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Abstract

Background. Progress in extending the survival of glioblastoma (GBM) patients has been slow. A better under-
standing of why patient survival remains poor is critical to developing new strategies. Postmortem studies on GBM
can shed light on why patients are dying.

Methods. The brains of 33 GBM patients were autopsied and examined for gross and microscopic abnormalities.
Clinical-pathologic correlations were accomplished through detailed chart reviews. Data were compared with older
published autopsy GBM studies that predated newer treatment strategies, such as more extensive surgical resec-
tion and adjuvant temozolomide.

Results. In older GBM autopsy series, mass effect was observed in 72% of brains, with herniation in 50% of all
cases. Infiltration of tumor into the brainstem was noted in only 21% of those older cases. In the current series, only
10 of 33 (30%) GBMs showed mass effect (P = 0.0003), and only 1 (3%) showed herniation (P < 0.0001). However,
extensive GBM infiltration of the brainstem was present in 22 cases (67%, P < 0.0001), with accompanying destruc-
tion of the pons and white matter tracts. There was a direct correlation between longer median patient survival and
the presence of brainstem infiltration (16.1 mo in brainstem-invaded cases vs 9.0 mo in cases lacking extensive
brainstem involvement; P=0.0003).

Conclusions. With improving care, severe mass effect appears to be less common in GBM patients today, whereas
dissemination, including life-threatening brainstem invasion, is now more pronounced. This has major implica-
tions regarding preclinical GBM models, as well as the design of clinical trials aimed at further improving patient
survival.

Key Points

Glioblastoma (GBM) remains not only an incurable dis- Numerous high-impact papers have advanced our knowl-
ease, but a disease in which patients’ median overall sur-  edge of the underlying molecular biology of GBM, and clin-
vival is only a few months better than it was 20 years ago. ical trials have tested a wide variety of therapies, including
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Importance of the Study

Despite advances in neurosurgery and adjuvant ther-
apies, as well as numerous clinical trials, GBM sur-
vival has not substantially improved in recent years.
The reasons for this are not fully understood, in part
because the precise causes of death in GBM patients
are often unclear. The current study demonstrates
that the pathologic features of end-stage GBM have
changed compared with autopsy cohorts from sev-
eral decades ago, wherein extensive dissemination

small-molecule inhibitors, virotherapy, and immuno-
therapy. Despite all this, there have been very few improve-
ments on the standard of care since 2005, which includes
surgical resection followed by radiation and temozolomide
(RT/TMZ)."2 One recent improvement has been the addi-
tion of tumor-treating fields (TTF) to RT/TMZ, but even with
this therapy, GBM is still lethal.®# Revisiting our approach to
these tumors, with respect to both preclinical modeling and
clinical trial design, could therefore be beneficial.

An effective way to reevaluate the nature of GBM is to
study the pattern of tumor spread in the postmortem
setting and relate it to end-stage patient symptoms.
However, the largest autopsy GBM studies were all pub-
lished decades ago, before our modern treatment strat-
egies. Based on a series of 50 glioma patients published
in 1983, Giangaspero and Burger reported that, at the
end of life, around half had notable mass effect from the
tumor, and half of those had transtentorial herniation.® In
1991, Silbergeld et al reported 117 autopsy gliomas span-
ning 1961-1989, and found that 61% showed mass effect
from the tumor and radionecrosis, sufficient to cause
herniation.® Since then, aside from a couple of studies
demonstrating that drop metastases do occur in GBM,”8
no systematic effort has been made to evaluate the pattern
of tumor spread in the brain at the end of life, including
clinicopathologic correlation with the conditions under
which GBM patients are dying.

Based on those older studies, there is a prevailing as-
sumption that most GBM patients die of mass effect from
the tumor. For example, in one end-of-life paper pub-
lished in 2010, seventy-three percent of GBM patients were
thought to have brain herniation caused by the tumor, but
no pathologic confirmation was done.® The current study
reports results from a rapid autopsy program, initiated by
the Northwestern Nervous System Tumor Bank in 2015, to
begin addressing this gap in our understanding of end-
stage GBMs in the current era of therapy.

