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Objective: To investigate the potential of advanced diffu-
sion weighted imaging (DWI) in post-mortem MRI (PMMR)
at 3T.

Methods: We acquired PMMR brain and body imaging
in 12 neonates, mean gestational age 33.4 weeks
(range 29-37 weeks) at 3T and 1.5T. Head and body
diffusion imaging at 1.5T consisted of bipolar diffu-
sion encoding and single-shot spin-echo echo-planar
imaging (SE-EPI) for acquisition (echo time (TE) 96
ms; repetition time (TR) 2700 ms; voxel size 1.8 x 1.8
mm in-plane with slice thickness 5 mm; b-values of 500
and 1000 s/mm? applied in three orthogonal directions;
total acquisition time 2:12). A whole-body 3T diffusion
imaging protocol using monopolar diffusion encoding
and simultaneous multislice EPI acquisition with gradi-
ents applied in 12 uniformly distributed directions was
obtained (TE 53.4 ms; TR 5600 ms; 1.8 mm isotropic;
multiband factor 2; b-values of 250, 750, 1250 and 1750
s/mm?; acquisition time 2:09 for a single b-value).

INTRODUCTION

Post-mortem imaging is rapidly developing into a useful autopsy
tool in the assessment of fetal and perinatal death,' both for clin-
ical diagnosis and exclusion of major congenital abnormalities.”
A wide range of processes following death cause alterations in
water movement between and within cells and can involve cell
swelling, membrane changes and breakdown. Diffusion MRI is
anon-invasive method that is exquisitely sensitive to water diffu-
sion. Advanced diffusion image acquisition and processing aims
to probe the cellular diffusion environment and may throw light
on different processes occurring within the tissue,”> which in
turn has the potential to be predictive of clinical factors relating
to time from and cause of death.®™

Post-mortem MRI (PMMR) has generally adopted conven-
tional MR sequences used in live neonatal imaging, where

Results: There was significant improvement in image
quality in multiband, multislice diffusion PMMR protocol.
On visual assessment of image quality, 1.5T DWI scored
poorly (mean 2.4 SD + 0.47), and all 3T b-values indi-
vidually scored significantly higher (p < 0.001) apart
from b = 250 s/mm? which was not significantly
different.

Conclusion: Recent advances in diffusion sequences
and hardware utilising higher field strengths and
gradient performance allows whole-body diffusion
PMMR imaging at high resolution with improved
image quality compared to the current clinical
approach.

Advances in knowledge: We have demonstrated feasi-
bility of a multislice, multiband quantitative diffusion
imaging sequence in the perinatal post-mortem setting.
This will allow more detailed and quantitative clinical
PMMR investigations using diffusion MRI in the future.

patient movement necessitates rapid acquisition of rela-
tively low resolution images. In the latest review of PMMR
imaging sequences,® few centres include diffusion imaging
in their clinical imaging protocols, and those that do
will acquire separate axial brain and body non-isotropic
diffusion imaging at few b-values, typically at 1.5T.° This
approach yields a low spatial resolution dataset, with poor
characterisation of the diffusion signal (in terms of diffu-
sion b-values and angular resolution), from which reliable
data on cellular behaviour may be difficult to infer.

The simultaneous multislice (SMS) pulse sequence applies
a multiband or composite RF pulse with a slice-selective
gradient to simultaneously excite multiple slice planes
within the imaging volume. This increases acquisition effi-
ciency by exciting several slices simultaneously, leading to
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higher resolution images in the same acquisition time and/or
shorter acquisition times.'’ In standard 2D k-space encoding,
the signal from simultaneously excited slices are mixed together,
but they can be separated using the spatial encoding informa-
tion inherent in a multicoil receiver system as used in modern
imaging. SMS sequences are available across field strengths, but
the measurement of diffusion indices is likely to be improved
by higher performing gradients, optimised B, shimming, and
multichannel RF coil technology, as well as the higher signal at
higher field strengths, which are often more prevalent in more
modern 3T scanners. A combination of this multislice approach
and one of the reduced phase-encode techniques such as sensi-
tivity encoding (SENSE) further increases efficiency.'! It should
be noted that post-mortem work on a clinical scanner is still
subject to specific absorption rate (SAR) limitations even though
these are no longer relevant. These impose restrictions on the
sequence, as the composite RF pulses using in SMS sequences
are prone to exceed peak amplitude capabilities of the RF ampli-
fier and the total power in the pulse may exceed these SAR limits.
Methods can be employed to reduce peak amplitude without
affecting SAR or that achieve time-averaged power reduction'?
to improve this.

