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The human spinal cord is a central nervous system structure that plays an important role in normal motor and
sensory function, and can be affected by many debilitating neurologic diseases. Due to its clinical importance,
the spinal cord is frequently the subject of imaging research. Common methods for visualizing spinal cord
anatomy and pathology include histology and magnetic resonance imaging (MRI), both of which have unique
benefits and drawbacks. Postmortem microscopic resolution MRI of fixed specimens, sometimes referred to as
magnetic resonance microscopy (MRM), combines many of the benefits inherent to both techniques. However,
the elongated shape of the human spinal cord, along with hardware and scan time limitations, have restricted
previous microscopic resolution MRI studies (both in vivo and ex vivo) to small sections of the cord. Here we
present the first MRM dataset of the entire postmortem human spinal cord. These data include 50 pm isotropic
resolution anatomic image data and 100 um isotropic resolution diffusion data, made possible by a 280 h long
multi-segment acquisition and automated image segment composition. We demonstrate the use of these data for
spinal cord lesion detection, automated volumetric gray matter segmentation, and quantitative spinal cord
morphometry including estimates of cross sectional dimensions and gray matter fraction throughout the length

of the cord.

1. Introduction

The spinal cord is an essential part of the central nervous system
that is responsible for transmitting neuronal signals between the brain
and body. In addition to its role as the primary conduit for sensory and
motor function, the spinal cord is affected by several debilitating
human diseases including multiple sclerosis, amyotrophic lateral
sclerosis, and various forms of spinal cord injury (Minagar and
Rabinstein, 2012). Lesions to the spinal cord can produce a range of
symptoms including pain, paresthesias, weakness, and paralysis. Be-
cause of its clinical importance, the spinal cord is frequently a target for
imaging research (Wheeler-Kingshott et al., 2014). Historically, light
microscopy-based histology has been the major imaging modality used
for investigating the spinal cord (Fix, 2008; Sengul et al., 2013;
Standring, 2016; Watson et al., 2009). One of the most widely known
histological atlases of the spinal cord is Gray's Anatomy (Standring,
2016) (now in its 41st edition), which has since been digitized to create
a white matter atlas of the human spinal cord (Lévy et al., 2015). A

more recent landmark histological atlas is the Atlas of the Spinal Cord of
the Rat, Mouse, Marmoset, Rhesus, and Human (Sengul et al., 2013).
These histologic studies offer sub-cellular in-plane resolution and many
unique contrasts based on chemical (e.g. cresyl violet) and im-
munohistochemical (e.g. acetylcholinesterase) tissue stains.

While histology remains the gold standard for anatomic and pa-
thologic studies of the spinal cord, it is not without limitations.
Histological techniques are labor intensive and require destruction of
the sample due to the need for tissue sectioning. The resulting tissue
slices are frequently affected by distortions from fixation, embedding,
and sectioning. Moreover, each piece of tissue can be stained only once,
thus limiting what can be visualized with any given specimen. For these
reasons, histologic studies are typically limited to a small number of
individual slices, often with large intervening gaps, and therefore lack
the ability to represent the three-dimensional anatomy and connectivity
of the cord. For example, Gray's Anatomy includes only a single slice
through the cervical cord (C4), and the Sengul et al. atlas, one of the
most comprehensive of its kind, includes only one slice for each of the
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31 vertebral levels. Most clinical pathologic assessments of the spinal
cord are similarly sparse in their sampling and can potentially miss
focal lesions, which may occur anywhere throughout the length of the
cord.

Magnetic resonance imaging (MRI) of the spinal cord can overcome
many of the drawbacks inherent to conventional histology, albeit at the
cost of lower in-plane spatial resolution. Contiguous 3D images can be
acquired along the full cord, and multiple contrasts can be visualized
within the same tissue. Notably, several MRI contrasts, including dif-
fusion MRI (dMRI), are quantitative and provide additional information
about tissue microstructure that is beyond the actual image resolution.
However, techniques for spinal cord MRI have historically been limited;
in particular, troublesome factors include the spinal cord's small cross-
sectional area, artifacts from adjacent bone-soft tissue interfaces, and
physiologic motion of blood and cerebrospinal fluid (Cohen-Adad and
Wheeler-Kingshott, 2014). Despite these challenges, there have been
many notable in vivo MRI studies of the human spinal cord including
those utilizing dMRI, though they are limited in slice number and re-
solution (Farrell et al., 2008; Massire et al., 2016; Rasoanandrianina
et al., 2017; Taso et al., 2014).