Materials and Methods
Postmortem Cohort Collection

Neuro-oncologists discussed the option of tissue dona-
tion with GBM patients and their designated caregivers
when patients were approaching the end of life. Those
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of tumor into vital structures like the brainstem is
now more common, and herniation due to mass ef-
fectis less common. This has multiple implications for
the field, including why overall progress in improving
GBM patient outcomes has been so slow, why many
therapies that seemed promising in preclinical animal
models have been disappointing in humans, and how
to better conceptualize GBM as a disease of the entire
nervous system.

who provided informed consent, according to a protocol
approved by the Northwestern institutional review board,
were then tracked. At the time of passing, the body was
transported to Northwestern Memorial Hospital, where the
brain and spinal cord were removed. Samples of unfixed
tumor were stored in the vapor phase of liquid nitrogen,
and the remaining brain and spinal cord were suspended
in 10% neutral buffered formalin for approximately
14 days. At the time of brain sectioning, portions of key
brain and spinal cord regions, as well as extra sampling of
tumor, were collected for histologic processing as paraffin-
embedded tissue blocks. Mass effect was assessed at time
of brain sectioning, and was categorized as mild, mod-
erate, or severe. Mild mass effect was defined as some
displacement of adjacent structures; moderate mass effect
was defined as midline shift; and severe mass effect was
defined as uncal or tonsillar herniation of the brain into the
posterior fossa or foramen magnum, respectively. Detailed
electronic chart reviews were performed on each patient,
including a review of all hospice notes when available.

To obtain data from old GBM autopsy cohorts, a PubMed
search was done using combinations of the words “post-
mortem,” “autopsy,” “glioblastoma,” and “glioma.” Each
result was screened, and papers that were both relevant
and available for full review (ie, not just abstracts) were
selected for comparison to the current postmortem cohort.

Tissue Analyses

Standard immunohistochemistry analysis was performed
using Ki67 antibody (clone MIB-1, Agilent M7240, diluted
at 1:500). Hematoxylin and eosin staining was performed,
and Luxol fast blue (LFB) was used in order to study white
matter. Tumor infiltration was categorized as either exten-
sive or microscopic tumor infiltration. Extensive tumor in-
filtration was defined as the presence of numerous tumor
cells with accompanying tissue damage, whereas micro-
scopic tumor infiltration was the presence of only scattered
single tumor cells and no tissue damage. Leptomeningeal
dissemination was defined as the spread of tumor, via the
leptomeningeal compartment, to locations distant from
the original surgical site, such as other parts of the cere-
brum, posterior fossa, and spinal cord.

Molecular profiling was performed using a targeted
next-generation sequencing panel, GlioSeq, to assess for
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single nucleotide variants and indels, copy number varia-
tions, and structural alterations of key genes.® Promoter
methylation of O%-methylguanine-DNA methyltransferase
(MGMT) was determined by pyrosequencing.

Statistical Analyses

Differences between mean values of 2 groups were com-
pared using two-sample t-test or Mann-Whitney, as ap-
propriate. Fisher’s exact tests were done when comparing
categorical variables (eg, brainstem invasion); Spearman
correlations were done between overall survival and brain-
stem invasion or bevacizumab and brainstem invasion,
and differences in survival between groups was calculated
by log-rank tests. P-values less than 0.05 were considered
significant. Graph generation and statistical analyses were
performed with GraphPad Prism 5 software.