In this article, our aim is to investigate the potential of using
advanced diffusion sequences recent MRI hardware improve-
ments for perinatal PMMR autopsy over conventional diffusion
imaging. In this feasibility study, the use of multiband sequences
should allow faster acquisition by obtaining two or more slices
with increasing acceleration factor (at the same time as one
slice).***> Coupled with improved gradient performance (that
allows for high quality monopolar diffusion encoding at short
echo times), this enables acquisition of increased resolution,
isotropic images of the whole body, and a better characterisa-
tion of the diffusion signal, increasing resolution in the diffusion
domain, by allowing for diffusion weighted images at a range of
b-values and gradient directions in the equivalent time to current
practice derived from neonatal clinical imaging. As there is no
patient movement during the PMMR, a single isotropic resolu-
tion volume combining both the head and body can be acquired,
allowing full visualisation in all planes. We evaluated the feasi-
bility of this approach through visual assessment of image quality
and quantification of MD values to provide a comparison to
current clinical practice.

METHODS AND MATERIALS

We prospectively acquired PMMR from cases referred to our
institution for perinatal autopsy. Written informed consent was
obtained for all patients for clinical pre-autopsy PMMR as part
of our institution’s clinical post-mortem assessment. Bodies were
stored in a mortuary at 4°C and PMMR was performed outside
of normal working hours to ensure as little disturbance as
possible to clinical services. Cases were brought directly from the
mortuary and positioned in a head coil in the supine position,
and wrapped in insulating material to aid temperature stability.

Conventional 1.5T diffusion PMMR imaging
Clinical imaging was performed at 1.5T Avanto scanner (Siemens
Medical Solutions, Erlangen, Germany) including post-mortem
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brain and body imaging with standard 3D T weighted and T,
weighted sequences according to previously published protocols.®

Conventional diffusion weighted imaging (DWI) was
performed using single-shot spin-echo echo-planar imaging
(SE-EPI), utilising a twice-refocused sequence'® to improve
eddy current performance. Imaging parameters are given in
Table 1. From the native diffusion acquisition, apparent diffu-
sion coeflicient (ADC) maps were obtained on the acquisi-
tion console (Syngo, Siemens Medical Solutions, Erlangen,
Germany).

3T multiband diffusion imaging

Whole body (vertex to mid-thigh) images were performed
with a 3T Siemens Prisma. The multishell diffusion sequence
employed a diffusion-weighted 2D single-shot SE-EPI acqui-
sition, with multiband radio frequency pulses to accelerate
volume coverage along the slice direction. A single refocused
SE-EPI diffusion sequence was used to enable the TE to be
shortened reducing T, decay and increasing signal levels while
reducing the TR and giving a faster scan time. Image distortion
due to tissue magnetic susceptibility-related B field perturba-
tions is increased at 3T and were compensated for by acquiring
a short reversed phase encoding scan for correction with no
diffusion encoding and all other EPI parameters being the same.
Imaging parameters are given in Table 1. The acquired data was
corrected for distortion using TopUp (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/topup) within TractoR (http://www.tractor-mri.org.
uk). Mean diffusivity (MD) tensor maps were generated using
ESL v. 5.0.9 using all 12 directions and a weighted least squares
regression fit.

Image interpretation

Regions of Interest (ROIs) were drawn manually using MIPAV
and plotted on the MD maps by a single operator, a Radiology
Fellow with 7 years radiology training, saved as a VOI dataset
and overlaid across all sequences. The regions of interest were
placed in frontal lobe white matter (WM), frontal lobe grey
matter (GM), temporal lobe WM, temporal lobe GM, occipital
lobe WM, occipital lobe GM, basal ganglia, pons, cerebellum,
right lung, left lung, myocardium, right lobe liver, left lobe liver,
spleen, right renal cortex, left renal cortex, right psoas and left
psoas (as described in previous publications).”!” MD maps
derived from both combined and single b-value images (acquired
at 3T only) were also blindly scored for image quality / diagnostic
acceptability by the same operator using a simple visual analogue
scale:

1 = unacceptable, no diagnosis possible;

2 = marked artefacts, no diagnosis possible;
3 = acceptable, diagnosis possible;

4 = very good, diagnosis possible;

5 = excellent, diagnosis possible;
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Table 1. Comparison of acquisition parameters at 1.5T and 3T

Parameter Clinical acquisition Research acquisition in this study

Scanner type Siemens Avanto Siemens Prisma

Field strength 15T 3T

Gradient 40/40/45 (x/y/z) mT m™" 80 mT m™

200 T m™ s™' magnetic field gradients | 200 T m™ s™' magnetic field gradients

Coil 12 channel phased-array head coil 64 channel head coil
Acquisitions Body and brain separate acquisition Whole body
DWI Sequences
Sequence Single-Shot SE-EPI (twice refocused) 2D Single-Shot SE-EPI (single refocused)
Plane acquisition Axial Axial
RF pulse type Normal Multiband (factor 2)
EPI factor 95 96