Postmortem microscopic resolution MRI of fixed specimens, some-
times referred to as magnetic resonance microscopy (MRM), offers an
alternative approach that addresses many of the limitations of other
spinal cord imaging modalities. Using exogenous contrast agents, long
scan times, and specialized equipment, superior resolution and contrast
can be achieved along the entire cord while maintaining most of the
benefits inherent to MRIL. Previous MRM studies of the human spinal
cord have demonstrated the incredible three-dimensional anatomic
detail that this technique can provide, but they have typically been
confined to small sections of the cord due to hardware limitations
(Bergers et al., 2002; Bot et al., 2004; Gilmore et al., 2009; Mottershead
et al., 2003; Nijeholt et al., 2001). Here, we present the first micro-
scopic resolution dMRI dataset of the entire postmortem human spinal
cord, made possible by multi-segment acquisition and automated image
composition. These data offer a unique opportunity to explore the
three-dimensional anatomy and connectivity of the spinal cord at un-
precedented resolution. We further demonstrate the use of these data
for both pathologic lesion detection and for automated volumetric gray
matter segmentation and morphometric analysis using a recently pub-
lished deep learning method (Perone et al., 2017).

2. Materials and methods
2.1. Specimen procurement

An entire human spinal cord, from pyramidal decussation to cauda
equina, was obtained from a deceased adult male in his sixties at the
time of death, with no known history of neurologic disease. After death
and prior to spinal cord removal, the cadaver was gravity perfused with
isotonic saline through the right carotid artery until all visible blood
was flushed from the vascular system. The time between death and
spinal cord harvest (postmortem interval) was approximately 18 h, and
during this time the cadaver was maintained at 4°C. Spinal cord ex-
traction was performed by a trained neurosurgeon using standard sur-
gical instruments and took approximately 1h to complete. The dis-
sected cord measured approximately 46 cm from pyramidal decussation
to filum terminalis.

2.2. Specimen preparation

Immediately after extraction, the dura was opened longitudinally
and the spinal cord was sutured to a block of closed-cell polystyrene
foam in a fully extended position via the attached dural flaps. This was
done to ensure that the cord remained straight and suspended during
subsequent fixation. The specimen was immersion-fixed in a 10% for-
malin solution for two weeks at 4°C and then transferred to a
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Fig. 1. Coronal magnetic resonance microscopy images of the whole human
spinal cord at the level of the central canal. Three different image contrasts are
included: A) T2*-weighted gradient echo; B) isotropic diffusion-weighted
image; C) directionally colored fractional anisotropy.

phosphate-buffered saline solution doped with 2.5 mM gadoteridol for
one additional week prior to scanning. Immediately prior to scanning,
the spinal cord was completely dissected away from the dura, placed in
a custom-fabricated plastic specimen tube, and immersed in Galden HT-
200 liquid fluorocarbon (Solvay, Brussels, Belgium) for magnetic sus-
ceptibility matching and to prevent specimen dehydration during
scanning.

2.3. Imaging hardware

MR imaging was performed on 7 T horizontal-bore small animal
MRI system (Magnex Scientific, Yarton, Oxford, UK), controlled by an
Agilent console running VnmrJ 4.0 (Agilent Technologies, Santa Clara,
CA, USA). Radiofrequency transmission and reception was accom-
plished with a custom-made 11 cm long cylindrical quadrature coil with
a 3.1 cm inner diameter. The coil was affixed to a custom-fabricated
magnet bore gantry insert with a 100 cm long sliding inner specimen
tube featuring locking distance marks at precise 1 cm intervals. This
device was designed to allow exact specimen translation along the
magnet bore while restricting rotation about the Z axis, thus facilitating
alignment of multiple segments.

