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A B S T R A C T

Brain death (death by neurologic criteria) is declared in 2% of all in-hospital deaths in the United States. Published neuropathology studies of
individuals maintained on cardiorespiratory support are generally decades old, and notably include only 3 cases with long intervals between
brain and “somatic” death (68 days, 101 days, 20 years). Here, we share our observations in a young woman supported for nearly 41=2 years fol-
lowing declaration of brain death after oropharyngeal surgery. While limited by tissue availability and condition, we found evidence of at least
partial perfusion of the superficial cerebral and cerebellar cortices by external carotid and vertebral arteries (via meningeal and posterior phar-
yngeal branches), characterized by focal cellular reaction and organization. Dural venous sinuses had thrombosis and recanalization, as well as
iron deposition. In nonperfused brain areas, tissue “mummification,” akin to that seen in certain postmortem conditions, including macerated
stillbirths and saponification (adipocere formation), was identified, and are reviewed herein. Unfortunately, correlation with years-earlier clinical
and radiographic observations was not possible. Nevertheless, we feel that our careful neuropathologic inspection of this case expands the
understanding of the spectrum of human brain tissue alterations possible in a very rarely seen set of conditions.
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I N T R O D U C T I O N

The annual incidence of declaration of brain death, or death
by neurologic criteria (1, 2), has been estimated at approxi-
mately 39 per 100 000 hospital discharges, representing
approximately 2% of all in-hospital deaths between 2012 and
2016; the numbers steadily increased year-over-year in the
United States during that interval, from 12 575 in 2012 to
15 405 in 2016 (3). However, neuropathologic studies of indi-
viduals surviving with assisted ventilation and other life sup-
port for any length of time after clinical declaration of brain
death are relatively few, especially from the modern era, and
generally comprise case reports or historic series of “respirator
brain” descriptions with postdeclaration intervals of 2–21 days
(4–8) (Table 1). Very few examples of longer intervals
(68 days, 101 days, and 20 years) exist (9–11) (Table 2).

A highly publicized case of a young woman named Jahi
McMath, who was maintained on life support nearly 41=2 years
after a declaration of brain death, was the subject of many
articles in the lay press, written while she was still in supportive
care at her home, with permission and cooperation of her fam-

ily (e.g. [12]). The clinical course of this extraordinary patient
was reported in detail by one of us (DAS) who was involved
directly in her case, along with neuroimaging findings
9 months after brain death declaration (13, 14). After final car-
diopulmonary arrest, she underwent autopsy examination.

Here we contribute, with explicit permission of her family,
an analysis of Ms McMath’s neuropathologic findings, albeit
with relatively limited tissue sampling of the brain specimen.
We humbly acknowledge our inability to correlate them with
her functional capabilities so many years after formal clinical
and radiologic analyses. To place our observations in context,
we further offer an overview of the literature regarding known
brain tissue changes in relevant settings.

M A T E R I A L S A N D M E T H O D S

The clinical case data are published (13, 14). Briefly, Ms
McMath underwent a tonsillectomy at age 13 years, followed
by bleeding complications resulting in cerebral hypoxia-ischemia
and a clinical diagnosis of brain death per conventional criteria

VC The Author(s) 2022. Published by Oxford University Press on behalf of American Association of Neuropathologists, Inc.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

Journal of Neuropathology & Experimental Neurology, 2023, 82, 6–20
https://doi.org/10.1093/jnen/nlac090

Invited Review Article

https://orcid.org/0000-0002-3858-7949


(13). Her family declined to accept this determination, and
through legal channels she was transferred to a hospital in a dif-
ferent state that accommodated their beliefs and values. Main-
tained on ventilatory and other complementary support, she
eventually was able to be cared for at home, with occasional hos-
pitalizations for infections and metabolic derangements. Neuroi-
maging studies were performed 9 months after brain death
declaration (i.e. 3 years and 9 months prior to “somatic” death),
and reported by one of us (DAS) (14). Following a final hospi-
tal admission more than 4 years after brain death declaration,
she succumbed to septic and abdominal complications. Her
family consented to autopsy examination, performed at Robert
Wood Johnson University Hospital (RWJUH) at New Bruns-
wick, New Jersey, which took place 60 hours later.

For this report, macroscopic photographs of the skull and
brain were available from the time of autopsy at RWJUH. Sec-
tioning of the formalin-fixed specimen, photography of the
coronal sections, and sampling for neurohistology occurred
some months after autopsy, at a different institution. Neither
contemporaneous notes from that examination, nor “wet” (for-
malin-fixed, stock) brain tissue remnants were available for our
independent review.

We performed microscopic analysis of 14 formalin-fixed,
paraffin-embedded blocks of the central nervous system, pro-
vided with permission of the mother, Ms Nailah Winkfield,
and the family’s spokesperson, Mr Christopher Dolan. These
included cerebral cortex and a small amount of subcortical
white matter, with adherent convexity dura, of uncertain pre-
cise neuroanatomic locations: of 9 such blocks, 2 were likely
from parasagittal frontal lobe with subdural hemorrhage, as
visible grossly in the available macroscopic photographs; 3 had
tentorium with adherent cerebellar and occipital cortex; one
had cerebellum with adherent posterior fossa dura; and one
had free dura mater from an uncertain site (see “Results”).
Samples of basal ganglia, thalamus, hypothalamus, hippocam-
pus, brainstem, or spinal cord structures were not available.
The paraffin blocks were cut and stained using standard proto-
cols in the Neuropathology Brain Bank and Research Core at
Mount Sinai. Hematoxylin and eosin (H&E) stains were per-
formed on the glass slides from all blocks. Perls iron and tri-
chrome stains, elastic-Van Gieson silver impregnation, and
CD68, CD34, and NeuN immunostains were performed on
selected blocks, using standard diagnostic procedures.

