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Abstract

Background: How widely spreading depolarizations (SDs) propagate through the gyrencephalic brain, including
sulci and deeper cortical areas, remains an important clinical question. Here, we investigated SDs that occur sponta-
neously after subarachnoid placement of autologous blood clots in sulci of the juvenile swine brain.

Methods: To investigate the three-dimensional spread of waves, animals underwent continuous diffusion-weighted
magnetic resonance imaging (DW-MRI) for up to 6 h following clot placement. SD is the mechanism of the cyto-

toxic edema of developing infarction that is diagnosed by DW-MRI, and DW-MRI also captures transient diffusion
restriction caused by SD in less injured or healthy brains. Here, images (b =0, 375, and 750) were acquired across five
coronal slices with 1.25 x 1.25-mm in-plane resolution and 5-mm slice thickness, and the protocol was repeated every
6.83-9.15 s. Spatial drift correction, temporal smoothing, and signal intensity normalization were applied to generate
videos of diffusion signal intensity changes for each coronal slice.

Results: Review of video data from five animals revealed ten discrete events consisting of focal diffusion restriction
that propagated through cerebral cortex. All events originated in the cortex surrounding the sulcal clot, either in

the gyrus (n=4) or in the sulcal depth (n=6). In six cases, two to three independent waves spread simultaneously

in medial, lateral, and antero—posterior directions. Waves traveled within sulcal walls, traversed the depths of sulci to
re-emerge on the adjacent gyrus, and, in three cases, spread fully around the dorsolateral convexity. One event spread
deep to olfactory regions along midline cortex, and no events were observed contralateral to the subarachnoid clot.

Conclusions: Together, these results suggest that SDs in the injured gyrencephalic brain originate near the injury
focus and can spread extensively through the cortex to wide and deep uninjured regions. These findings have
implications for transient neurologic deficits in the neurocritically ill patient and relevance to patient monitoring and
therapeutics.
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annihilate each other. The patterns are dependent on
anatomic features (veins, sulci, and boundaries), func-
tional blocks (lesions or refractory periods), and tissue
cytoarchitecture. These patterns and factors have been
well documented in recent imaging studies of lissen-
cephalic rodent and gyrencephalic swine brains [1-3],
demonstrating that prior notions of SD propagation in
homogenous radial patterns are more the exception than
the rule. These imaging studies provide insight into SD
mechanisms and help explain the complex patterns of
SDs observed in patients with acute brain injury. When
recording from linear electrode arrays placed along the
surface of the gyrencephalic brain, SDs usually have com-
plex patterns characterized by repetitive occurrence,
direction reversals, branching, and variable time delays
between electrodes.

Despite these advances, several important questions
about SD propagation require further investigation. For
instance, it is unknown how far SDs may propagate, as
electrode strips in patients only cover 5 linear centimeters
of the brain surface. A related question is the extent to
which SDs can propagate through the depths of a sulcus
to reemerge on the adjacent gyrus. A potential method to
address these questions is diffusion-weighted magnetic
resonance imaging (DW-MRI), which can be applied in
different imaging planes throughout the brain. The basis
for DW-MRI of SDs is that the breakdown of physiologi-
cal ion gradients during SD drives a massive water influx
into cells, causing neuronal swelling, dendritic bead-
ing, and 50% shrinkage of the extracellular space [4, 5].
These changes are known as cytotoxic edema, which
is observed during SD by electron microscopy [6, 7]
and in vivo two-photon imaging [8, 9]. They can also be
observed by using magnetic resonance imaging (MRI)
as restricted water diffusion because the edema restricts
intracellular and extracellular water movement. DW-
MRI has been used to image the propagation of SD in
lissencephalic [10-12] and gyrencephalic [13] brains and
to study the role of SD in ischemic stroke and subarach-
noid hemorrhage [14—17]. In the core of a focal ischemic
lesion, depolarization and diffusion restriction are persis-
tent unless blood flow is restored. In the periphery of a
normally perfused brain, diffusion changes are transient
because SD recovers spontaneously after 1-2 min.

Here we used a previously developed swine model of
subarachnoid hemorrhage to investigate SD propaga-
tion throughout the three-dimensional structure of the
gyrencephalic brain [18]. In our prior study, clotted or
fresh autologous blood was injected in a frontal sulcus,
and spontaneous repetitive SDs were observed in many
animals by using electrocorticography in association with
developing cortical infarcts. Here, DW-MRI was used to

identify and track spreading diffusion changes associated
with SDs.