2.4. Image acquisition

MR images of the entire cord were acquired in seven separate
overlapping segments. The segment field of view was 8 X 2 X 2cm
with 1 cm of overlap on each end. Between each acquisition, the spe-
cimen was advanced precisely 7 cm through the magnet bore using the
previously described gantry insert. T2*-weighted anatomic images were
acquired using a 3D gradient echo sequence with an acquisition matrix
of 1600 x 400 X 400, resulting in 50 um isotropic resolution. Scan
parameters included: TR =50ms, TE =9ms, flip angle = 60°,
bandwidth = 100 kHz, averages = 1. Diffusion-weighted images were
acquired using a Stejskal-Tanner diffusion-weighted spin echo sequence
with an acquisition matrix of 800 x 200 x 200, resulting in 100 um
isotropic resolution. Scan parameters included: TR = 100 ms,
TE = 32ms, bandwidth = 100 kHz, averages = 1. Diffusion prepara-
tion (b = 4000 s/mm?) was achieved with a pair of half sine gradient
pulses of width (8) = 5ms, separation (A) = 23 ms, and gradient am-
plitude (G) = 50.4 G/cm. A total of 31 non-collinear diffusion-weighted
images and 3 b = 0 s/mm? images were acquired for each of the seven
segments (Koay, 2011). Per-segment acquisition time was 2h 22 min
for anatomic data and 37 h 46 min for diffusion data, resulting in a total
acquisition time of approximately 280 h.

2.5. Image processing and composition

Images were reconstructed, corrected for gradient nonlinearity er-
rors, and digitally combined using a custom-developed image proces-
sing pipeline implemented in MATLAB (MathWorks, Natick, MA, USA).
Gradient nonlinearity correction code was adapted from the General
Electric Gradwarp gradient nonlinearity correction tool (GE, Boston,
MA, USA). The spherical harmonic coefficients used for gradient non-
linearity correction were derived empirically based on experiments
with a linearity phantom (Supplementary Fig. 1) (Calabrese et al.,
2017). Image segments were combined into a single image by auto-
mated registration of overlapping segments (ANTs, http://picsl.upenn.
edu/software/ants/) and subsequent weighted averaging. A six-para-
meter linear (rigid) registration was performed on the overlapping 1 cm
portions of adjacent segments plus a 2mm margin to allow for
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specimen positioning imprecision. We used a four-stage multi-resolu-
tion registration strategy with downsampling factors of 8, 4, 2, and 1,
and Gaussian smoothing sigmas of 6, 4, 1, and 0 voxels at each level,
respectively. The registration converged at each level with less than
1000 iterations. The rotations and translations derived from the regis-
tration were then applied to each entire segment. Segments were
combined by weighted averaging with a linear weighting profile where
the voxels closest to magnet isocenter were assigned a weight of 1 and
those farthest from isocenter were assigned a weight of 0. These
methods were chosen to produce smooth image intensity across com-
posed image segments, however, both gradient non-linearity correction
and coil bias can produce slight image intensity variations at the seg-
ment overlaps. The final composite field of view was
46.76 x 2.00 x 1.67 cm after cropping the data to fit.

2.6. Diffusion processing and fiber tracking

Diffusion data processing and tractography were performed in DSI
studio (http://dsi-studio.labsolver.org/). Standard diffusion tensor
scalar maps were generated including fractional anisotropy (FA), axial
diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). For
tractography, the fiber reconstruction algorithm was Generalized Q-
Sampling Imaging (GQI), using default parameters (Yeh et al., 2010).
Deterministic fiber tracking was performed with uniform subvoxel
seeding throughout the entire cord until 100,000 tracks were gener-
ated. Additional tracking parameters included a step size of 50 um, a
minimum length threshold of 1 mm, and a maximum angle threshold of
70°. Deterministic tractography was chosen to highlight dominant
pathways without the additional false positive pathways that prob-
abilistic tractography methods often yield (Behrens et al., 2007;
Thomas et al., 2014).