Head 5 mm
Slice thickness Body 5 mm 1.8 mm isotropic
TR 2700 (ms) 5600 (ms)
TE 96 (ms) 53.4 (ms)

Voxel size 1.8 x 1.8 x 5.0 mm 1.8 mm isotropic

0, 250, 750, 1250, 1750 ( with one unweighted acquisition with reversed PE for distortion

b-values (s/mm?) 0, 500, 1000 correction)

Gradient directions 3 (Orthogonal) 12 (Uniformly distributed)

Acquisition time 2 acquisitions at 1:06 min each 2:09 min for all except 1:02 min for reversed PE acquisition

DWI, diffusion weighted imaging; SE-EPI, spin-echo echo-planar imaging.

T-tests were performed between 1.5T scores vs all b-values and
combined b-values at 3T, and all combined b-values scores vs all
other b-values at 3T and 1.5T.

Temperature measurement

Temperature was measured using an electronic thermometer
in the same anatomical position (armpit or groin) immediately
before transfer into the MR scanner, this is typically 1-2 minutes
before the first scan and 1-2 minutes after removal of the neonate
from the scanner, the position of thermometer was replicated for
both time points. Temperature values in each neonate were esti-
mated by assuming a linear gradient temperature change across
the imaging session, and the temperature was taken at the mid
time point of the diffusion scan. Subjects were viewed in all three
orthogonal planes in the MD scan at the centre time point, and a
ROI drawn in the in the large lobe of the liver for homogeneity.
The average values of these ROIs were then plotted against time
to examine any correlation of MD with time.

RESULTS

12 neonates underwent PMMR imaging with gestational age
33.4 + 3.3 weeks (range 29-37 weeks). 11 cases were stillbirths
or intrauterine deaths, from which no cause of death in the fetus
was found (most causes of death related to placental insuffi-
ciency, placental infection or no cause found); one case was a
termination of pregnancy for suspected central nervous system
abnormality which was normal at imaging and autopsy.

The mean temperature across subjects at scan time was found to
be 8°C (range 6.2-11.2°C). The correlation coefficient R?between
temperature at time of scan and MD in the liver of each neonate
was found to be 0.35 with a p-value of 0.09. We did not correct
our MD values for temperature because this correlation was not
significant and the effects of this temperature range on MD were
reasonably small compared to other sources of variance affecting
the MD in our sample.

On visual assessment of image quality, 1.5T DWI scored poorly
(mean 2.4 SD + 0.47), and all 3T b-values individually scored
significantly higher (p < 0.001) apart from b = 250 s/mm? which
was not significantly different (Figure 1). Single b-value MD
maps at higher b-values contained more detail (Figure 2), and
there was an increase in diagnostic acceptability with higher
b-values. The highest score were for the combined b-value 3T
dataset (Figure 1), but there was little difference between this and
the highest single b-value of 1750 s/mm?. This demonstrates that
a higher b-values are optimal in post-mortem imaging. T-test
results are shown in Figure 2.

Average MD values were obtained from all organs in all cases
and shown in Figure 3 respectively. Brain and solid organ MD
values are comparable to those obtained in previous studies.®’
Myocardium and psoas muscle were found to have the highest

MD values (Figure 3).
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Figure 1. Example MD maps of the same subject at 1.5T (left) using the standard clinical diffusion scan and a MD map at 3T (right)
using the optimised high resolution diffusion sequence with b-values of 250, 750, 1250 and 1750 s mm™2. Example cross-sections
are shown at the level of the brain, lungs and kidneys. The cross-sectional image of the brain at 3T has been re-windowed for

clarity MD, mean diffusivity.

3T MD

1.5T ADC

DISCUSSION

We have demonstrated feasibility of using a multiband diffu-
sion imaging sequence in the perinatal post mortem setting.
This sequence allowed the acquisition of higher (isotropic)
resolution images of whole body with higher image quality, in

Figure 2. Bar chart of average visual assessment scores for
all neonates. Significance (p < 0.05) is shown between 1.5T
scores versus all combined b-values and all other b-values at
3T (shown by *) and all combined b-values versus all other
b-values at 3T and 1.5T scores (shown by **).
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the equivalent time to typical imaging adapted from neonatal
clinical imaging. The ability to obtain detailed quantitative MD
values may give diagnostic benefit for perinatal postmortem
imaging assessment.