All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the Northwestern University institutional review board
and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Results

Between 2015 and 2019, the brains and spinal cords of
33 isocitrate dehydrogenase 1 (IDH1) wild-type and IDH1
mutant GBM patients underwent detailed postmortem
gross and microscopic examination (Supplementary
Table 1). Seven (21%) showed mild mass effect at the
original tumor site, defined as some displacement of ad-
jacent structures. Only 2 cases showed moderate mass
effect in the form of midline shift, and only 1 had severe
mass effect from the tumor, with subfalcine, uncal, and
tonsillar herniation (Supplementary Fig. 1). Instead, most
of the brains showed only a resection cavity and/or focal
necrosis in the original tumor site (Fig. 1c and Fig. 1e).
In several cases, gross abnormalities were readily ap-
parent in the midbrain and pons, indicative of direct
tumor extension through the brain parenchyma (Fig. 1,
Supplementary Fig. 2).

In all cases, microscopic analysis of the original tumor
sites revealed a consistent pattern of recurrent/residual
GBM interspersed with varying amounts of therapy-
related necrosis (Figures 2-3, Supplementary Figures
3-4). The latter was distinguishable from spontaneous
tumor necrosis by its near-complete destruction of all
cells within a relatively large area, as well as extensive
vascular hyalinization. In 31/33 cases (94%), infiltrating
tumor cells were present all the way down through
white matter tracts into the midbrain and pons, and in
most cases were also readily identified in the medulla
(Supplementary Table 1, Figures 2-3, Supplementary
Figures 3-5). Only Cases 6 and 18 showed a few scat-
tered tumor cells in the white matter of the upper cer-
vical spinal cord (not shown). Some infiltrating GBM
cells within the brainstem had highly atypical nuclei
similar to cells around the matching original tumor
sites (Figures 2-3). Pseudopalisading tumor necrosis
within the brainstem was also observed in many cases

(Figures 2-3, Supplementary Figures 3 and 5), without
any therapy-related necrosis. This matched the data on
radiotherapy, which indicated that none of the patients
received significant doses of radiation to the posterior
fossa (Supplementary Table 3).

In 22/33 cases (67%), there was extensive tumor infiltra-
tion in the brainstem, associated with tissue damage ob-
servable by LFB staining of white matter myelin (Figures
2-3, Supplementary Figures 3-6). This damage was ex-
tensive and consistently followed the neuroanatomic
path of the white matter tracts in relation to the original
tumor. For example, in Case 1, which had a left temporal
lobe tumor, the infiltrating GBM cells and loss of mye-
linated white matter were observed most prominently
in the left cerebral peduncle of the midbrain (Fig. 2e-h,
Supplementary Fig. 5), as well as the left anterior pons
(Fig. 2i-1) and the left medullary pyramid (Fig. 2m-p). Case
2, with a right frontal GBM, showed a pattern of tumor in-
filtration and damage favoring the right side of the brain-
stem (Fig. 3, Supplementary Fig. 5), although extension
to the contralateral side was common. The ascending/
descending white matter tracts in the pons and medulla
sustained the worst damage, whereas the horizontally
oriented tracts, such as the middle cerebellar peduncles
traversing the anterior pons, were mostly spared (Fig. 2j,
I) (Fig. 3j, 1) (Supplementary Figures 3 and 5). Although di-
rect intraparenchymal tumor extension was not observed
below the upper cervical spinal cord in any case, antero-
grade (Wallerian) degeneration was frequently apparent all
the way down the spinal cord (Supplementary Fig. 6m-r).

Of the remaining 11/33 cases (33%), 9 showed only
microscopic infiltration of scattered single cells into the
midbrain and pons, with intact, normal-appearing white
matter (Fig. 4, Supplementary Fig. 7). A study of the
cases in which little to no brainstem spread was present
suggested a direct relationship with shorter overall sur-
vival; in other words, the more rapid the death after ini-
tial presentation and diagnosis, the less likely there was
extensive infiltration of the brainstem (Supplementary
Table 1). Indeed, cases with extensive brainstem infil-
tration had an aggregate median overall survival of
17.4 months, compared with 9.0 months without such
infiltration (P = 0.002) (Supplementary Fig. 8). For ex-
ample, the right parietal GBM in Case 3, which was not
resected, spread to the bilateral hippocampi (Fig. 4a-d);
this matched the patient’s rapidly progressing dementia
and overall survival of only 5.4 months (Supplementary
Table 1).