2.7. Gray matter volume segmentation

A total of 25 evenly distributed axial slices of the T2*-weighted
spinal cord image data were manually segmented into gray matter and
non-gray matter by a trained technician. These slices were used to train
a recently published state-of-the-art Deep Learning Convolutional
Neural Network (CNN) model using dilated convolutions (Krizhevsky
et al., 2017; Perone et al., 2017; Yu and Koltun, 2015). The trained
model was subsequently used to automatically segment the entire T2*-
weighted spinal cord image volume. This segmentation method is also
able to accurately segment in vivo human spinal cord image data
(Perone et al., 2017), and could in theory work for any type of spinal
cord MRI if appropriate training data were used. No post-processing
methods were employed on the model predictions. A whole cord mask
was generated using image thresholding and morphological closing,
and a white matter label was created by subtracting the gray matter
labels from the whole cord mask.

2.8. Spinal cord morphometry

Several morphometric characteristics of the human spinal cord were
measured throughout its length (from pyramidal decussation to conus
medullaris) including axial dimensions (anterior/posterior and left/
right), cross-sectional area, and gray matter volume fraction. Spinal
cord dimensions were determined automatically by computing the
tightest possible bounding rectangle for each axial image slice after
thresholding out background noise. Cross-sectional area was de-
termined by automatically counting all pixels within the spinal cord on
each axial slice, and the multiplying by the pixel dimensions. Gray
matter fraction was computed as the number of gray matter pixels di-
vided by the total number of pixels within the spinal cord for each axial
slice.
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Fig. 2. Multi-contrast axial magnetic resonance microscopy images of the human spinal cord at different levels. Spinal cord levels are named based on the exiting
spinal nerves using standard abbreviations: C for cervical, T for thoracic, L for lumbar, and S for sacral. Contrasts include: T2*, T2*-weighted gradient echo; BO, b = 0
image from diffusion acquisition; DWI, isotropic diffusion weighted image; FA, fractional anisotropy; FAC, directionally colored fractional anisotropy.

3. Results
3.1. Image results

The final composite anatomic and diffusion-derived images allow
visualization of the entire human spinal cord at spatial resolutions that
are currently only achievable in smaller tissue segments (Fig. 1). For the
purposes of this study, spinal cord levels are named according to the 31
pairs of exiting spinal nerve roots (8 cervical, 12 thoracic, 5 lumbar, 5
sacral, and 1 coccygeal). The high spatial resolution of the data, com-
bined with the multitude of diffusion-derived image contrasts, provides
exceptional anatomic detail at all spinal cord levels (Fig. 2). The data
provide high gray matter/white matter contrast, and also resolve sev-
eral sub-structures including gray matter nuclei and small white matter
pathways. For example, in the lumbar gray matter it is possible to re-
solve both ventral (motor) nuclei, as well as dorsal (sensory) nuclei
such as the nucleus proprius/substantia gelatinosa (Fig. 3, right). Small
axonal pathways are also visible, particularly on diffusion contrasts,
including the anterior gray commissure and dorsal/ventral nerve
rootlets (Fig. 3, left). Calculated diffusion tensor scalars were relatively
constant along the length of the spinal cord white matter, apart from a
slight increase in FA and AD in the lumbar cord relative to the cervical/
thoracic cord, and a much larger drop in FA (~50%) and corresponding
rise in all diffusivity measures in the distal 15 cm of the cord. Diffusion
scalar measurements throughout the length of the spinal cord white
matter are presented in Supplementary Fig. 2.
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3.2. Spinal cord tractography

Whole spinal cord crossing fiber tractography yielded the expected
major white matter pathways within the spinal cord. In addition to
those tracks commonly seen in in vivo spinal cord tractography (e.g
dorsal columns, spinocerebellar, and corticospinal tracts), several
smaller white matter pathways are also accurately reconstructed, in-
cluding the dorsal and ventral nerve rootlets. In the cervical cord,
dorsal rootlet tractography reveals the pathways of the dorsal root entry
zone (DREZ), which is an important target for functional neurosurgical
procedures used to treat certain pain syndromes (Fig. 4A) (Rahimpour
and Lad, 2016). The combination of high spatial resolution and crossing
fiber tractography models also allows tracking of pathways within the
spinal cord gray matter, such as interneuron pathways and the anterior
gray commissure (Fig. 4B).

