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Ischemic strokes affecting the medial medulla are exceedingly rare. The anatomical basis for the relative
infrequency of this stroke syndrome has been largely uninvestigated due to historically coarse MRI and CT scan
resolution. We capture and digitally dissect the highest-ever-resolution diffusible iodine-based contrast-enhanced
CT (diceCT) scanned images of a cadaveric brainstem to map arterial territories implicated in medial medullary
infarctions. 3D reconstructions show that within the anterior spinal artery territory previously implicated in
medial medullary syndrome (MMS), there are numerous, small sulcal artery branches perforating the medulla
within the anterior median fissure. These branches proceed in parallel through the anteroposterior depth of the
medulla as expected; however, we also identify a network of intraparenchymal, rostrocaudal anastomoses be-
tween these sulcal perforating branches. This network of intraparenchymal sulcal artery anastomoses has never
been described and may provide a significant collateral supply of oxygenated blood flow throughout the medial

medulla. By ramifying deeper tissues, these anastomoses can help explain the infrequency of MMS.

1. Introduction

Posterior circulation ischemic strokes account for approximately
20-25 % of acute ischemic strokes (Merwick and Werring, 2014).
Derived primarily from the vertebral and basilar arteries, posterior cir-
culation strokes affect the brainstem, with syndromes relating to arterial
territories in the medial or lateral divisions of the midbrain, pons, or
medulla. Although ischemic strokes are known to affect each of these six
brainstem regions, medial medullary strokes are the most rare, making
up approximately 1 % of reported cases (Basetti et al., 1997; Fukota
et al., 2012; Toyoda et al., 1996). Infarctions of the medial medulla,
otherwise known as medial medullary syndrome (MMS), or Déjerine
Syndrome, are primarily attributed to atherothrombotic occlusion of the
anterior spinal, vertebral, or caudal basilar arteries and their branches
(Fukota et al., 2012; Kim et al., 1995). Infarctions in this territory
characteristically damage structures of the anteromedial medulla
including the lateral corticospinal tracts, medial lemniscus, and hypo-
glossal nerve and nucleus. Injury to these structures explains the clinical
syndrome of MMS, composed of hemiparesis and hemisensory deficits,
both sparing the face, contralateral to the lesion, and tongue paralysis

ipsilateral to the lesion. It should be noted that these classical neuro-
logical symptoms are unlikely to all be present at onset, and have been
shown to be variably accompanied by additional semiology such as
nystagmus (due to damage to the medial longitudinal fasciculus and
nucleus prepositus hypoglossi), and/or headache (Fukota et al., 2012;
Toyoda et al.,, 1996; Kim et al., 1995). Due to the combination of
bilaterally paired (e.g. vertebral) and midline, unpaired (e.g. anterior
spinal and basilar) arteries implicated in MMS, the clinical syndrome
can present unilaterally or bilaterally, respectively. A unilateral syn-
drome with involvement of the vertebral or basilar arteries and their
branches represents the more common condition. The less common
bilateral syndrome represents involvement of the anterior spinal artery
and its perforators (Toyoda et al., 1996; Kim et al., 1995). Further, of the
three rostrocaudal divisions of the medulla delineated by Kim (2003),
Currier et al. (1961), and Vulleumier et al. (1995), MMS appears to
occur least frequently in the lower medulla (Fukota et al., 2012).

The relative infrequency of MMS is of particular interest when
compared to the incidence of ischemic stroke in other small vessel and
perforating arterial territories. Anatomically speaking, the small luminal
diameter and prevalence of acute and right-angle branching observed in
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small vessel and perforating arterial territories renders them more sus-
ceptible to increased wall stress and subsequent occlusion. This intrinsic
susceptibility is corroborated by the frequency of infarction in similar
small, perforator-type vessels: lacunar infarctions, or infarctions of the
penetrating branches of the larger cerebral arteries, have in fact been
shown to comprise 13-48 % of all strokes in a given population (Kim
et al., 1994; Paciaroni et al., 2003; Ng et al., 2007). Similarly, ischemic
strokes of paramedian pontine branches of the basilar artery comprise
approximately 8 % of all strokes in a population, and a disproportion-
ately high 28 % of all vertebrobasilar infarcts (Kataoka et al., 1997). The
disparity in frequency between the regions described above and that of
the medial medulla largely remains unexplained. Investigation of an
anatomical basis for this disparity has historically been limited by an
unfavorable ratio of fine blood vessel size to coarse MRI and CT scan
resolution. Here, we aim to elucidate a putative anatomical basis for the
low incidence of MMS using the highest-ever-resolution CT imaging of a
cadaveric brainstem to visualize arteries of the medial medulla.