Twenty-eight cases were IDH1 wild-type glioblastoma,
and 4 were IDH17 mutant glioblastoma (/DH1 status was
unknown in Case 14). All 4 of the IDH1™t GBMs showed
extensive brainstem invasion, compared with 18/28 (64%)
IDH1t GBMs (Supplementary Table 1), but this difference
was not statistically significant (P = 0.28 by Fisher’s exact
test). IDHT"t GBMs with extensive brainstem infiltration
had a median survival of 14.6 months, while IDHT** GBMs
without extensive infiltration had a median survival of
9.0 months (P = 0.04). Six of 7 (86%) tumors with MGMT
promoter methylation showed brainstem infiltration,
whereas only 15/25 (60%) of MGMT-unmethylated tumors
showed such infiltration. This difference, however, was not
statistically significant (P=0.37).
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Gross findings in postmortem GBMSs. At the time of brain removal in Case 1, separation of the posterior fossa contents via midbrain

transection revealed a swollen, discolored left cerebral peduncle (a, arrowhead) and left pons (b, arrowhead). After formalin fixation, coronal
sections showed a relatively small area of hemorrhage and necrosis in the left temporal lobe (c, arrowhead), but no notable mass effect or midline
shift. Axial sections of the brainstem again found the left pons to be swollen and discolored (d, arrowhead). In Case 2, the original tumor site in
the right frontal lobe showed a resection cavity surrounded by glial scar (e, arrowhead), as well as streaks of yellow necrosis through the internal
capsule headed toward the right cerebral peduncle (f, arrowhead). No mass effect was noted. Sections of the midbrain (g) and pons (h) revealed
swelling and necrosis in the right cerebral peduncle and basis pontis, respectively (arrowheads). In (d), (g), and (h), anterior is up.

A literature search identified 3 other studies with de-
tailed characterization of glioma infiltration in post-
mortem cases: Giangaspero and Burger,® Onda et al,” and
Silbergeld et al.® Those 3 studies totaled 181 cases from
the 1960s through the 1980s. Compared with those older
cohorts, patients in the current cohort were of similar age
(54.2 vs 55.4 years) and male:female ratio (2.3 vs 2.2) (Table
1, Supplementary Table 4). Median overall survival in the
current cohort was 2.3 months longer than in the older co-
horts (14.3 vs 12.0 months), but this did not reach signifi-
cance (P = 0.16). The most striking differences were in the
autopsy findings, as cases in the current cohort were much
less likely to show signs of mass effect (30.3% vs 72.0%,
P =0.0003) or herniation (3.0% vs 49.7%, P < 0.0001), but
were more likely to have extensive tumor infiltration into
the brainstem (66.7% vs 21.0%, P < 0.0001). Of note, histo-
logic comparisons between the current and older cohorts
necessarily rely on interpretation of images and textual de-
scriptions in the older cohorts; from these, it is apparent
that what was described as brainstem involvement in the
older cohorts equates to “extensive invasion” in the cur-
rent cohort, not just rare scattered microscopic tumor cells.
The positive correlation between prolonged survival and
brainstem invasion held when combining the older and
current cohorts (16.1 mo vs 9.0 mo, P=0.0003) (Fig. 5a).

Among the 22 cases that showed significant brainstem
infiltration of GBM on postmortem histologic examina-
tion, 16 (73%) also had at least some signal abnormal-
ities on MRI obtained a median of 47 days before death
(Supplementary Table 1, Supplementary Fig. 9). None of
the 11 cases with minimal brainstem infiltration by his-
tology showed MRI anomalies in the brainstem a median
of 40 days before death. In 6 cases, there was a prominent

gliomatosis-like pattern of brainstem infiltration, which
was not apparent on the patient’s last MRIL. Thus, the overall
radiology/pathology concordance was 27/33, or 82%.