3.3. Characterization of a spinal cord lesion

Despite intentionally procuring the spinal cord specimen from a
patient with no known history of neurologic disease, review of the data
revealed spinal cord lesion at approximately the 6th thoracic nerve root
level (Fig. 5). High-resolution anatomic images show a 5 X 4 X 2mm
unilateral lesion that involves the left dorsal and adjacent white matter
pathways. The diffusion characteristics of the lesion include decreased
MD and FA compared to adjacent normal appearing white matter. In
addition, the axial (primary) diffusivity within the lesion is left-right
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Fig. 3. Axial magnetic resonance microscopy images of the human spinal cord
at approximately the 4th lumbar vertebral level. Directionally colored frac-
tional anisotropy (left) reveals small axonal pathways including the anterior
gray commissure and dorsal/ventral nerve rootlets (white arrowheads). T2*-
weighted gradient echo images demonstrate both ventral (motor) nuclei (red
arrowheads), as well as dorsal (sensory) nuclei such as the nucleus proprius/
substantia gelatinosa (yellow arrowheads). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

oriented (red) in contrast to the craniocaudally oriented (blue) axial
diffusivity of adjacent normal thoracic cord. These lesion characteristics
are nonspecific, and could be caused by many different forms of spinal
cord pathology. Another equally likely possibility is that this lesion
occurred postmortem (e.g. during specimen extraction), though there
was no evidence of external damage to the specimen prior to scanning.
Subsequent histologic analysis could have clarified these findings,
though it was not performed in this case to avoid specimen destruction.

3.4. Gray matter volumetric segmentation

Automated volumetric gray matter segmentation was found to be
highly accurate on manual inspection of the data. The automated seg-
mentation precisely captures even thin gray matter structures such as
the gray commissure and dorsal horns. Importantly, the algorithm also
performs well in regions with varying gray matter anatomy, such as in
the cervical cord where several gray matter columns appear, change in
shape, and eventually disappear (Fig. 6). The high-resolution three-di-
mensional nature of the data also allows highly accurate volumetric
measurements and three-dimensional renderings of spinal cord gray
matter anatomy (Fig. 6, right column). In this specimen, total gray
matter volume was estimated at 3.72 ml, which is in line with prior in
vivo MRI-based estimates (Fradet et al., 2014).

3.5. Spinal cord morphometry

The results of the morphometric analysis of the spinal cord are
presented in Fig. 7. Spinal cord axial dimensions, cross-sectional area,
and gray matter volume fraction are displayed from cauda equina (left)
to conus medullaris (right). The location of the incidentally discovered
spinal cord lesion is marked on the gray matter fraction graph, as it
causes a noticeable local distortion in the gray matter fraction without
affecting cross-sectional area. These data clearly show the expected
cervical and lumbar enlargements of the spinal cord. In addition, they
show that the lumbar enlargement is primarily due to an increase in
width, with relatively little change in anterior/posterior dimension

NeuroImage: Clinical 18 (2018) 963-971

Fig. 4. Directionally colored diffusion tractography of the human spinal cord. A
dorsal view of whole spinal cord tractography (left) is provided for orientation.
A) Magnified view of the cervical spinal cord shows dorsal nerve rootlets
(yellow arrow) and the dorsal root entry zone for the 5th cervical spinal nerve
(yellow circle). B) Axial cross-sectional view at approximately the 5th lumbar
vertebral level demonstrating gray matter tractography including interneuron
pathways and the anterior gray commissure (yellow arrows). Ascending/des-
cending white matter pathways are hidden for clarity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