R E S U L T S
General autopsy findings

These were reported in detail as part of the clinical account of
Ms McMath’s course and included multiorgan failure following
laparotomy for recurrent pneumatosis intestinalis, retroperito-
neal hemorrhage, and hepatic steatosis, with icterus, as well as
diffuse alveolar damage (13).

Macroscopic brain evaluation
The cranial vault was markedly thickened relative to that
expected for age (personal observation [RDF]; ruler absent
from photographs). The inner aspect of the thickened calva-
rium was irregular, with a “cobblestone” appearance of the

bony inner table, and adherent wisps of fibrous tissue (dura
mater) and soft (i.e. nonbony) material having dark red to
orange-yellow discoloration (Fig. 1A). Examination of the
brain in situ after removal of the calvarium (Fig. 1B) shows a
markedly abnormal extradural surface, with adherent dark red
flocculent material (lower portion of Fig. 1B). The frontal
lobes were disrupted by handling artifact, uncovering marked
yellow-green discoloration (icterus) of the subdural surfaces,
to which degenerated brain tissue, having a paste-like appear-
ance, adhered in irregular fragments (upper portion of
Fig. 1B). Once removed from the cranial vault (Fig. 1C), the
brain and firmly adherent calvarial and portions of basal dura
mater weighed 750 g (average expected weight for a female
age 16–18 years, 1340 g [for brain only]) (15). Ventral tempo-
ral lobe, brainstem, and cerebellar landmarks were poorly
visualized, owing to marked tissue fragmentation, although
general outlines suggested the cerebellar hemispheres and
basis pontis (arrows and arrowheads, respectively, in Fig. 1C).
The surfaces of these basal structures were discolored orange-
yellow (typical of old hemorrhage, present in the subdural
and/or subarachnoid space). Much of the basal dura remained
adherent to the skull base, and also showed marked yellow-
orange discoloration of the subdural surface (i.e. evidence of
old subdural hemorrhage) (Fig. 1D).

After formalin-fixation, the brain and adherent dura
(Fig. 2A–C) were accompanied by several rounded gray frag-
ments resembling diencephalon (not further sectioned, photo-
graphed, or blocked for histology). The brain/dura block was
sectioned approximately in the coronal plane. As noted exter-
nally, there was artifactual disruption (related to brain
removal) in several spots, including the frontal and inferior
temporal lobes (Fig. 2D, E). The occipital lobes with subjacent
tentorium and cerebellar hemispheres and vermis (Fig. 2F)
were the best preserved and showed a clear outline of the occi-
pital cortical ribbon and subcortical white matter and cerebel-
lar folia (though having a dusky discoloration and unusual
granular surface texture). In many foci, rusty orange-yellow
discoloration affected the cerebral cortical/adherent subdural
boundaries, and even within the dura, indicative of old hemor-
rhage. Tracking of this orange discoloration superficially into
cortical sulci (old subarachnoid hemorrhage) was focally
present. In addition, linear foci of dark red subdural blood
were noted over the parasagittal frontal lobe surfaces (arrows
in Fig. 2D). Focal red-brown material was adherent to the epi-
dural surfaces of the parietal and occipital lobes (Fig. 2E, F),
corresponding to that seen overlying the dural surface in the in
situ autopsy photographs (Fig. 1B). The ventricles and peri-
ventricular white matter, corpus callosum, basal ganglia and
thalamus, hippocampi, and brainstem were not identifiable on
the cut section photographs.

Microscopic brain analysis
The microscopic findings will be presented from the “outside
in,” so to speak, since these more superficially located tissues
were the only sites of “normal” H&E staining, and thus repre-
sented the preserved, apparently previously “viable” tissue (as
expected in typical, formalin-fixed autopsy specimens, even
after 60 hours’ interval). The epidural surface of the calvarial
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dura mater showed a variably thick epidural layer of trilineage
hematopoietic cells in fibroadipose tissue, accompanied by
focal iron deposition (bone marrow metaplasia, an established
form of extramedullary hematopoiesis, a phenomenon recog-
nized to occur particularly in pediatric subjects [RDF, personal
observation]) (Fig. 3). The calvarial and tentorial dura were
also notable for fibrocollagenous thickening, with patchy iron
deposition between the collagen fibers and associated with
multifocal obliteration and recanalization of the venous sinuses
(Figs. 3 [circled area], 5, and 7). Elastic-van Gieson silver
preparations highlight occasional wavy elastic profiles com-
pletely filled with collagen (thrombosed dural arterioles); scat-
tered such vessels are patent along the inner few collagen
layers of the dura, in contrast to the usual more epidural local-
ization of meningeal artery branches (Fig. 4). These patent
dural arterioles, along with leptomeningeal arterioles which
entered the superficial cortical sulci, tended to be associated
with organizing necrotic foci of the superficial cortical ribbon
(see below) (Figs. 4 and 6).