2. Methods
2.1. Staining

Four non-pathologic, cadaveric brains of Oklahoma State University
Center for Health Sciences body donors (Nfemale = 2, Nmale = 2; ages:
average = 72.25; range: 62-83) were fixed in formalin and soft-tissue
contrast stained using a 3 % concentration of Lugol’s iodine (I;KI) for
12.5 weeks (refreshed every 2 weeks). The I2KI solution was agitated
when samples were first added and during each refreshment to ensure
that the solution entered the sulci of the brain. Further, brains were
rotated 180° every week to ensure that regions in contact with the
bottom of the container were sufficiently stained. Light was prevented
from reaching the staining container to ensure that solution strength did
not break down due to light exposure (Gignac et al., 2016). This process
of soft-tissue contrast enhancement is the first step of the process
commonly known as diffusible iodine-based contrast-enhanced CT
(diceCT; Gignac et al., 2016), as IKI diffusion renders soft tissues
radiodense and produces CNS tissue contrast similar to magnetic reso-
nance imaging (Gignac and Kley, 2018).

2.2. Scanning

Following staining, the brainstem, diencephalon, and cerebellum
were dissected from the cerebral hemispheres and microCT scanned at
the MicroCT Imaging Consortium for Research and Outreach facility at
the University of Arkansas. Scans were obtained using a Nikon X TH 225
ST microCT scanning system outfitted with a 225 kV rotating target,
designed to enable X-ray penetration of exceptionally dense materials,
and a high-resolution 2000 x 2000 pixel detector. The target was fitted
with a 1.5 mm copper filter to decrease the entrance surface dose of the
high-powered X-rays, effectively reducing back-scatter and other surface
artifacts. Two scanning protocols were used due to limitation of beam-
time: a highest resolution protocol (N = 1) and a high-resolution pro-
tocol (N = 3). For the highest resolution protocol, the brainstem and
cerebellum were scanned at 57.9 um—a scale comparable to the pre-
vious highest resolution MRI scan of a cadaveric brainstem (Calabrese
et al., 2015; Edlow et al., 2019; Rushmore et al., 2020)—with X-ray
power settings of 190 kV and 255 pA. For X-ray image capture, exposure
timing was set to 708 ms, with 12 dB gain, reduction of ring artifacts,
and an optimization of projections, with 4 frames averaged per projec-
tion. For the high-resolution protocol, the brainstem and cerebellum
were scanned at 74 um, with X-ray power settings of 190 kV and 389 pA.
Image capture settings included an exposure timing of 2000 ms, with 12
dB gain, reduction of ring artifacts, and an optimization of projections,
with 4 frames averaged per projection. The settings of both protocols
ensured maximum contrast of the central nervous system tissues while
minimizing X-ray artifacts relative to voxel size (following Gignac et al.,
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Fig. 1. Cross-Sectional Anatomy. Exemplar cross-sections of the highest-
resolution diceCT contrast-enhanced cadaveric brainstem in (A) sagittal, (B)
coronal, and (C) horizontal orientations. Contrast between white and gray
matter is clear, and penetrating branches of the anterior spinal artery
(confirmed by direct branching or circular cross-section) are visible (white ar-
rows). Purple arrows indicate regions of anastomosis in cross-section. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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2016; Gignac and Kley, 2018).