Methods

We used the same protocol previously reported with
slight variations, as approved by the Institutional Animal
Care and Use Committee at Cincinnati Children’s Hos-
pital Medical Center (CCHMC) [18]. In brief, anesthesia
was induced with intramuscular Telazol (5 mg/kg) and
xylazine (1 mg/kg), animals were intubated and mechani-
cally ventilated with 30% O,, and anesthesia was main-
tained with~2% isoflurane during initial procedures of
catheter placement and physiologic monitoring prepara-
tion. Anesthesia was then switched to intravenous propo-
fol with a 3 ml/kg bolus followed by continuous infusion
at 15-25 mg/kg/hr, and a craniotomy was performed
over the superior frontal and motor gyri, with durotomy
and arachnoid dissection as described previously. Ani-
mals were then transferred to the MRI suite and suba-
rachnoid hemorrhage was modeled by placing 1.5 ml of
clotted and 1.0 ml of fresh blood into the cruciate sulcus
between superior frontal and motor gyri. After closure,
monitoring of temperature (38.440.7 ©C), mean arterial
pressure (92+17 mm Hg), and E;CO, (40+9 mm Hg)
was discontinued and animals were rapidly transferred
into the MRI coil to begin imaging 14 (+8) minutes
after clot placement. Throughout imaging, animals were
cooled with a fan and maintained with lactated ringers
(50 ml/hr) and propofol anesthesia.

Imaging was conducted on a 1.5-T scanner equipped
with a surface receiver coil placed just above the cra-
nial window. Structural sequences were acquired
every 2 h from the start until animal was killed at 6 h.
Between structural scans, a DW-MRI protocol was
repeated continuously in three blocks lasting ~ 100 min
each. The spatial field of view of the DW-MRI acquisi-
tions was 100 x 100 x 25 mm and was collected with
1.25 x 1.25 mm resolution in-plane across five adjacent
slices (5 mm thick). The protocol used diffusion weight-
ings of b=0, b=375, and =750 s/mm? in which the
b=375 and b=750 images were averages of the diffusion
weighting across three orthogonal directions. Images
were read out using a standard spin-echo echo-planar-
imaging protocol with TE=80 ms. This protocol pro-
duced a set of multislice images obtained at DW-MRI
(b=0, b=375, b=750) every 6.83 to 9.15 s, depend-
ing on minor protocol variations. Thus, we were able
to observe contrast changes at a temporal resolution
of <10 s over a period of hours.

In processing images, no spatial smoothing was
applied. However, a slow drift in the spatial position of
the brain was apparent over the course of an experiment,
likely due to a small temporal drift in the main magnetic



S62

field that accompanies gradient heating over the course
of several hours. To correct for this, DW-MRI time series
were coregistered to T2-weighted structural images by
using Motion Correction using FMRIB’s Linear Image
Registration Tool (MC-FLIRT) as implemented in the
Oxford Centre for Functional Magnetic Resonance Imag-
ing of the Brain (FMRIB) Software Library [19, 20]. Refer-
ence DW-MRI time points at b=0 were coregistered by
using FMRIB Software Library’s FLIRT (FMRIB’s Linear
Image Registration Tool). Additionally, to improve the
signal-to-noise ratio, images at diffusion weightings of
b=0, b=375, and b=750 were averaged and then tem-
porally smoothed with a Gaussian function having a full-
width-at-half-max of eight temporal frames. This level of
temporal smoothing was chosen to reduce noise while
not exceeding the expected duration of a depolarization
wave at a given point in the brain. To remove the effects
of very slow long-term temporal drift in signal intensity,
the time series was normalized by division by a baseline
intensity at each time point. This baseline intensity was
obtained by creating a version of the time series with a
much broader temporal smoothing (full-width-at-half-
max of 128 time points). This broad temporal smoothing
was chosen to be substantially longer than a depolariza-
tion’s duration. The final intensities are thus a ratio of
the (b-value averaged) diffusion signal to the baseline,
and images represent qualitative mean intensity changes
shown on the viridis color scale, in which an increase in
DW-MRI intensity reflects an underlying reduction in
diffusion. For visual inspection, images were coded on a
viridis color scale and stitched together serially in a video
sequence. In general, the data were too noisy to reliably
fit time-resolved quantitative values for the apparent dif-
fusion coefficient at the spatial resolution used.