The monoclonal antibody inhibitor of vascular endo-
thelial growth factor (VEGF), bevacizumab, was adminis-
tered to 23/33 (70%) patients in the cohort, with a median
duration of 3.0 months (mean 3.8 mo). Both the duration
of bevacizumab (p = 0.40, P = 0.02) and length of overall
survival (p = 0.49, P=0.004) correlated with the presence
of brainstem invasion on Spearman’s rank correlation.
Twenty-six of 33 cases had detailed molecular profiling
done by next-generation sequencing (Supplementary
Table 2), but there were no clear correlations between
specific molecular alterations and brainstem invasion.

A review of medical records and hospice notes showed
that 17/22 (77%) cases with extensive brainstem infiltration
had documented evidence of premortem brainstem symp-
toms that consistently worsened as the patient approached
death. Such symptoms included varying combinations of
dysphagia/dysarthria, aphasia, diplopia, ataxia, decreased
alertness, and hypersomnolence. In contrast, of the 11
cases without extensive brainstem invasion, only Case 3
had documented dysphagia late in the course of disease,
and Case 26 had decreased alertness, hypersomnolence,
and ataxia.

Regarding leptomeningeal spread of disease, most
of our cases showed increased leptomeningeal cellu-
larity in the form of infiltrating mononuclear inflam-
matory cells, especially in postsurgical and post-RT
areas. Yet only 6/33 (18%) cases showed leptomenin-
geal dissemination to sites distal from the main tumor
(Supplementary Table 1). In 2/6 cases, only minute
amounts of microscopic disease were present. In 4/6
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Fig. 2 Case 1 histology. The original tumor site in the left temporal lobe showed large areas of viable tumor (a) and therapy-induced cellular
atypia (c, arrowhead), as well as abundant therapy-related necrosis (b, d). In contrast, sections of the midbrain (e, g) and pons (i, k) showed vi-
able tumor with pseudopalisading necrosis (e and i, arrowheads). At higher magnification, scattered tumor nuclei with therapy-associated atypia
were observed (g, arrowhead). Tumor infiltration was heavy around pontine neurons (k). In the medulla, overall tumor burden was lighter (m, o),
but still readily apparent (o, arrowhead). LFB highlighted massive loss of myelination in the midbrain (f, h), pons (j, ), and medulla (n, p). Compare
with the undamaged white matter in Fig. 4. Scale bar in (p) = 400 pm at 40x and 80 um at 200x.

cases, much heavier spread into the leptomeningeal
space was observed, extending all the way down into the
nerve roots of the lumbar spinal cord (Supplementary
Figures 10 and 11).

I
Discussion

Although postmortem examinations were far more
common in decades past than they are today,'%'3 they can
still add a great deal of valuable information, especially
when comparing disease patterns with older published
work. Today, moderate-to-severe mass effect and hernia-
tion appear to be far less common in end-stage GBM pa-
tients than they were just a few decades ago. Conversely,
extensive tumor infiltration into the pons by way of large
white matter tracts, which used to be relatively infrequent,
is now a common feature of advanced GBM (Table 1).56"

Several decades ago, patients were often treated with just
radiation, yet even without adjuvant chemotherapy, post-
mortem examination of many of the original resection
sites demonstrated relatively little viable tumor. In 1979, Dr
Peter Burger wrote, “the scant quantity of residual tumor
in the majority of cases fosters optimism” that markedly
prolonged survival of GBM patients might soon be a re-
ality." Unfortunately, that has not proven to be the case,
as median survival for GBM patients treated with surgical
resection and RT/TMZ is still less than 2 years, even when
the tumors have MGMT promoter methylation."2This, plus
the myriad disappointments of high-profile clinical trials in
recent years, suggests that the ultimate driver of death for
many GBM patients may not be sufficiently addressed in
our current approaches, and that a fundamental rethinking
of these tumors is needed.