2.3. Segmentation

The image stacks were then used to guide 3D segmentation of the
penetrating of the anterior spinal and vertebral arteries, along with
relevant surrounding structures in the caudal medulla, using Avizo
2020.1 (ThermoFisher Scientific, Waltham, MA). Because we used
diceCT methods and not vascular injection, the arterial trees were
segmented by in-filling the negative space of arterial perforations by
parent artery territory. Arteries were confirmed by following the ante-
rior spinal artery (present in all specimens) into the tissue, as well as in-
filling circular spaces. Spaces with oblong, ovoid, and/or irregular
lumina were interpreted to be veins and excluded. The white matter
tracts of the lateral corticospinal tract and medial lemniscus, as well as
the gray matter hypoglossal nuclei, were digitally dissected by tracing
areas of high and low brightness. Segmentation was performed using a
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Fig. 2. Digital Dissection and Schematics of
the Medulla. Digital segmentation of the
neurovascular anatomy of medial medullary
syndrome. From the lateral perspective, dig-
ital dissection (A) reveals numerous anasto-
moses of the anterior spinal artery primarily
deep to the pyramidal tract (white arrows),
re-traced in schematic (B) for clarity. These
parallel, branches supply the descending
motor corticospinal tracts (pyramids; gold),
ascending sensory medial lemniscus (blue),
and hypoglossal motor nucleus (green).
Similar anastomoses are not observed in
reconstruction of the penetrating branches of
the vertebral artery (upper or open medulla:
C, segmentation; D, schematic). The verte-
bral artery does not ramify the medial
lemniscus in the caudal or closed medulla (E,
segmentation; F, schematic). Abbreviations:
ASA, Anterior Spinal Artery; HN, Hypoglos-
sal Nucleus; ML, Medial Lemniscus; PMD,
Pyramidal Tract; VA, Vertebral Artery. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

combination of automated and manual tools, including histogram-based
thresholding and manual segmentation using a digital lasso or paint-
brush. The resultant 3D models were then visually analyzed. Segmen-
tation was performed initially by first author (KF) and replicated by
senior author (HO). All models were found to be congruent between
researchers. Final images were rendered by KF and reviewed against
image stacks by KF, PG, and HO.

3. Results

The diceCT methods produced X-ray microCT images of the ex-vivo
brainstems with distinctive contrast and fine resolution, from which
white and gray matter are easily distinguished (Fig. 1). Perforations
indicating arterial supply are clear (Fig. 1). Utilizing the methodology
described above, a three-dimensionally rendered model of the anterior
spinal and vertebral arteries and their tributaries supplying the medial
medulla were generated for each brainstem (Fig. 2). Anastomoses were
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Fig. 3. Variation in Anterior Spinal Artery Territories. Anterior spinal artery segmentation of all four brainstem specimens (A, highest resolution; B-D, high reso-
lution) reveals sites of anastomosis in each (black arrows), as well as laterally-flaring branches that cross the midline at the level of the decussation of the pyramids
(purple arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

not identified in the vertebral artery penetrating branches (Fig. 2).
Within the anterior spinal artery territory implicated in MMS, numerous
small sulcal arteries were visualized perforating the medulla within the
anterior median fissure (Figs. 1, 2). As expected, these branches proceed
in a parallel and segmental fashion through the anteroposterior depth of
the medulla supplying the medullary pyramids, medial lemniscus, and
hypoglossal nucleus (Figs. 1-3). Segmental branches are high in density,
and penetrate the entire depth of the basal-plate-derived regions of the
spinal cord and medulla anterior (ventral) to the central canal and
fourth ventricle. Because of the under-representation of alar-plate-
derived tissue in the medial medulla due to the opening of the fourth
ventricle, these midline branches supply the majority of the midline
tissues in the middle and upper medulla. The midline branches were
found to be restricted to basal-plate-structures in their distribution, but
nonetheless supply the majority of the medulla due to the low repre-
sentation of alar plate structures in the midline due to the opening of 4th
ventricle. In each brainstem, many of the midline arterial branches were
found to supply the hypoglossal nuclei; however, these nuclei were also
found to receive collateral supply from penetrating branches of the
vertebral arteries. Surprisingly, an extensive network of intra-
parenchymal, rostrocaudal anastomoses between many of the sulcal
perforating branches was also visualized in all four samples (Figs. 2, 3).
More specifically, this anastomotic network was found parallel to the
deep boundary of the pyramids and was present to some degree in all
four scanned brainstems (Fig. 3). At the decussation of the pyramids,

arterial branches from the midline anterior spinal artery cross and
proceed laterally alongside the medial margins of the pyramidal tracts
(Fig. 3).

