomalies identified on antenatal imaging [3-6].
Intrauterine fetal imaging techniques for evaluation of the
PF include ultrasound (US) as a primary imaging modality
and antenatal magnetic resonance imaging (ANMRI) for
further characterization of brain abnormalities [7, 8]. A
precise antenatal imaging interpretation is of utmost
importance and helps in deciding management, guiding
genetic testing, and counseling of the parents [9].
Nonetheless, a final post-mortem (PM) diagnosis is often
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requested and, traditionally it has been obtained by con-
ventional autopsy (CA).

CA remains the gold standard for diagnosis and eluci-
dation of antenatal findings, and to establish the cause of
fetal death, in cases of fetal demise [10]. However, CA
poses challenges due to the intrinsic fragility of the small
fetuses, the need for fixation for adequate tissue evaluation,
or technically suboptimal evaluation in the macerated fetus
[11]. These difficulties, together with religious considera-
tions and parental psychologic distress, have led to the
increased refusal of consent for CA [12—14], mandating the
need for an alternative and more acceptable diagnostic test
for PM evaluation of fetuses.

Different imaging modalities have been used to assess
the fetus in the PM period. The US offers easy access and
affordability, but its limiting factors include overlapping
cranial sutures and brain maceration [15]. Microfocus
computed tomography (CT) has shown good results for
fetuses < 20 weeks of gestational age (GA) [16-18].
However, inadequate distribution of contrast (staining), and
increased “source-to-object” and “object-to-detector”
distance may result in poor image resolution. PMMRI has
proven to be a less invasive, relatively accurate, and more
acceptable technique for the assessment of the brain in
fetuses > 20 weeks GA [11, 18-22]. PMMRI is the most
researched imaging technique, with a fairly high diagnostic
accuracy. It has been useful even with fetal maceration,
where CA may fail [11, 15, 17, 19].

Numerous physiologic changes occur after death,
including tissue maceration, autolysis, and decomposition
[23]. In the head, cranial shape changes with vault collapse
and attenuated brain tissue contrast has been described.
Familiarization with these changes, for appropriate inter-
pretation of the imaging findings is very important [24]. In
this study, we aimed to evaluate the qualitative and quan-
titative characteristics of the PF structures on PMMRI, and
compared them to ANMRI, using CA as the gold standard.
A second objective was to assess the imaging changes of
the PF structures in PMMRI.

Table 1 ANMRI and PMMRI imaging parameters and protocols

Materials and Methods

This retrospective, single-tertiary care pediatric institute
study was approved by the institutional review ethics
board. Informed consent was waived for the study. How-
ever, as per institutional protocol and routine clinical
management, all cases were discussed with a multidisci-
plinary team before and after the ANMRI. Written
informed consent was obtained for all PMMRI and CA. All
post-mortem fetuses and tissue samples were managed as
per institutional standard protocol. The fetuses did not
undergo the fixation process before the PMMRI.

Patient Selection

A search of the electronic medical record (EMR) in the
Medical Imaging Department was performed to identify
fetuses > 20 weeks GA who underwent PMMRI, ANMRI,
and CA, over an eight-year period, between 1 August 2010
to 31 May 2018. All fetuses selected met the inclusion
criteria (GA > 20 weeks, ANMRI, PMMRI, and CA were
done). Fetuses were excluded if no CA was available.

MR Imaging Data Acquisition

MRIs were obtained using a 1.5 Tesla (T) (GE Signa Excite
HDxt) or a 3 T (Siemens MAGNETOM Skyra) MRI
scanner. Imaging parameters and protocols for both mag-
nets followed the standard institutional protocol for
ANMRI and PMMRI (Table 1). No contrast or sedation
was used.

Selection of Images

Every ANMRI and PMMRI study was reviewed by a
pediatric radiology fellow (NG), who selected the T2-
weighted sequences for the ANMRI and PMMRIL
Sequences were excluded if motion artifacts or abnormal
projections were noted. An acceptable axial plane
demonstrated the entire cerebellum and the middle

Parameters 1.5 T (ANMRI) 3 T (ANMRI) 1.5 T (PMMRI) 3 T (PMMRI)

Coil 8-channel body coil 18-channel body coil 8-channel surface coil 18-channel surface coil
T2-weighted SSFSE HASTE TSE HASTE