Isotropic diffusion imaging at this level of resolution and field
strength has not been performed before in neonatal PMMR
imaging. Previously published clinical post-mortem diffusion
work typically had low resolution in the slice direction; Schmidt
et al'® measured ADC values in the adult post-mortem brain,
acquiring standard 5 mm slices at 1.5T in the tranverse (axial)
orientation. Haakma et al'’® performed tractography in adult
post-mortem subjects at 1.5T, with 3 mm isotropic voxel reso-
lution. Diffusion images with b-values of 0 and 2000 s/mm? and
15 directions were acquired of the lumbar and sacral nerves. All
three previous publications on perinatal post-mortem diffu-
sion imaging are from our institutions, and all three investi-
gated diffusion imaging at 1.5T with a slice thickness of 5 mm
with gradient values of 0, 500, 1000 s mm?.®”** We also note
that other published work often quotes ADC values, although
it is frequently unclear whether a single direction or the average
of three directions was measured. We have chosen to use Mean
Diffusivity which is defined as the average of the three eigen-
values of the tensor, or the magnitude of diffusion regardless of
direction, to avoid any ambiguity.
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Figure 3. Average MD values in all neonates by region of interest. Values were produced using all b-values and 12 direction uni-

formly distributed diffusion vectors. MD, mean diffusivity.
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The multiband diffusion imaging sequence at 3T gave supe-
rior imaging quality due to a combination of increased signal
at higher field strength, an increase in speed of acquisition due
to the multiband sequence, the gradient performance which
provides both shorter diffusion encoding times directly and
because improved eddy current performance enables single
refocused diffusion encoding to be used with acceptable image
quality. Together this enables the use of much shorter TEs, there-
fore increasing SNR due to a reduction in T, decay whilst also
reducing scan time per slice. Taken together with the use of a
higher field strength, a higher resolution scan can be acquired in
the same overall scan time. Acquiring one isotropic acquisition of
the whole body provides easy visualisation which can be viewed
in all three orthogonal planes at increased resolution, allowing
quantitation of diffusion indices in the smaller neonatal organs.
However, the real benefit of this scan protocol is that it provides
a fuller characterisation of changes in the diffusion signal (owing
to the range of b-values and gradient directions used) that can
be used to try to infer underlying processes that occur during
and after death in addition to being used for standard clinical
practise. Therefore the feasibility of obtaining this information in
a single short scan with whole body coverage provides a useful
starting point for research in this area. A larger future study will
be required to evaluate the performance of this sequence against
histological validation, and in specific clinical scenarios.

The acquisition of high resolution whole body imaging has
significant clinical advantages over conventional sequences, with
improved resolution at higher b-values. Recent studies confirm
that higher resolution post-mortem imaging at 3T improves
overall clinical diagnostic accuracy compared to 1.5T.° The
average mean diffusivity values in the grey matter of the brain

are higher than the white matter as expected. The myocardium
and psoas muscles shows a high value of mean diffusivity, which
may be due to an underlying change in cell wall permeability.
While b-values could be further optimised in different organs,
obtaining a range of b-values within the whole body is a simpler
approach at the early evaluation stage, and the whole dataset can
be used for more complex models of diffusion.

A limitation of our study is that like all feasibility studies in a
small cohort of late gestation fetuses, the results may not be
generalisable to other study populations such as very early gesta-
tional fetuses (15-20 weeks). Nevertheless, in this feasibility
study, the quality of the images and the values MD obtained
offer a clear advantage over those in the existing literature. The
application of the technique in a larger cohort of perinatal deaths
across different gestational ages are required to characterise diag-
nostic performance. However, the approach of taking a range of
b-values (made possible by the high SNR and efficiency of the
sequence) means that the data is appropriate for a very wide
range of tissue properties and so is likely to be appropriate in a
bigger cohort. Of particular interest will be the comparison of the
results of diffusion parameters with histological organ sampling
where available, as the wide range of MD values in this cohort
may correspond to underlying histological variation.

CONCLUSION

We have demonstrated feasibility of a multislice multiband quan-
titative diffusion imaging sequence in the perinatal post mortem
setting. The rapid acquisition of high resolution whole body
imaging may have significant clinical advantages over conven-
tional sequences, reducing partial volume effects. In addition, it
allows a fuller characterisation of the diffusion signal by allowing
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diffusion images with a range of b-values and gradient directions
to be obtained which may allow tissue changes post-mortem to
be better characterised, and opens up the possibility of obtaining
more specific measures of tissue microstructure. We predict that
this will become a useful additional tool in evaluation perinatal
death in a clinical setting.
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