compared to the thoracic cord (Kameyama et al., 1996). As expected,
gray matter fraction is highest in the cervical and lumbar cord, where
motor nuclei are relatively large. Perhaps less intuitively, the gray
matter fraction is highest in the conus medullaris, where there is rela-
tively little white matter, and the gray matter occupies nearly half of
the small cross-sectional area of the cord (Kameyama et al., 1996).
These MRM derived morphometric measurements are in line with prior
studies reporting direct measurement of gross anatomic specimens,
accounting for differences in technique (Elliott, 1945; Kameyama et al.,
1996; Ko et al., 2004).
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Fig. 5. Magnetic resonance microscopy images of an incidentally discovered 5 X 4 X 2mm unilateral lesion that obliterates the dorsal horn but spares many
peripheral white matter pathways. The lesion has decreased diffusivity and reduced FA compared to adjacent white matter, and a left-right (red) oriented axial
diffusivity. A) axial T2*-weighted gradient echo; B) axial isotropic diffusion-weighted image; C) axial apparent diffusion coefficient image; D) axial directionally
colored fractional anisotropy (FAC) image; E) sagittal FAC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Automated gray matter segmentation results in the cervical spinal cord. Standard spinal cord segment abbreviations are used including C for cervical
segments. Axial T2*-weighted anatomic images (left column) are shown with their corresponding automated gray matter segmentations (center column) and a
ventral view of a three-dimensional rendering of the cervical gray matter segmentation (right column).
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Spinal Cord Dimensions
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Fig. 7. Morphometric analysis of the human spinal cord throughout its length. Spinal cord axial dimensions (top), cross-sectional area (bottom, left axis), and gray
matter fraction (bottom, right axis) are plotted from pyramidal decussation (left) to conus medullaris (right). The location of an incidentally discovered spinal cord
lesion is marked on the gray matter fraction plot as it produces a noticeable local distortion in the gray matter fraction without significantly affecting cross-sectional

area.

4. Discussion

Here we present the first microscopic resolution dMRI dataset of the
entire postmortem human spinal cord, generated with multi-segment
MRM acquisition and an automated image composition pipeline. These
techniques allow for image quality and resolution that far exceed the
current state of the art for in vivo MRI studies. For example, Farrel et al.
imaged 30 axial slices using g-space analysis and a 3 T scanner with
eight healthy volunteers and four multiple sclerosis (MS) patients, re-
sulting in a diffusion-weighted image (DWI) resolution of
1.3 x 1.3 x 3.0mm, though data was restricted to the cervical cord
(Farrell et al., 2008). Taso et al. created a probabilistic atlas and ana-
tomical template of the human cervical and thoracic spinal cord at 3T
based on data from 15 healthy volunteers at a better resolution of
0.5 x 0.5 X 5.0 mm?, but this was only made possible by taking just
one slice at each vertebral level (and excluding most of the lumbar
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cord) (Taso et al., 2014). Using a 7 T field and 10 healthy volunteers,
Massire et al. achieved a resolution of 0.18 x 0.18 x 3mm? for Ty*-
weighted gradient recalled echo (GRE) and 0.8 x 0.8 X 3mm?® for
DWI, but data were again limited to 12 slices localized in the cervical
cord (Massire et al., 2016). Obviously, there are fundamental differ-
ences between in vivo and postmortem imaging, and comparisons be-
tween the two must be taken in context.

In addition to in vivo studies, several groups have previously re-
ported postmortem MRM studies of the spinal cord. Most prior post-
mortem studies have been performed on small animals and non-human
primates including rats (Ford et al., 1994; Gulani et al., 2001;
Kozlowski et al., 2008; Nevo et al., 2001; Schwartz et al., 1999), cats
(Cohen-Adad et al., 2008; Pattany et al., 1997), vervet monkeys
(Lundell et al., 2011), and marmosets (Fujiyoshi et al., 2007). Human
spinal cord MRM studies have also been previously reported; however,
they have largely focused on small segments of the spinal cord (2-6 cm)
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from patients with pathology (often MS) and at lower spatial resolu-
tions than the data presented here (Bergers et al., 2002; Bot et al., 2004;
Gilmore et al., 2009; Mottershead et al., 2003; Nijeholt et al., 2001). To
our knowledge, this study represents the first microscopic-resolution
MRI dataset of the entire human spinal cord. It is also one of the few
such studies to image a specimen without known neurologic disease.
These data provide a unique look at the normal anatomy and con-
nectivity of the human spinal cord. They also demonstrate the level of
detail that can be expected from studies using similar techniques on
specimens with known neurologic disease.