TR/TE 3000/87.8 ms 1400/96 ms 3200/388 2500 / 73

FOV 340 280 160 150

Slice thickness 3 mm 3 mm 3 mm 3 mm

TR Time to repeat, TE time to echo, FOV field of view, SSFSE Single-shot fast spin echo, HASTE Half-Fourier Acquisition Single-shot turbo spin

echo, FSE fast spin echo, TSE turbo spin-echo
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cerebellar peduncles to obtain the maximum transverse
diameter, and bone-to-bone PF measurements; if this was
not available, a mid-coronal plane was used. The midline
sagittal plane included the corpus callosum, vermis of the
cerebellum, fastigium of the vermis, and the ventral bul-
ging of the pons in the same image. A senior neuroradi-
ologist (EM) blinded to the patient’s information,
corroborated that the image selection was appropriate for
the study.

Image Interpretation

All MR images were evaluated by three readers including
two pediatric neuroradiologists (EM and CMR) with 19
and 6 years of experience in fetal imaging respectively,
and a pediatric radiology fellow (NG). The two pediatric
neuroradiologists were blinded to all clinical information,
GA, and magnet strength. Before assessing the cases, the
readers interpreted 5 fetal MR examinations that were
randomly selected and outside of the study group, to review
and reach a consensus on the definitions, evaluation of
different brain structures, site and approach for measure-
ments. All the ANMRI and PMMRI biometry was based on
the gestational age-based normogram [25]. Disagreements
between readers were resolved by consensus.

MRI Qualitative and Quantitative Image
Assessment

The PF structures were assessed in both ANMRI
(Fig. 1) and PMMRI (Fig. 2) qualitatively for morphology
and imaging characteristics, and quantitatively as follows:

Posterior fossa (PF): Bone-to-bone PF diameter and PF
volume, calculated manually by freehand tracing of the
bony margins of the PF on the consecutive T2-weighted
axial images, multiplied by the slice thickness (Figs. la,
2a).

Vermis: Height obtained in the midsagittal plane
(Figs. 1b, 2b).

Cerebellar hemispheres: Maximum transverse diameter
(TCD) obtained in the axial plane (Figs. lc, 2c).

Brainstem: Anteroposterior measurement of the mid-
brain peduncles obtained in the axial plane (Figs. 1d, 2d).
Thickness of the pons and medulla were obtained in the
sagittal plane (Figs. le, 2e).

Fourth ventricle: Maximum anteroposterior diameter
was obtained in the sagittal plane at the level of the fasti-
gial point (Figs. le, 2e).

Cisterna magna: Maximum width was obtained between
the inferior margin of the vermis and the posterior rim of
the foramen magnum in the axial or sagittal planes
(Figs. 1c, 2¢).

Fig. 1 PF measurements on ANMRI. Fetal T2W axial and sagittal
images demonstrate: a freehand tracing of the bony margins of the PF
on the axial image; b craniocaudal vermian length (arrow) and CSA
on the sagittal image; ¢ transverse cerebellar diameter (TCD) (long
arrow) and cisterna magna (short arrow) on the axial image;

d anteroposterior diameter of the midbrain (R — right; L — left);
e anteroposterior diameter of pons (long line), medulla (short line)
and 4th ventricle (star), and f the tentorial angle between bicallosal
line and tentorium cerebelli
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Fig. 2 PF measurements on PMMRI. T2W axial and sagittal images image; d anteroposterior diameter of the midbrain (R —right. L — left);
demonstrate: a freehand tracing of the bony margins of the PF on the e anteroposterior diameter of pons (long arrow), medulla (short
axial image; b craniocaudal vermian length (arrow) and CSA on the arrow) and effaced 4th ventricle (star); and f tentorial angle between
sagittal image; ¢ TCD (arrow) and effaced cisterna magna on the axial bicallosal line and the tentorium cerebelli

Fig. 3 Fetus 5. Sagittal T2ZW ANMRI (a) demonstrating a small a hypoplastic vermis (arrow) with normal pons, confirmed by
vermis (arrow) and pons, but PMMRI (c¢) showed normal-appearing microscopy (b)
pons and hypoplastic vermis (arrow). Gross pathology (d), confirmed

@ Springer



J. Fetal Med. (December 2021) 8:279-291

285

Skull base: The clival-supraoccipital angle (CSA) was
measured by drawing a line along the posterosuperior
surface of the clivus, connecting the most cranial part of
the clivus and anterior border of basion, and by drawing a
second line along the superior surface of the supraoccipital,
along the anterior border of the opisthion (1b, 2b). The
tentorial angle (TA) was measured by drawing a line
joining the anterior and posterior aspects of the corpus
callosum (bi-callosal line) and a line parallel to the tento-
rium cerebelli (Figs. 1f, 2f). The CSA and TA were
obtained using the midsagittal T2-weighted images.