The inner aspects of the calvarial and tentorial dura mater
were closely apposed (by fibrous adhesion) to the pia of the
underlying cerebral and cerebellar cortices, respectively (Figs.
1–6). The calvarial dura was further notable for recent-on-
subacute-on-chronic subdural hemorrhage (highlighted on
iron stains and CD68 immunostain for macrophages) (Figs. 3
and 6). Hemophagocytosis, indicating recent hemorrhage of at
most 24–72 hours prior to demise, and corresponding to Ms
McMath agonal systemic bleeding diathesis, was clearly
present (Fig. 8). At these points of dural/cortical adherence,
the molecular layer and focally layers 2–3 of the cerebral cor-
tex had coarsely grouped mineralizations, as well as focal intra-
parenchymal recent-on-subacute-on-chronic hemorrhage,
contiguous with the subdural hemorrhagic foci (Figs. 2, 5, and
8). Some of these adherent cortical zones had fibrin deposition
and macrophages suggesting organizing necrosis/hemorrhage
(Fig. 8).

The available H&E sections including cerebral and cerebel-
lar cortex and subjacent white matter all showed pallor and

Figure 1. Macroscopic findings at autopsy. Inner aspect of markedly thickened and nodular calvarium (A); brain partially covered by
calvarial dura mater, in situ after removal of calvarium, with artifactual (removal) disruption (B); ventral aspect of brain after removal from
skull (C, long arrows demarcating the possible contours of the cerebellum, and short arrows the possible basis pontis), with artifactual
(removal) disruption; base of skull after brain removal (D). (See text for additional description.)
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Figure 2. Macroscopic findings at time of formalin-fixed brain evaluation. Dorsal view of brain covered by adherent calvarial dura mater and
epidural tan-brown granular material (A); frontotemporal view of brain partially covered by dura mater (brainstem and cerebellum
indistinct) (B); lateral view of brain and dura (side uncertain) (C); coronal section of posterior frontal cerebral hemispheres and adherent
calvarial dura mater, showing bilateral red-brown subdural discoloration (arrows), as well as possible dural icterus (green discoloration), and
with focally discernible tan-brown cerebral cortex overlying tan white matter, with focal yellow-orange foci (D); coronal sections at parieto-
occipital and occipital/cerebellar levels (E, F), with similar changes to those seen in panel (D). (See text for additional description.)

Figure 3. Gross and microscopic findings in the left posterior frontal cortex. Left cerebral hemisphere cortex with adherent dura (top, A),
and serial fields from left (lateral) to right (medial) within red-boxed area (all, original magnification: 20�); note epidural bone marrow
(arrows in A, B, F), dural venous occlusion and recanalization (circles in A, E, I), and calcification (magenta deposits in B and C) with
macrophages (CD68 [brown] immunostaining in F–I) in partially reperfused superficial cortex. (See text for additional description, and
subsequent figures for higher magnifications.)
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total loss of hematoxylin staining of nuclei, although faint
eosinophilia outlined recognizable neurons, glial cells, paren-
chymal and meningeal vessels (a histopathological appearance
variably referred to in both human and veterinary medical lit-
erature), depending on the context, as “autolysis,”
“maceration,” “mummification,” and “adipocere formation
(saponification)” which can remain many years after death
(discussed further below) (Figs. 4–6, 8, and 9) (16–19).

Aside from this staining pallor, the brain parenchyma main-
tained relatively preserved architectural relationships between
cortical ribbon and immediately subcortical/intragyral white
matter. The superficial cortical layers were disrupted focally
by dystrophic cortical mineralization (so-called “droplet” min-
eralization, seen as purple-blue dots on H&E, and with pale
positivity on iron stain) at points of dural adherence (see
below) (Figs. 6 and 8). There were scattered pale, fluffy crys-

Figure 4. Elastic-van Gieson silver impregnations, showing dural arterioles completely occluded by collagen, as outlined by black elastica
remnants (A, B; 200�); focally patent dural (C, 100�) and penetrating intrasulcal (D, F; 100�) arterioles (blue stars) are associated with
necrosis (n) of subjacent cerebral cortex (C–F), delineated by asterisks (*) from adjacent nonviable mummified cortex (m) (D–F; E,
200�).

Figure 5. Difference between superficial parietal cortex at site of submeningeal hemorrhage (viable) (red box in A; B [elastic-van Gieson];
C and D [Masson trichrome]) and subjacent cerebral parenchyma (mummified) (purple box in A; E–G [Masson trichrome]). Note old
hemorrhage (brown hemosiderin, B [40�]) and intact red blood cells in fresh hemorrhage and within microvascular lumina, along with
terminal circulating white blood cells (C [40�] and D [200�]), in contrast to lack of intravascular intact red blood cells in deeper
mummified parenchyma lacking cellular reaction (E [40�], F [100�], G [200�]).
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talline deposits in the cerebral and cerebellar cortices and
subcortical white matter (Figs. 4–6, and 8). Note that these
phenomena are seen in the setting of macerated stillbirth,
“mummification,” and adipocere, and are considered postmor-
tem/prefixation artifacts, related to autolysis at body tempera-
ture, without blood flow to allow for arrival of inflammatory
cells and removal of dead tissue by macrophages, as would be
seen otherwise in liquefactive necrosis (personal observation,
RDF and JFC) (16–19). In addition, variably sized needle- or
lens-shaped spaces, consistent with cholesterol clefts (as often
seen in settings of nonspecific cellular membrane breakdown,
such as in old cerebral infarcts or degenerative lesions (20)),
were evident in the subcortical white matter (Figs. 4–6, and
8) and depths of cerebellar cortex.

In areas, macrophages were identifiable (confirmed on
CD68 immunostain) concentrated at sites of recognizable
necrosis, e.g. in the cortex just beneath the adherence to dura
(Figs. 3 and 6) and in the epidural focus of marrow metaplasia
(Fig. 3).