There are multiple other potential applications of this work.
Previously, our group has used similar postmortem imaging techniques
on a human brainstem and thalamus specimen (Calabrese et al., 2015).
The resulting dataset was registered to in vivo clinical images from
patients who had undergone deep brain stimulation for essential
tremor, and it was demonstrated that positive treatment outcomes
correlated with stimulator lead proximity to the dentatorubrothalamic
tract as illustrated on the postmortem template. We anticipate that si-
milar data from the spinal cord could likewise be used to improve
modeling of fiber activation/inhibition for spinal cord stimulators and
other spinal neuroprostheses. Additionally, spinal cord dMRI may be
used to model the fiber anatomy associated with other neurosurgical
procedures, such as nucleus caudalis dorsal root entry zone lesioning
for atypical facial pain syndromes (Rahimpour and Lad, 2016). It is
conceivable that having a high-resolution template for the fiber
anatomy could enhance neurosurgical planning for this procedure.

The techniques presented here could also be used for postmortem
pathologic assessment of the spinal cord at autopsy. MRM not only
allows small spinal cord lesion detection, but can also provide quanti-
tative morphometry and volume estimates. The automated segmenta-
tion and morphometric analysis presented here yielded results that are
similar to previous experiments based on manual measurement of in-
dividual tissue slices (Elliott, 1945; Kameyama et al., 1996; Ko et al.,
2004). Compared to one of the most comprehensive prior studies
(Kameyama et al., 1996), our absolute measurements are slightly
larger, which is likely explained by differences in fixation technique
(i.e. 10% vs 20% formalin solution); however, our results were gener-
ated using automated rather than manual methods, and include nearly
150-fold more data points (i.e. one data point per 0.1 mm compared to
one per spinal cord segment). The automated throughput and increased
granularity of MRM based morphometry may provide additional sen-
sitivity for detecting structural spinal cord pathology (Fujiwara et al.,
1988; Ogino et al., 1983). Unfortunately, this method is limited to
postmortem specimens, and spinal cord extraction can be time con-
suming, taking approximately 1h in this case. However, extraction is
currently required for microscopic evaluation of spinal cord pathology,
whether by conventional histology or by MRM. Importantly, due to its
non-destructive nature, MRM can be performed on specimens in addi-
tion to conventional histologic assessment.

This study has several important limitations. First, postmortem
fixation is known to induce structural changes in neurologic tissue. For
example, a previous MRM study of cervical spinal cord segments found
that tissue fixation resulted in disproportionally reduced longitudinal
diffusivity (but not radial diffusivity or anisotropy) (Kim et al., 2009).
Similar observations have been made in animal studies comparing fresh
and fixed central nervous system tissue (Pattany et al., 1997; Sun et al.,
2005). Postmortem interval is also known to affect the diffusion prop-
erties of central nervous system tissue, even when relatively short (e.g.
4-6h) (Miller et al., 2011; Shepherd et al., 2009). These micro-
structural changes are likely similar than those accompanying tradi-
tional histological techniques, and the reduction in tissue diffusivity is
countered to some extent by the use of a higher b-value (Dyrby et al.,
2010). Second, the use of only 30 diffusion directions limits the ability
to detect intravoxel fiber crossing, and tractography results must be
interpreted in this context. Third, while necessary for this study, multi-
segment acquisition and image composition can potentially induce
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registration errors and resolution non-linearity at segment overlaps.
Fourth, this study includes only a single specimen, and an unexpected
spinal cord lesion was identified, which reduces the generalizability of
these data. Finally, the acquisition time for these data was quite long
(~280h). Fortunately, more efficient pulse sequences and compressed
sensing techniques promise to address this limitation (Wang et al.,
2017).

In conclusion, we have presented the first microscopic resolution
dMRI dataset of the entire postmortem human spinal cord. In addition
to its utility as a basic research tool, this work has applications in pa-
thologic evaluation, atlas generation, and surgical planning. More
broadly, this study is important in improving our understanding of the
three-dimensional structure of the human spinal cord. While this study
has notable limitations, it remains one of the most comprehensive
studies of its kind in the human spinal cord. We hope that by making
these images publically available, other groups will find new and in-
novative uses for the data that far exceed what has been discussed here.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.03.029.
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