The pons (Latin for “bridge”) connects the cerebrum
with the medulla and spinal cord, and along with the
other structures of the rhombencephalon (cerebellum and
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Fig. 3 Case 2 histology. As in Case 1, the GBM remaining in the original right frontal lobe site had a mixture of viable cells (a, ¢) and therapy-
related necrosis (b, d). Tumor cells with therapy-induced atypia were frequent (c, arrowhead). The midbrain (e, g), pons (i, k), and medulla (m, o) all
showed extensive tumor infiltration with pseudopalisading necrosis (e and i, arrowheads). Neurons comprising cranial nerve nuclei in the pons
and medulla were surrounded by tumor (k and o, arrowheads). Extensive damage to the right cerebral peduncle in the midbrain (f, h) and white
matter tracts in the right pons (j, I) and right medulla (n, p) was readily apparent via LFB. There was preferential loss of vertically oriented white
matter tracts (right area in |) alongside mostly intact horizontal tracts of the middle cerebellar peduncles (left area in |). Compare with the undam-
aged white matter in Fig. 4. Scale bar in (p) = 400 um at 40x and 80 pm at 200x.

medulla) is the earliest to mature in the mammalian brain.
This is because a functional pons is essential for inde-
pendent life, containing cranial nerve nuclei that facilitate
breathing, chewing, swallowing, equilibrium, conjugate
eye movements, and sleep-wake cycles. The pons also
acts as a gateway for all ascending and descending sen-
sorimotor pathways connecting the brain with the body,
as well as the main lateral fibers connecting the cerebellar
hemispheres. Therefore, any disruption of the pons can
have catastrophic consequences for a patient, in a way
that damage to a comparable amount of cerebral tissue
may not. The pons is connected to the cerebrum by just
a few centimeters of readily traversed white matter tracts
through the midbrain. Such tracts include the descending
corticospinal motor tracts arising in the primary motor
cortex, as well as tracts from all lobes in the cerebral cortex
that synapse with pontine nuclei.’® Thus, a GBM arising
virtually anywhere in the brain has at least one route of

direct access to the pons (Fig. 5B). And, because the mi-
gration of GBM along white matter tracts takes time, it
follows that the longer a patient survives with a GBM, the
more opportunity a tumor has to spread to the pons (Fig.
5A, Supplementary Fig. 8). Even in cases where the patient
survived less than 6 months, scattered individual tumor
cells were still seen in the pons (Supplementary Table 1,
Supplementary Fig. 7).

Our data clearly show a positive correlation between
heavy brainstem invasion and survival, and we observe
much higher rates of such invasion than what was reported
in older cohorts. Yet the overall median survival of our
cohort is not significantly longer than that of those older
cohorts (Table 1). Although this study is not designed to
experimentally elucidate the reason(s) for this apparent
paradox, it is plausible that better neurosurgical resection
(and re-resection) of primary tumor, plus adjuvant ther
apies like TMZ and bevacizumab, have caused a shift in
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Table1 Cohort comparisons