Multifocal deposition of bilirubin crystals was noted, gener-
ally in regions of the recent-on-subacute-on-chronic hemor-
rhage in the superficial cortex (Fig. 8), corresponding to
macroscopically visible yellow-orange discolorations, likely
including those present in deeper cerebral tissues (though
these were not sampled for histology) (Figs. 1–3, 8, and 9).

Additional immunostains for vascular cells (CD34) and
neurons (NeuN) were negative, even in relatively well-fixed
tissues, suggesting technical failure, perhaps related to pro-
longed fixation or embedding affecting these particular anti-
bodies, considering that other immunostains were adequate.

Importantly, no “Swiss cheese” artifact (postmortem putre-
faction due to anaerobe overgrowth, a phenomenon often
seen in postmortem intervals greater than 24 hours) was iden-
tified in the available sampled locales. There was no evidence
in any section of brain parenchymal vascular endothelial reac-
tive changes, prior old cortical laminar necrosis, or cavitation
with tissue dissolution, as would be seen, even after many
years, in arterial territory infarcts.

Figure 6. Detail of microscopy of posterior frontal cortex and adherent dura mater (A, H&E, 20�; B, CD68 immunostain for macrophages,
20�).

Figure 7. Calvarial dura and venous sinus with collagenous occlusion and recanalization (A, H&E, 200�); macrophages in collagenized
lumen (B, CD68 immunostain, 200�); and hemosiderosis (C, iron stain, 200�).
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Figure 8. Cerebellar cortex with recent hemorrhage (visible as intact red blood cells) and fibrinous reaction along subdural aspect (A, H&E,
100�), with hemophagocytosis (older, organizing hemorrhage) visible in “ghost-like” macrophages (arrows) in deeper tissues (B, H&E,
200�). Superficial cerebral cortex with bilirubin crystals in molecular layer (C, H&E, 100�) and droplet mineralizations in deeper cortical
layers (D, H&E, 400�). Note “ghost-like” neuronal outlines between calcifications in (D).

Figure 9. Gross fibrous adherence of tentorium to overlying occipital cortex and underlying cerebellar cortex, with yellow-orange
discoloration (A); histologic section (B, H&E, 20�) of red-boxed area in (A), showing subpial molecular layer adherent to tentorium
(delimited by blue stars), and underlying autolyzed cerebellar cortical folia (long arrows) with cholesterol clefts and artifactual cracking of
tissue; blue-boxed area in (B), showing “ghost-like” Purkinje cell profiles (short arrows), as well as orange-brown bilirubin crystals (C, H&E,
200�).
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D I S C U S S I O N
Brief overview of concept of brain death

One of the first observations of apparent brain death was
uncovered among the writings of Harvey Cushing (from
1908, as published by Pendleton et al [21]), following intrao-
perative cessation of respiration and implementation of artifi-
cial respiration (by use of a manual bellows through a tracheal
stoma), and later surgical decompression via a “cranial win-
dow,” until subsequent “cessation of all cardiac activity” super-
vened after 36 hours. Cushing went on to describe the
“perfectly anaemic brain. . .of a gray, colorless appearance,
broken only by the black, greatly distended veins” that herni-
ated from the cranial defect. Subsequent clinicopathologic
observations notably included initial descriptions by Aldarete
et al (22) of a cohort of patients “in irreversible coma. . .[-
with] fixed, dilated pupils, no reflexes, no movements, and no
spontaneous respirations, and a flat isoelectric electro-
encephalogram.” Neuropathologic findings were summarized
among 80 examined cases as showing “damage ranging from
total liquefaction, where microscopic structure was not identi-
fiable, to brains with islands of relatively normal cortical
structure.” The term “Brain-Death Syndrome” as a type of
“hypoxemic panencephalopathy” was first used by Adams and

J�equier (23) the following year (1969), who highlighted the
ethical issues of defining the moment of death as “irreversible
cerebral damage,” instead of cardiorespiratory cessation by
bedside determination, in the modern era of “artificial means”
of life support. Key literature accounts of detailed neuropatho-
logic features of brain death are collated in Tables 1 and 2.

Neuropathologic diagnoses
The final neuropathologic diagnosis is outlined in Table 3 and
summarizes our conclusions based on the available macro-
scopic photographs and neurohistology, given the clinical con-
text. The organization of the diagnosis follows the principles
used in classical autopsy reporting, that is, to describe observed
phenomena in objective and accepted pathological terms,
while offering the interpretation (here labeled “consistent
with”) that best encompasses and explains all available find-
ings, resting in turn on the medical literature and on extensive
personal experience in brain analysis of living (biopsied) and
dead (autopsied) individuals (RDF and JFC). We emphasize
that the limited amount of tissue sampling, in particular the
lack of blocks from the diencephalon, brainstem, and spinal
cord for microscopic analysis in this case, places constraints on
our ability to infer any correlation with central nervous system

Table 1. Neuropathology reports among brain death cases following relatively short intervals

Reference Ages Interval Neuropathology Interpretation

Grunnet and Paulson,
1971 (4) (n¼ 17)

2 mo to 60 y 1–7 d (single case of 21 d
“requiring a respirator
only intermittently”)

“Fourteen had no inflammatory,
microglial, or endothelial
response”; “several also showed
few perivascular neutrophils or
lymphocytes in the brain stem”;
“three [with] . . . inflammatory
response” had “onset of disease
[that] had been relatively slow”
(requiring “a respirator. . .more
than a day after the neurological
insult”)

Fourteen without tissue response
represented “in vivo autolysis,”
due to “inadequacy of blood
supply . . . through rapidly devel-
oping and severe cerebral
edema.” “There is no more
opportunity for active inflamma-
tion to occur than in the auto-
lyzed brains seen when
postmortems are done several
days after death.”