Results

Five female juvenile swine (48 £3 kg) were studied. The
review of continuous imaging data revealed ten dis-
crete events consisting of focal diffusion restriction that
propagated through the cerebral cortex. There were two,
four, and four events in three animals, respectively, and
none in the other two. All ten events originated in the
cortex surrounding the sulcal clot. Six originated in the
wall or depth of the sulcus (Fig. 1) and three originated
at the adjacent gyrus. In some cases, there appeared to
be multiple sites of origin within the sulcus. After initia-
tion, events generally showed spread through the cortex
surrounding the clot, encompassing medial and lateral
walls of the sulcus (Fig. 1). In six cases, 2—3 independ-
ent waves were observed traveling in different directions,
typically medially and laterally through the parietal lobe,
but also in anterior—posterior directions. The pattern of
spread was circuitous, obeyed anatomic boundaries, and

appeared mainly to follow the cerebral cortex. Specifi-
cally, there was evidence of spread within a sulcus along
both anterior—posterior and ventral-dorsal axes. In
some cases, the waves clearly traveled into a sulcus and
emerged at the opposite gyrus to continue further spread
across substantial cortical regions. Lateral and then ven-
tral spread around the convexity reached the Rhinal fis-
sure in three cases but did not continue beyond this
structure (Fig. 2). One event was remarkable in its ventral
propagation along two separate paths, including cortex
adjacent to midline, down to the olfactory region (Sup-
plemental Video 1). For two animals, we calculated the
propagation velocities for diffusion restriction changes
at various points along the cortical mantle where they
could be reliably measured and tracked. Velocities were
2.90+1.23 mm/min (mean =+ standard deviation; n=38
segments) and 1.91+0.48 mm/min (n=6 segments)
and were based on the measurement of 7.6+3.0 mm
and 5.7+ 1.7 mm of spread, respectively. No events were
observed to originate in, or spread to, the hemisphere
contralateral to the subarachnoid clot.

Animals were Kkilled after imaging and brains were
harvested for 2,3,5-triphenyltetrazolium chloride (TTC)
assessment of infarction. Lesions consisted of full or
patchy infarction through the cortex adjacent to the sub-
arachnoid clot, with some cases of petechial hemorrhage,
as reported previously [18]. Maximal sulcal clot thick-
ness ranged from 2.7 to 6.8 mm. Cortical infarct volumes
assessed through serial sections ranged 54—615 mm?.

Discussion
The earliest studies in the gyrencephalic brain suggested
that SDs are capable of propagating through a sulcus to
emerge at the adjacent gyrus, but also that they often ter-
minated within the sulcus [21, 22]. The most striking evi-
dence is derived from the brain surface imaging study of
Santos et al. [2], in which SDs are shown to emerge from
a sulcus and then engulf the gyral crest (e.g., their Supple-
mental Video 6). Similarly, with laser speckle imaging of
the human brain after decompressive hemicraniectomy
for stroke, Woitzik et al. [23] observed two SDs passed
from one gyrus to another through the sulci. Nonethe-
less, the predominant finding from both studies was that
most SDs preferentially spread along the gyri, avoiding
sulci as anatomic barriers that appear less conducive to
propagation. An extreme example of this behavior is the
repetitive cycling of SD through the gyri surrounding an
isolated sulcus. Moreover, the clinical study found that
SDs were often terminated when they reached a sulcus.
Except for one study using magnetoelectroencepha-
lography [21], these prior studies have all used surface
imaging of the brain to study SD propagation. Here, we
used a different approach of DW-MRI that allowed for
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Fig. 1 Origin and spread of diffusion restriction events within sulcus. Each panel shows a time series through two coronal slices, rostral and caudal,
separated by 5 mm. ADC maps were color coded using the viridis scale and were overlayed on the corresponding high-resolution (0.28 x 0.28 mm)
T2-weighted anatomic scans after coregistration according to anatomic landmarks. A, This event begins 4 h after clot placement, originating at the
bottom of the coronal sulcus in which the clot is placed, appearing in the most rostal slice (right). From initiation (ii), it spreads dorsally (jii-iv) and
then laterally (v) as it crests the gyrus. Little or no spread is seen through the medial wall or in the more caudal slice, which shows hyperintensity
throughout the sulcal cortex surrounding the clot. B, This episode in the same animal begins 2 h after clot placement with several hotspots. Those
along the lateral wall coalesce and spread from the bottom of the sulcus to the gyrus, then traverse the adjacent sulcus to reach the dorsolateral