Measurements were documented in millimeters (mm)
and angles in degrees. The readers’ measurements and
interpretations were documented individually in separate
Excel worksheets (Microsoft 2016) and then merged for
analysis.

Conventional Autopsy and Genetic Analysis

Both macro and microscopic pathological findings of
all fetuses were collected from the report available in

Fig. 4 Fetus 4. ANMRI (a) and PMMRI (c) sagittal T2W images
show complete congruence for Chiari I malformation (arrow),
confirmed by the gross pathological examination (b) showing

the EMR. The pathologist had access to the ANMRI
and PMMRI reports at the time of the CA, as per
standard of care. All relevant CA findings were corre-
lated with ANMRI and PMMRI (Table 2). Genetic
testing was performed at the discretion of fetal medi-
cine specialists.

Statistical Analysis

Demographics and imaging data were documented in a
Microsoft Excel sheet. The data were analyzed using the
SPSS 27.0 for Windows software package (SPSS Inc.). The
mean ratios of the measurements from the PMMRI against
the ANMRI were estimated. To test the hypothesis that the
mean ratio was 1, paired t-test was used to compare log-
transformed post-mortem measurements to log-trans-

formed fetal measurements. P values from these tests were
adjusted for multiple comparisons using Holm’s method
and 95% confidence intervals for the mean ratio were
obtained by exponentiating the lower and upper confidence
limits for the difference in means.

funneling of the posterior fossa (star), and low power microscopy
(d) showing an effaced fourth ventricle
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Fig. 5 Expected mild physiological cranial collapse with crowding of
PF structures noted resulting in physiological tonsillar herniation
(arrow) in sagittal T2ZW PMMRI (¢, d) compared to ANMRI (a, b).

Results
Patients

Twenty MRI exams (10 antenatal and 10 post mortem)
from ten patients were included. The median GA at
ANMRI was 21.7 weeks (interquartile range of 21.0 —
23.5 weeks). All TOPs were performed by induction of
labor and vaginal delivery, except for one fetus. Fetus 9
was delivered by cesarean section, due to a large inter-
hemispheric cyst and hydrocephalus requiring intrapartum
cephalocentesis. All fetuses underwent PMMRI and CA
within 1-5 days of TOP. The median age at TOP and
PMMRI was 23.7 weeks (interquartile range of
23.2-27.0 weeks). The median time gap between ANMRI
and PMMRI was 2.2 weeks (interquartile range of
1.6-2.5 weeks.) The median time gap between TOP and
PMMRI was 60 h (interquartile range of 48—90 h).

Qualitative Imaging Assessment
Fetal abnormalities included vermian hypoplasia (Fig. 3),

cerebellar hypoplasia and asymmetry, and small PF with

@ Springer

Note the prominent venous sinuses (star) on (c), also a physiologic
PMMRI change from venous stasis

Chiari malformation (Fig. 4). One fetus also showed
microcephaly with small PF and multiple supratentorial
abnormalities including commissural agenesis, abnormal,
delayed sulcation, migration anomalies (polymicrogyria,
schizencephaly, heterotopias). One fetus had a large
interhemispheric cyst and hydrocephalus. Attenuated brain
tissue contrast with edema and venous stasis was seen in all
PMMRI. Inferior cerebellar herniation (Fig. 5) is a physi-
ological finding found in the post-mortem period.

When comparing PMMRI with ANMRI, there was
complete congruence in 6/10 fetuses and partial congru-
ence in 4/10 fetuses. The reasons for partial congruence
included the inability of ANMRI to detect cerebellar
hypoplasia in fetus 3 and a brainstem abnormality in fetus
10. For fetus 5, possible pontine hypoplasia was suspected
on ANMRI, but not in the PMMRI. Ferus 7 had a small
vermis and was suspected of Joubert syndrome, but genetic
testing confirmed Smith-Lemli-Opitz syndrome. Fetus I
was part of monochorionic twin pregnancy with severe
IUGR and was concerning for cortical malformation on
ultrasound and ANMRI but normal appearing posterior
fossa. The PMMRI was done only for IUGR fetus with
cortical malformation.
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Fig. 6 Fetus 3. Sagittal (a) and
axial (¢) T2W PMMRI can
appreciate and differentiate the
PF structures into brainstem,
cerebellum and vermis. Gross
examination on CA (b) was
challenging due to severe
maceration and inability to
differentiate PF structures. Even
histology was difficult to
interpret due to liquefaction and
cell destruction (d)