Walker, 1975 (5)
(n¼ 226)

>1 y 12 h to 7 d “Respirator brain,” 40% (especially
after 24–48 h) with “little or no
inflammation”

“certain changes are almost indis-
tinguishable from the postmor-
tem alterations resulting from
delayed fixation or after storage
of the cadaver . . . over 90�F”

Pearson, 1977 (6)
(n¼ 13)

NS 20 h to 5.5 d Those with detectable radioisotope
bolus had reactive changes;

Avoided term “respirator brain . . .
[as] it is not the presence of a
respirator but the absence of
major intracranial blood flow
which is associated with brain
death and autolysis”; “blood
may persist in preexisting hem-
orrhages or in vessels congested
at the time circulation ceases”

Those without had “autolysis” ¼
“tissue breakdown that is depend-
ent on intrinsic cellular enzymes
and independent of factors derived
from flowing blood”

“ghostlike changes” of neurons,
“lysed red cells” in vessels

Schroeder, 1983 (7)
(n¼ 190)

8 mo to 75 y 1 h to 13 d “neuronal necroses. . .arise at differ-
ent rates within the cerebral cortex
and the lower brainstem”;

“hemorrhages and . . .necroses in
some cases with longer inter-
vals. . .[suggest incomplete] cer-
ebral ischemia”development of “washed-out tissue

picture”
Wijdicks and Pfeifer,

2008 (8) (n¼ 41)
19–80 y 0–36 h Neuronal ischemia “total brain necrosis not observed”

“no inflammatory or cellular
reaction”

Interval refers to interval on cardiorespiratory support following clinical interpretation of irreversible brain injury (brain death). d, days; h, hours; min, minutes; mo, months; N,
number of cases in report; NS, not stated; y, years.
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functionality during the interval following declaration of brain
death and final “somatic” death years later. In particular, the
fascinating clinical observation of apparent onset of menses
suggests at least some element of preservation of the
hypothalamic-pituitary axis, the basis of which we cannot con-
firm. Moreover, ascribing any histologic appearance in the
autopsy specimen to the clinical stroke- or trauma-related phe-
nomenon of “ischemic penumbra” (defined as an area of

decreased perfusion too low to support function but high
enough to prevent necrosis), whether it may have been part of
the neuroimaging picture at any time after brain death declara-
tion, is not possible at this point (24–26). Reasoning further,
we refrain from discussion of the various disorders of con-
sciousness as they are beginning to be understood and defined,
and of the ethics attendant to these issues (27–29), as they are
beyond the scope of this paper.

Concept of extra- to intracranial revascularization
Our interpretation regarding the likely extracranial revasculari-
zation of the superficial (submeningeal) brain tissue, where
necrosis and reactive changes are seen, is based on established
observations of external-to-internal cerebral vascularization,
performed therapeutically in cases of Moyamoya disease, for
example (30) (see diagrammatic representation of this concept
in Fig. 10). In this surgical procedure, blood flow is partially
restored to chronically and progressively ischemic brain
regions (resulting from postradiation or idiopathic leptome-
ningeal arteriolar narrowing) by routing of the middle menin-
geal artery through the dura to the underlying arachnoid, so as
to effect a degree of cortical revascularization. Very few neuro-
pathologic accounts of the results of this procedure are avail-
able in the literature; however, one such case autopsied
20 years after the external-to-internal revascularization docu-
mented that “countless meandering vessels on the internal sur-
face of the dura mater connected with small vessels on the
brain surface and in the subpial brain tissue” (31). Not
depicted in our schematic diagram is the likely origin of reper-
fusion of the similarly relatively preserved superficial occipital
and cerebellar cortices (seen in our Figs. 4 and 9) from menin-
geal branches of the vertebral and/or ascending pharyngeal
arteries which normally supply the posterior dura mater.

In Ms McMath’s case, while the some of the dural arterioles
were completely occluded by collagen (organized thrombus),
some remained patent, and, although demonstration of direct
connection between extradural arteries and penetrating corti-

Table 3. Final neuropathologic diagnoses based on available
macroscopic photographs and paraffin blocks

I. (History of global cerebral hypoperfusion following therapeutic
tonsillectomy at age 13, subsequently meeting clinical “brain
death determination” guidelines, followed by maintenance on life
support measures for 41=2 years):

A. Portions of brain with:
i) Widespread autolysis (resembling “mummification,”

“saponification”), with acellular degenerative changes, of
deep cerebral and cerebellar cortex and white matter, con-
sistent with near-total absence of perfusion and
reperfusion;

ii) Focal partial revascularization of superficial cerebral and
cerebellar cortices, with microscopic macrophage infiltrates,
mineralization, old and recent microhemorrhage, consis-
tent with old hypoxia-ischemia and limited reperfusion,
apparently from dura mater (external carotid and vertebral
arterial blood flow).

B. Portions of dura mater with:
i) Obliteration and recanalization of venous sinuses;

ii) Intradural iron deposition, consistent with old hypoxia-
ischemia and reperfusion;

iii) Fibrous adhesion of convexity and tentorial meninges to
superficial cerebral and cerebellar cortex;

iv) Recent-on-subacute-on-chronic submeningeal hemor-
rhage, with focal extension into superficial cerebral and
cerebellar cortices;

v) Thick epidural extramedullary hematopoiesis (marrow
metaplasia);

vi) Focal autolysis (resembling “mummification”, “saponification”).