convexity, as seen in the caudal slice sequence (left). The same wave simultaneously spreads to the more rostral slice (right) in the depth of the
sulcus before splitting to propagate up along medial and lateral sulcal walls to the gyral crests. ADC, apparent diffusion coefficient

monitoring throughout the coronal plane, into sulcal
depths, and across multiple planes on the anterior—pos-
terior axis. Our results confirm that SDs can propagate
through sulci and, further, they provide compelling evi-
dence that SDs are capable of widespread propagation
throughout the gyrencephalic brain. Individual events
were observed to spread through sulci both from the
surface to the depths, and reverse, as well as on the ante-
rior—posterior axis within a sulcus. Further, they were
observed to propagate medially and laterally along the
dorsolateral surface of the brain and into the deep cortex.
In some cases, this was accomplished through the split of
one SD into multiple waves that spread simultaneously
in different directions. On the other hand, SDs did not
spread beyond the Rhinal fissure, which appears to be a
hard boundary analogous to the parieto-occipital sulcus
in human migraineurs [24].

Whether widespread propagation is the rule or the
exception is unknown, as the sample size of our study
was small and the detection methods used may have
been biased toward more conspicuous, widely spread-
ing events. Thus, it is possible that some SDs in these
experiments escaped detection. Indeed, the number of
SDs observed was rather limited compared with those
observed in the same swine model using electrocortico-
graphic monitoring [18]. Another factor that may have
limited detection was the use of coronal imaging for
acquisition and data visualization. Other planes more
focused on surface gyri may have revealed additional
events spreading preferentially in the anterior—poste-
rior axis. Thus, a general shortcoming of this study was
the lack of a gold standard technique for comparison.
Nonetheless, the events identified exhibited the hallmark
propagation velocity of SD and could not be reasonably
attributed to other known phenomena.
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Fig. 2 Widespread propagation of spreading diffusion restriction. Conventions are the same as in Fig. 1, showing a sequence beginning 2 h after
clot placement in a different animal. A, The sequence originates at the medial gyral crest adjacent to the clot sulcus (i, rostral) and then spreads as
two separate waves along medial and lateral paths. On the lateral path, the wave spreads down into the clot sulcus, continuing to posterior slices
within the sulcus, and further laterally around the convexity to terminate at the Rhinal fissure. On the medial path, the wave follows the cortex
inferiorly along the midline, ending in the olfactory region (ii-v). A third event of an unknown source also arises in the insular cortex deep in the
brain, moving inferiorly and then laterally along the cortical fold. B, This sequence depicts more posterior slices for the same events that are shown
in A. Images in B-i are from the same time as those in A-iii and show the posterior spread of the original event to envelop the entire sulcal cortex
medial to the clot (B-i, rostral). It then spreads within the sulcus to the more caudal slice and spreads up both sulcal walls within this slice (i-ii). The
wave continues through gyri medially and laterally to spread into adjacent sulci (iii-iv), forming an “M" shape. It invades and traverses the several
subsequent sulci (v) before eventually reaching the Rhinal fissure (Rfi) (not shown). See Supplemental Video 1 for the full event. Scale bar is 2 cm

Another important finding was that all SDs origi-
nated in the sulcal cortex adjacent to the subarachnoid
clot. This was not surprising, as prior work in ischemic
stroke has shown that SDs originate near the lesion
focus on the penumbra [25, 26]. Nonetheless, this con-
firms the important clinical interpretation that SDs
indicate a newly developing cortical lesion [27, 28], and
the direction of spread could inform the location of the
lesion (see Robinson et al., [29]). Indeed, postmortem
staining confirmed cortical infarction in all animals of
the present study. In future work, DW-MRI could be
used similarly in this subarachnoid hemorrhage model
to determine the time course of lesion development in
relation to the occurrence of SDs. In the present study,

no attempts were made to do so. Finally, it is likely that
the presence of blood throughout the sulcus was a facil-
itatory factor that promoted more widespread propaga-
tion within sulcal depths than what would otherwise be
observed, for instance, in an uninjured brain. This con-
sideration cautions against generalization of the pre-
sent results to conditions such as migraine with aura.

Conclusions

In conclusion, our study demonstrates that SDs can
propagate within and along sulci, widely throughout cor-
tical areas, and deep in the brain, and that the occurrence
of SDs is not restricted to the cortical surface where they
are observed by electrocorticography in patients who are
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neurocritically ill. These observations suggest the req-
uisite conditions for the possible involvement of SDs in
lesion development and transient neurologic deficits in
tissue remote from the surface region of SD monitoring.
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