Cohort Current Previously Published P

Years 2015-2019 1960s-1980s

N 33 181

mean patient age, y 54.2 55.4 0.5

male:female ratio 2.3 2.2 1.0

median overall survival, mo* 14.3 12.0 0.16

# with mass effect (%) 10/33 (30.3) 36/50 (72.0) 0.0003

# with herniation (%) 1/33 (3.0) 83/167 (49.7) <0.0001

:to/v;lith extensive brainstem invasion 22/33 (66.7) 38/181 (21.0) <0.0001
o

Data from the current cohort of postmortem GBM cases were compared with similar studies from several decades ago.58'° P-value for survival was
calculated via log-rank test; all others were calculated via Fisher’s exact test. *Only two of the prior studies had extractable survival data (/N = 64).5'0
See Supplementary Table 4 for additional details on the cohorts from those prior studies. Bonferroni-adjusted P = 0.009.
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Fig.4 Case 3 histology. In this case, the right parietal GBM, which was only biopsied, not resected, showed virtually no therapy-related changes
(a, c) and spread to both hippocampal formations. Arrowhead in (b) denotes residual dentate gyrus in Ammon’s horn of the right hippocampus.
Tumor mitoses were abundant in all sections, including within the hippocampi (d, arrowhead). Unlike Cases 1 and 2 (Figures 2 and 3), very little
tumor infiltration or white matter damage (via LFB stain) was present in the midbrain (eh), pons (i-l), or medulla (m—p). However, scattered
infiltrating tumor cells and mitoses were found on detailed microscopic examination (see Supplementary Fig. 7). Scale bar in (p) = 400 um at 40x
and 80 um at 200x.
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Fig.5 Brainstem invasion and overall survival in postmortem GBMs. (A) The overall survival of patients in the current cohort was integrated with
published data from several decades ago,>®'" and sorted by the presence or absence of brainstem invasion. Red circles or squares = cases from
current cohort; blue circles or yellow squares = cases from older published cohorts. P-value was calculated via log-rank test. Bars = median sur-
vival. (B) Multiple large tracts of myelinated axons extend from the cortex through the midbrain into the pons, including fronto-pontine (orange),
corticospinal (green), parieto-pontine (blue), and occipito-pontine (purple). (Temporo-pontine tracts are above and below the plane of the dia-
gram.) Such tracts allow a GBM, arising anywhere in the cerebrum, direct access to vital brainstem structures.

GBM recurrence patterns from bulky local recurrence with
massive radiation necrosis to a more disseminated dis-
ease. Some radiology-focused papers, published in this
current era, have suggested as much.'®'7 And instead of a
solid large mass of tumor and necrosis at the original site,
surgical cavities were noted in 22/33 (67%) cases, as dem-
onstrated by Case 2 (Fig. 1). Such cavities might act as buf-
fers against mass effect.

While brainstem dysfunction is characteristic of the final
stages for the majority of GBM patients today, rather than
mass effect and herniation, there are still other factors that
contribute to death. Case 3 had severe dementia-like symp-
toms, directly attributable to heavy bilateral infiltration
of the hippocampi (Supplementary Table 1, Fig. 4). Cases
10, 11, 15, 18, and 20 had pulmonary emboli, a common
debilitating paraneoplastic complication of GBM."® Cases
8, 10, and 30 had intracerebral hemorrhage. Case 11 had
complications related to the surgical resection. Cases 15,
16, and 29 had sepsis, possibly related to chemotherapy as
well as the systemic immunosuppressive effect that GBM
can exert."2° However, for many GBM patients, extensive
brainstem infiltration may represent a barrier to further im-
provement in survival—one that is not being sufficiently
addressed by current preclinical and clinical approaches.

Our results showing heavy leptomeningeal dissemina-
tion via pathology in only 12% of our cases comports with
a prior study, in which 24/595 (4%) of patients on clinical
trials showed leptomeningeal dissemination via radiology
and CSF cytology.?! In that study, leptomeningeal dissemi-
nation was a late event, occurring a median of 11.9 months
following diagnosis of GBM, with death occurring a me-
dian of 3.5 months after dissemination.

The biomedical field as a whole has made substantial
progress in advancing the treatment of many cancers, but

not GBM.??2 The current study demonstrates the unique
challenge of improving survival in brain cancer patients,
since brainstem destruction is obviously not a feature of
cancers arising elsewhere in the body. These data also
further highlight the limitations of prevailing preclinical
animal models of brain cancer, including patient-derived
xenografts and transgenic mice, from which new clinical
trials are created. Very few of those models recapitulate
the cerebrum-to-brainstem spread of GBM, via single-
cell infiltration, which is so frequent in humans. Instead,
death in those animal models is nearly always due to se-
vere mass effect from the tumor—a mechanism that does
not appear to be as relevant in most GBM patients any-
more. For example, bevacizumab did not extend overall
survival in GBM patients, despite highly encouraging
effects in preclinical models.?3-25 But the GBMs in those
models grow as solid masses, and do not infiltrate on a
single-cell level like they do in humans. Although blocking
angiogenesis could inhibit a tumor with a solid growth
pattern, infiltration of GBM cells through the white matter
does not require new blood vessel formation. Thus, VEGF
inhibition could not be expected to have any suppressive
effect on invasion into critical sites like the brainstem. In
fact, experimental data have suggested that bevacizumab
may actually enhance glioma infiltration.?®?” In addition
to newer surgical techniques, TMZ, and slightly longer
median survival, the use of bevacizumab in GBM is an-
other major difference between the current and older
cohorts.