Table 2. Neuropathology reports among brain death cases following long intervals

Reference AgeInterval Neuropathology Interpretation

Parisi, 1982 (9) (n¼ 1) 49 y 68 d Transverse dural sinus thrombosis; cortical sub-
pial vascularization and macrophages;
“coagulative necrosis but . . . no evidence of
cellular reactivity” of deeper structures

“Inward progression of the reparative response
from the leptomeningeal surface, presumably
originating from the intact extracranial
circulation”

Ito, 1992 (10) (n¼ 1) 14 y 101 d “Proliferation of vessels and fibrosis. . .[and]
erythrocytes, leucocytes and scavenger cells in
the dura mater”

“Secondary petechial haemorrhage. . .appear to
occur long after the trauma, in spite of the
complete cessation of cerebral blood flow . . .
[and] may be produced from newly formed
vessels in the dura mater by secondary circula-
tory disturbances” . . . [since] the blood flow
of the dura is maintained by the middle
meningeal artery which originates from the
external carotid artery

Repertinger, 2006 (11) (n¼ 1) 4 y 20 y Calcified shell, with ossification and marrow,
grumous mummified material, mineralized
cell processes, iron pigment, extensive small
focal calcifications

“blood flow was insufficient over the 2 decades
for macrophages to arrive and remove most
of the debris”

d, days; n, number of cases in report; y, years.
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cal vessels is not reliable in tissue sections, the observation of
arterioles extending along gyral crests and into cortical sulci
and their geographic localization to areas with clear evidence
of necrosis and reactive changes (macrophages, mineraliza-
tion, old and even recent hemorrhage) is compelling. Con-
versely, the regions without such intact vasculature, including
the deeper cortical layers and subcortical white matter, were
the ones that showed an autolytic picture (as diagrammed in
Fig. 10; discussed further below). Of note, the presence of
hemosiderin and recent hemorrhage in some of these areas
may be sequelae of hemodynamic fluctuations, ongoing minor
trauma, and/or periodic/agonal coagulopathy. The dural
venous channels had clear-cut evidence of collagenous occlu-
sion and recanalization, considered related to stasis of venous
flow following the global decreased cerebral (arterial) perfu-
sion (illustrated in our Figs. 3 and 7).

Brain tissue viability as inferred by autopsy
The histologic findings of faintly stained outlines of neurons
and other cells raise the obvious question: Were these “viable”
before our young woman’s “somatic” death? To address this
question, we need to understand what is meant by the terms
“viable,” “necrotic,” and “autolyzed” (the latter also relating to
the concepts of postmortem tissue changes variably referred
to as “mummification,” “maceration,” and “saponification”), as
well as “decomposition” (or “putrefaction”) as used among

pathology specialists in several relevant contexts (Table 4;
Figs. 11–13). “Viability” and “necrosis” as used in neuropa-
thology derive from widely established appearances, both mac-
roscopic and microscopic, of surgically resected tissues having
short, known intervals between removal and processing (fixa-
tion). As such, these features are the “closest” an observer can
be to what is happening in the tissues of the patient. All of
medicine relies on this time-honored means of diagnosis by
pathologists for treatment and understanding of human dis-
ease. Thus, “viability” is denoted by the typical nuclear baso-
philia and cytoplasmic eosinophilia (e.g. as visible in Fig. 7A),
corresponding by convention to integrity of cellular structures.
“Necrosis” is characterized by nuclear pallor and eventual frag-
mentation, and in perfused conditions, is accompanied by
microvascular reaction (endothelial and pericyte prominence
and proliferation), inflammatory infiltrates and phagocytosis;
over time, gliosis, cavitation, and sometimes focal
“mummification” result, and can be present for many years
after the inciting event, including in old infarcts and contu-
sions (personal observation [RDF and JFC]). If there is no
perfusion whatsoever (i.e. in areas of the brain in “brain death”
in which a clinically administered bolus of radioisotope is not
detected), there can be no microvascular reaction, inflamma-
tion, or phagocytosis of devitalized cells (Table 1; Fig. 11)
(6). This appearance was interpreted by Grunnet and Paulson
(4) as a process of “in vivo autolysis,” resulting from the

Figure 10. Diagram of normal craniocerebral perfusion (red-colored vessels on left) and presumed spontaneous external-to-internal carotid
reperfusion (red-colored vessels on right), following (sub)total interruption of internal carotid artery perfusion (gray-colored vessels on
right) at time of declaration of brain death, and permitting focal cellular reactive changes in superficial cerebral and cerebellar cortices by
neovessels branching from middle meningeal artery (right, and inset). CCA, common carotid artery; ECA, external carotid artery; ICA,
internal carotid artery; MCA, middle cerebral artery; MMA, middle meningeal artery. Insets, higher-power representation of normal (left)
and modified (right) perfusion of superficial cerebral cortex. Hatched area denotes brain regions not sampled for neurohistology. An
analogous revascularization phenomenon to the occipital and cerebellar cortices is postulated to have occurred from those regions of dura
mater supplied by branches of the vertebral and posterior pharyngeal arteries (not depicted). For detailed description of reactive changes
(inset, right), see text.
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“inadequacy of blood supply. . .through rapidly developing
and severe cerebral edema”. In such regions, faint preservation
of cell and nuclear outlines, including vessels containing red
cell contours, is the norm. In many ways, this appearance is
analogous to that seen in the retained (“macerated”) stillbirth,
the brain of which is often the last to disintegrate even at
maternal body temperature for prolonged periods, remaining
evaluable histologically (Table 4) (personal observation
[RDF]; [32–34]). Consequently, in stillbirth the term
“necrotic” is not used for this appearance, acknowledging that
the fetus was “viable” before the intrauterine demise (what-
ever its underlying reason). In this setting, the term
“mummification” may be applied, particularly referring to a
prolonged period of retention in utero; here, anatomic rela-
tionships may be relatively well preserved and even amenable
to radiographic delineation of cortical ribbon from deeper tis-
sues (34). “Mummification” is also used in the forensic setting
to describe preservation by desiccation, in bodies in dry envi-
ronments (Table 4; Fig. 12). Histologically, the rehydrated tis-

sue may have pale staining characteristics, but relative
preservation of cellular architecture.