Fig. 7 Physiological
enlargement of parenchyma,
loss of grey-white matter
differentiation and decreased
CSF-spaces (white arrows) on
axial T2W PMMRI

(¢) compared to ANMRI (a).
There is also mild
intraventricular hemorrhage
(yellow arrows) on axial T2W
PMMRI (b) confirmed by
microscopy (d)
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Comparing PMMRI with CA, there was good congru-
ence, with complete congruence noted in 7 fetuses and
partial congruence in 2 out of the 10 fetuses. The partial
congruence was for a small cerebellum in ferus 6 and
asymmetric cerebellum in ferus 7 missed on PMMRI but
described on the CA. Of note, fetus 6 had crowding of the
neural structures in the PF, limiting assessment on PMMRI.
For fetus 7, a small vermis and cerebellum were identified
in ANMRI and PMMRI, but no asymmetry was noted.
Finally, fetus 3 showed a small cerebellum and vermis on
ANMRI but the assessment of PF structures with CA was
not possible due to maceration (Fig. 6); however, the
PMMRI allows the assessment of the PF structures despite
the maceration. No incongruence was noted.

Quantitative Imaging Assessment

PMMRI showed statistically significant enlargement of
parenchymal PF structures (Figs. 7 and 8) ranging between
19% to 25% (p < 0.05) compared with ANMRI, except for
the thickness of the medulla, where the adjusted p value
(p ~ 0.19) was not statistically significant. The PF CSF-
filled spaces (Figs.7 and 8) showed a statistically

Transcerebellar Diameter -

significant decrease in size (p < 0.05) compared to
ANMRI. For example, the cisterna magna showed a mean
percentage decrease in size of 69% and the fourth ventricle
of 26%. The PF volume, bone-to-bone PF diameter and
clival-supratentorial angle showed no statistically signifi-
cant change in size (adjusted p value > 0.05). The mean
ratio, confidence interval, and p value of all the parameters
are presented in Table 3 and Fig. 8.

Conventional Autopsy and Genetic Analysis

CA of the PF structures was possible in nine fetuses. In all
cases, photographs of the external and salient internal
examination findings were taken as standard institutional
CA protocol. CA of the PF was not possible in one fetus
due to severe maceration. Four fetuses underwent further
dedicated neuropathological examination. Genetic testing
was performed in 6 fetuses with positive results in 2 of
them: ferus 7 with DHCR7 gene mutation (Smith-Lemli-
Opitz syndrome) and fetus 2 with a non-specific autosomal
recessive mutation.

Cisterna Magna -
Cerebellar vermis -
Tentorial Angle -
Clival supratentonal angle -
Post fossa max dimension bone to bone -
Right midbrain -
Left midbrain -
4th Ventncle -
Pons -
Medulla -
PFV -
020
Fig. 8 Ratios of PF structure measurements on PMMRI. The central
line represents the value of 1 (PMMRI ~ ANMRI), PMMRI

parameters on the right side of the line measures less than ANMRI
and on the left side measures more than ANMRI. Statistically
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significant decrease in size noted in cisterna magna and fourth
ventricle with increase in size of TCD, vermis and brainstem
structures
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Table 3 Mean ratio, confidence Parameters Mean ratio 95% CI p value p. adjusted
interval and p value of
quantitative parameters Transcerebellar Diameter 1.19 1.08, 1.31 0.003 0.03
Cisterna Magna 0.31 0.17, 0.55 0.001 0.02
Cerebellar vermis 1.25 1.08, 1.45 0.01 0.05
Tentorial Angle 0.83 0.76, 0.91 0.001 0.02
Clival supratentorial angle 0.83 0.70, 0.99 0.04 0.15
Post fossa bone-bone diam 1.07 0.97, 1.19 0.17 0.33
Right midbrain 1.23 1.11, 1.37 0.002 0.02
Left midbrain 1.20 1.07, 1.34 0.01 0.04
4th Ventricle 0.74 0.40, 1.38 0.30 0.33
Pons 1.25 1.11, 1.40 0.002 0.02
Medulla 1.18 0.99, 1.40 0.06 0.19
PF volume 0.83 0.71, 0.97 0.03 0.14