Regarding clinical trials, those that only enroll patients
with recurrent tumor after frontline RT/TMZ has failed,
as determined by radiologic evaluation of the original
tumor site, may be too late in testing novel therapeutics
that otherwise might have been effective with earlier
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administration. Furthermore, experimental treatments
that are directed only toward the original tumor site prob-
ably do not affect distal spread. Based on the current data,
by the time the tumor shows radiologic recurrence in the
supratentorium, at least some of it is probably already in
the pons. Strategies that are designed to target infiltrating
tumor cells throughout the entire neuraxis, including im-
munotherapies, might therefore have the best chance of
success if they are employed as early in the course of dis-
ease as possible.

These findings also call into question the prevailing
dogma of RT field design, which employs a volumetric
expansion of several centimeters around the tumor/
cavity/edema into brain tissue. This strategy was based
on pathologic studies correlating antemortem imaging
with scattered tumor cells,?®?° but even this large volume
RT might not reach tumor cells en route to the brainstem
(Supplementary Table 3). Perhaps even larger volumes
could reach such cells and enhance other therapies, or if
this is not feasible, smaller volumes would at least mini-
mize the negative effects of RT on the patient’s quality of
life. Regarding the latter, some radiation oncologists have
begun targeting smaller volumes, without an obvious dim-
inution of efficacy.3°

This cohort includes only patients who volunteered to
donate their brain and/or spinal cord. Thus, this cohort
does not consist of consecutive patients, so there is a
potential for selection bias in this study. However, it is
unclear what sort of bias would have prompted patients
disproportionately suffering from brainstem invasion to
volunteer for postmortem studies. The older autopsy co-
horts were collected and reported with varying methods,
which make comparisons to our modern cohort some-
what imprecise. However, their detailed descriptions of
gross and microscopic patterns allowed us to extrapo-
late to our current cohort. Median survival in the current
cohort was 14.3 months, similar to the reported median
survival of GBM patients treated with RT/TMZ.2 Four of
33 patients (12%) had IDH1™t tumors (Supplementary
Table 1), which is within the 5-15% range reported
among GBMs.?" However, the rate of brainstem inva-
sion between IDH1™t and IDHT"* GBM was not statisti-
cally different (see the “Results” section). The frequency
of MGMT promoter methylation in the current cohort
was only 21% (Supplementary Table 1), which is lower
than the expected rate of ~40%," but because of the link
between prolonged survival and brainstem invasion,
this might have been expected to reduce the frequency
of brainstem extension, not the other way around.
Furthermore, it is not yet clear whether GBM has a unique
tropism toward the brainstem, or whether tumor migra-
tion along axons is random, and tumor cells are simply
being funneled by multiple large white matter tracts into
a relatively small area.

In conclusion, this postmortem data has multiple impli-
cations for the study and management of GBM in the cur-
rent era. First, it may be advisable to focus more attention
on the brainstem, especially in patients who show appar-
ently stable tumor at the original supratentorial site, yet
are still clinically declining. As an example, while gliomas
are currently only graded, not staged, it may be possible

to further refine prognosis through a radiologic or clin-
ical staging system that assesses brainstem involvement.
Second, new preclinical GBM models that feature more dif-
fuse brainstem infiltration might be better at predicting the
clinical efficacy of new treatments. Finally, experimental
therapies that kill GBM cells may have a better chance
at extending patient survival, especially if they are used
earlier, without waiting for tumor to radiologically recur
near the original supratentorial site.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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