The process of “saponification” is considered another type of
postmortem alteration somewhat akin to mummification, but
resulting instead from a relatively sterile, moist environment,
with formation of a “waxy” or soap-like substance known as adi-
pocere (Table 4; Fig. 13) (17, 18). Chemically, the fatty acids of
tissues undergo alteration to salts, which precipitate and remain
stable for many years (even decades, if not millennia) (16, 35).
Our interpretation of the finding of fluffy crystalline aggregates
in the brain tissues is consonant with this idea.

Regarding the general term “decomposition” as used in
autopsy settings, a more accurate designation is “putrefaction,”
which is invasion and breakdown of tissues by postmortem over-
growth of commensal bacteria from the skin and aerodigestive
organs, especially in unrefrigerated conditions over many hours
or days (Table 4) (32). Environmentally derived fungi, insects,
or animals may contribute as well, although in circumstances
quite distinct from those considered here. Given the lack of such

Table 4. Definitions of tissue changes relevant to brain death analysis

Process Definition Histologic Hallmarks Reference

Viability Perfused and oxygenated tissue at time of sam-
pling (biopsy), or up until death (autopsy),
based on conventional tissue fixation and
histopathologic processing; “cells placed
immediately in fixative are dead but not
necrotic”

Retention of cellular including nuclear detail,
and architectural relationships within a tissue
or organ (until altered by autolysis; see
below)

(38)

Necrosis Primary type of cell death in a tissue or organ
that has undergone irreversible injury

Loss of nuclear staining and eventual cell
breakdown, as a progressive process result-
ing in “coagulative” or “liquefactive” necrosis
(e.g., infarcts, abscesses, contusions, radia-
tion injury); evolution of changes including
hemorrhage/iron deposition, reactive cell
influx, and phagocytosis, and glial scar or
cavitation

(38)

Autolysis (including
subtypes below)

“Breakdown of cells or tissues through the
release and/or deregulated activation of
endogenous proteolytic enzymes,” in part
dependent on ambient temperature

“Cracking along . . .surfaces and irregularities
in . . .tissue density”; “nuclear
chromatolysis”; “in spite of fairly advanced
autolytic fragmentation, the microscopic
detail of [brain] cells can be remarkably
intact”

(32)

�Mummification “Dehydration and desiccation of soft tis-
sues. . .[in] hot and dry climates,” but may
also occur “indoors. . .[and] underwa-
ter. . .[in] an acidic and anaerobic
environment”

Appearance of “mummified” remains in clan-
destine or unwitnessed scenes some weeks
or months after death; retained (macerated)
stillbirth; relative preservation of architec-
tural relationships, but loss of nuclear stain-
ing; relative stability over time, if conditions
maintained

(35, 36)

�Maceration “Softening of a solid by action of a liquid” Liquid contributes to the degeneration of devi-
talized tissue, as in retained stillbirth

(32)

� Saponification “Modification of the putrefaction process,
which involves hydrolysis and hydrogenation
of fatty tissues into a. . .wax-like substan-
ce. . .consisting mainly of palmitic, oleic, and
stearic fatty acids”

Requires “a warm, moist, and humid
environment”

(18, 37)

Putrefaction Tissue breakdown by postmortem overgrowth
of bacteria present in the body at time of
death

“Swiss cheese” artifact of gas-forming bacteria;
“nuclear fragmentation . . .and eventual loss
of hematoxyphilia in the nuclei and Nissl
substance”

(32)

Note that these changes may have overlapping features in a given circumstance. See Figures 11–13 for examples.
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Figure 11. Example of macroscopic and microscopic features of brain death. Brain from a 33-year-old man with a history of sepsis,
extubated 5 days following brain-death declaration, with marked swelling and gray-brown discoloration (A); note relative preservation of
architectural relationships on axial cut section, as well as focal petechiae at sites of partial reperfusion (arrows, B). Neurohistology of frontal
cortex, with artifactual “fracturing” of devitalized tissue; note stellate crystalline change (arrows, C; 100�), and finely granular subpial
mineralization (D; 400�). Temporal cortex with artifactual “fracturing” of devitalized tissue; this area must have had partial reperfusion to
allow neutrophilic influx among hypereosinophilic (ischemic) neurons (E; 400�). Pons days following brain-death declaration, with
“washed out picture” of devitalized tissue, and no cellular reaction; note red cell outlines visible in vascular lumen (F; 200�); ventral subpial
region which must have had partial reperfusion to allow inflammatory cell influx (now “washed out,” arrows, G; 200�), and reperfusion
hemorrhage (site of petechiae in B).