Mean ratio of the parameters on PMMRI compared to the ANMRI. The value > 1 suggests an increase in
the size and < 1 decrease in size. The adjusted p valve < 0.05 suggests change is statistically significant

CI Confidence Interval

Discussion

We evaluated the imaging characteristics of PMMRI
compared to ANMRI in the assessment of the PF structures
with CA. Our study showed good congruence of the
PMMRI findings when compared to the ANMRI and CA in
the assessed fetuses. Similarly, Izzo G et al. [26] and
Goergen SK et al. [27] demonstrated high concordance
between ANMRI and PMMRI in detecting fetal brain
abnormalities, contributing to the CA findings. Goergen SK
et al. also emphasized the fact that both ANMRI and
PMMRI should not be assessed independent to each other
and highlighted that reliance on PMMRI alone, may result
in misdiagnosis [27]. Advantages of PMMRI are its non-
invasiveness and relative ease to perform the examination
without the need for tissue preparation, compared to CA.
Also, macroscopic changes secondary to delivery, death,
and maceration can be assessed on imaging.

In our cohort, the PF structures were appropriately
characterized on ANMRI and PMMRI for most fetuses
along with CA except for one fetus, where CA evaluation
was non-diagnostic due to severe maceration. However,
ANMRI and PMMRI showed near complete congruence of
the findings and we found that PMMRI was decisive and
even superior to CA in one case (fetus 3). Similarly,
Shruthi et al. [19], found that PMMRI was comparable and
even superior to CA for PF abnormalities. Authors also
found that PMMRI can provide additional diagnostic
information of the fetal nervous system and can be an
acceptable alternative to CA when this is refused by the
parents [11, 15, 17, 19].

To our knowledge, this is the first study assessing the PF
structures on PMMRI both subjectively and objectively,
compared to ANMRI; keeping CA as gold standard. In our

study, PMMRI demonstrated brain edema with loss of
grey-white matter differentiation, diffuse enlargement of
most solid PF brain structures, and smaller CSF-filled
spaces, as has been described in the literature. [28] These
changes are due to post-mortem altered CSF dynamics and
CSF redistribution into the brain parenchyma resulting in
cell changes that appears similar to the cerebral edema
from antenatal/perinatal ischemic injury, an expected post-
mortem finding that should not be mistaken for pathology
[28]. The CSF redistribution causes brain enlargement
(swelling), poor grey-white matter differentiation, venous
stasis, and effacement of extra-axial CSF spaces together
with skull deformity and collapse [29]. An apparent ton-
sillar descent (Fig. 5) due to cerebellar swelling can occur
and should not be considered a pathological finding (e.g.
Chiari 1 malformation) [23]. Montaldo et al., quantified the
post-mortem body changes secondary to maceration using
whole-body fetal PMMRI compared to CA, and developed
a PMMRI-based scoring system [30]. The authors found a
good correlation between the PMMRI-based maceration
score and the extent of maceration seen on CA. They found
that a decrease in brain tissue contrast strongly correlated
with the extent of maceration, and concluded that this
maceration score could be useful when interpreting the
PMMRI (30).

Limitations of this study include its retrospective nature,
small sample size, limited spectrum of PF abnormalities,
and relatively wide range of gestational age of our cohort.
There might be a selection bias since the MRI studies were
performed for fetuses with suspected brain abnormalities.
Not all fetuses underwent dedicated neuropathological
examination or genetic testing, and for one fetus assess-
ment of PF structures by CA was not possible. Despite this,
the study provides a window of opportunity for further
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larger-size, multi-institutional prospective studies with
broader PF or brain pathology, including AN/PMMRI,
using CA as a reference standard, and incorporating par-
ental opinions to enable this post mortem fetal assessment
approach as an evidence-based practice.

Conclusion

PMMRI is an effective tool for the evaluation of PF
structures and complements ANMRI and CA. It is advan-
tageous by avoiding the disfigurement of the fetus from
tissue manipulation and processing seen with CA.

PF brain enlargement and smaller CSF-filled spaces are
expected post-mortem physiological phenomenon and need
to be taken into consideration when reporting PMMRI.
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