4. Discussion

To our knowledge, this intraparenchymal anastomosis of perforating
sulcal arteries within the caudal medulla anterior spinal artery territory
has never been described. At their most distal extent, the anterior spinal
artery and sulcal arteries are known to form the cruciate anastomosis of
the conus medullaris of the spinal cord. However, this arterial basket
represents the joining of the anterior and posterior spinal arteries and is
rarely described as having an intraparenchymal component (Rojas et al.,
2018). Further, the medullary anastomosis described here represents a
plausible anatomic basis for the infrequency of MMS, especially in re-
gard to the anterior spinal artery territory. The collateral supply of
oxygenated blood flow through this anastomotic network could
conceivably render this region of the medulla more resistant to ischemia
and subsequent infarction. Although these results are derived from
infilling negative arterial spaces within the neural parenchyma, it is
unlikely that the connections between segmental arteries represent
arteriovenous anastomoses or connections between the arterial and
venous systems. Because of the scan resolution (59.7 pm), this study
excludes visualization of arterioles and venules (<50 pm), which are
difficult to distinguish without histological imaging. Thus, the vessels



K.M. Feldman et al.

can be discriminated based on gross morphology. Moreover, blood
vessel connections are between parallel penetrating branches of the
same parent artery, and do not resemble arteriovenous shunts (origi-
nally described by Rowbotham and Little, 1965). The 3D architecture of
this network superficially resembles precapillary arteriovenous anasto-
moses; however, vessels participating in these anastomoses are within
6-25 um in external diameter (Hasagewa et al., 1967).

The embryological factors driving the development of this network
remain unclear. A possible explanation lies in the stimulatory effect of
non-pathologic hypoxia on angiogenesis. The role of hypoxia and
hypoxia-inducible factors (HIFs) in upregulation of pro-angiogenic fac-
tors, such as vascular endothelial growth factor (VEGF), has been well
studied (Fong, 2008; Nanka et al., 2006; Krock et al., 2011). A diffuse
expression of VEGF in the developing neural tube (Fong, 2008; Nanka
et al., 2006) may help to explain the extensive vascular network we have
observed. Additionally, the migration of the brainstem nuclei during
development may also help to explain our observations. More specif-
ically, this anastomosis may serve to supply the developing motor nuclei
of the basal plate as they migrate medially in the anteroposterior
direction.

Our study is limited by the number of cadaver brainstems currently
scanned at high enough resolution to elucidate the microvascular net-
works of the caudal medulla. Further cadaveric scans and 3D re-
constructions are needed to better document the frequency and extent of
the intraparenchymal anastomoses we have observed. In proposing an
anatomical basis for the infrequency of MMS, we hope to underline the
increasing quality of imaging techniques and promote their unique
ability to interrogate anatomic contributions to vascular phenomena.

5. Contributions

HO conceptualized the study and organized all training. PG and HO
prepared and scanned the specimens. KF and HO participated in seg-
mentation. KF, YO, PG, and HO contributed to data analysis and write
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authors approve of the paper in its final form.

6. Key points

Question: Is there an anatomical basis for the relative infrequency of
medial medullary syndrome (MMS)?

Findings: Within the territory of small sulcal anterior spinal artery
branches perforating the medulla within the anterior median fissure,
there is a significant network of intraparenchymal, rostrocaudal anas-
tomoses between these perforating branches.

Meaning: This intraparenchymal network may provide a significant
collateral supply of oxygenated blood flow throughout the medial me-
dulla, hence contributing to the infrequency of MMS.
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