Figure 12. Example of macroscopic and microscopic features of tissue changes in postmortem mummification. Brain and meninges from an
adult found in apartment months after last seen alive, with identifiable cerebral hemispheres (A, dorsal view), visible dura (arrow, B), and
suggestion of cortical ribbon, with yellow-brown discoloration (arrow, C). Histology of mummified dura with nearly complete retention of
architecture and staining quality of dural fibroblasts, vessels, and nerves (arrows, D; 200�). Neurohistology of leptomeninges and vessels
with fluffy crystalline changes (arrowheads) in underlying cortex which also shows cleft-like spaces (E; 400�). Cerebral cortex, with lack of
hematoxylin staining, cleft-like spaces, and punctate subpial mineralization (arrows, F; 100�, and G; 600�); mineralized angular structures
consistent with neurons (inset, G, 400�).
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systemic changes at autopsy, and the absence of collections of
bacteria on microscopic examination, it is reasonable to accept
that the observed brain changes do not reflect putrefaction.

Finally, in making some of these distinctions, the macro-
scopic appearance of the brain plays a key role. In this
case, the macroscopic brain photographs show discoloration
and surface textural changes highly similar to those seen in
macerated (“mummified”) stillbirth brains, as well as in
brain samples from decedents whose entire bodies have
undergone “saponification” (or “adipocere formation”) in
certain warm, moist conditions (17). Of course, in this
instance only the devitalized brain tissue was subject to
one or more of these autolytic processes, within an intact
skull during continued “somatic” cardiorespiratory support.

Consideration of findings in context of reported brain death
neuropathology

Despite the relatively frequent occurrence of declaration of
brain death (3), the literature contains few dedicated neuropa-
thologic reports, especially of individuals maintained for more
than a few days on cardiorespiratory support. Reported cases of
short intervals (up to 2–3 weeks) after brain death declaration
give us insight into the initial tissue reactions (or lack thereof)
after interruption of cerebral perfusion (Table 1) (2, 4–8).
Analyses of these types of cases emphasize the relative lack of
any tissue reaction (i.e. neutrophil and later macrophage influx,
reperfusion hemorrhage) in much of the examined brain, par-
ticularly the supratentorial tissues, and the strong correlation
with measures of perfusion utilized in the determination of
brain death (such as radioisotope scintigraphy). According to
Pearson et al (4), cases with a clinically detectable radioisotope
bolus had reactive brain changes, while those without had
“autolysis,” i.e. “tissue breakdown that is dependent on intrinsic
cellular enzymes and independent of factors derived from flow-
ing blood”. Any focal reactive changes thus are considered to
reflect “neuronal necroses . . . [that] arise at different rates
within the cerebral cortex and the lower brainstem,” further
suggesting zones of incomplete or agonal cerebral ischemia (5).

In those published cases neuropathologically evaluated after
longer intervals (months to years), neuropathologic changes
were quite like the current case (Table 2). Parisi et al (9)
described, after a 68-day interval, dural sinus thrombosis,
“cortical subpial vascularization and macrophages” and
“coagulative necrosis but. . . no evidence of cellular reactivity”
of deeper structures. As in our case, this combination of find-
ings suggested to the authors an “inward progression of the
reparative response from the leptomeningeal surface, presum-
ably originating from the intact extracranial circulation.” Simi-
larly, “proliferation of vessels and fibrosis. . .[and]
erythrocytes, leucocytes and scavenger cells in the dura mater”
were described after 101 days by Ito (10). “Secondary pete-
chial haemorrhage[s]”. . .“appear to occur long after the
trauma, in spite of the complete cessation of cerebral blood
flow”. . .[and] “may be produced from newly formed vessels in
the dura mater by secondary circulatory disturban-
ces”. . .[since] “the blood flow of the dura is maintained by the
middle meningeal artery which originates from the external
carotid artery” (10). A singular case reported by Repertinger et
al (11) after an interval of 20 years was notable for an outer
“calcified shell,” with ossification and, as in our case, hemato-
poietic marrow, encasing grumous mummified material, iron
pigment, mineralized cell processes, and extensive small focal
calcifications. These contrast somewhat with our findings of
macroscopically distinct cerebral and cerebellar cortices, as
well as faint cellular outlines of neurons and other structures.
We speculate that the nature of the cause of brain death in
their case (specifically, meningitis, in which inflammatory cells
were already “on board” before brain death declaration), and
the additional interval of 15 years may account for some of
these differences. Regardless, their estimation of the patho-
physiology that “blood flow was insufficient over the 2 decades
for macrophages to arrive and remove most of the debris”
largely concords with ours (11).

Final points
In closing, we share the unique and complex neuropathologic
findings of Ms Jahi McMath, an extraordinary young woman.

Figure 13. Example of macroscopic and microscopic features of tissue changes in postmortem saponification. Dorsal view of brain and dura
in situ (A) from an adult found encased in concrete in a clandestine burial, 6 months after last seen alive, with adipocere formation; note
“waxy” change of tissues, and relative preservation of cerebral gyral pattern, beneath partially reflected dura mater (left side of image, A).
Neurohistology of cerebral cortical surface (denoted by * in B) of adipocere brain, characterized by cleft-like spaces and stellate crystalline
formations in a fine granular eosinophilic background (B, 100�; C, 400�); note distinct pyramidal neuron containing cytoplasmic
lipofuscin (inset, C; 600�).
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While unable to correlate our analyses with the clinical and
radiographic observations of years earlier, we are very grateful
for this unprecedented opportunity to expand the spectrum of
observed human brain tissue alterations in a very rarely
encountered set of biologic conditions. We owe a promise to
her, her family, and her caregivers to continue to learn as we
refine our notions of brain death, of postischemic tissue reac-
tion and the importance of careful autopsy examination.
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