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Background. Neoplastic transformation of damaged astrocytes has been proposed as a possible pathological mechanism behind
malignant astrocytic tumors. This study investigated the association between structural brain injuries causing reactive astrogliosis
and long-term risk for malignant astrocytic tumors.

Methods. The cohort consisted of all individuals living in Denmark between 1978 and 2011. The personal identification number
assigned to all individuals allowed retrieval of diagnoses of traumatic brain injury, cerebral ischemic infarction, and intracerebral
hemorrhage from the National Patient Discharge Register. Diagnoses of anaplastic astrocytoma and glioblastoma multiforme
(World Health Organization grades III and IV) were retrieved from the Danish Cancer Registry. Rate ratios (RR’s) were estimated
using log-linear Poisson regression.

Results. In a cohort of 8.2 million individuals, 404 812 experienced a structural brain injury and 6152 developed a malignant as-
trocytic tumor. No significant association was observed 1-4 years after a structural brain injury (RR=1.14; 95% CI: 0.87-1.46),
whereas the long-term (5+ y) risk for malignant astrocytic tumors was significantly reduced (RR = 0.68; 95% CI: 0.49-0.90) com-
pared with no injury. The specific long-term risks by type of injury were: traumatic brain injury RR=0.32 (95% CI: 0.10-0.75);
cerebral ischemic infarction RR=0.69 (95% CI: 0.47-0.96); and intracerebral hemorrhage RR = 1.39 (95% CI: 0.64-2.60).

Conclusion. We found no evidence for an association between structural brain injury and malignant astrocytic tumors within the
first 5 years of follow-up. However, our study indicated a protective effect of astrogliosis-causing injuries 5 or more years after

structural brain injury.
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The highly aggressive malignant astrocytic tumors are the most
common intra-axial, primary brain tumors. They typically occur
in middle-aged people, with a peak incidence at 41 years for an-
aplastic astrocytoma (World Health Organization [WHO] grade
I11) and 53 years for glioblastoma multiforme (WHO grade
IV).! In 90%-95% of the cases, grade IV astrocytic tumors
develop de novo without precursor lesions and with short clinical
histories, whereas the rest develop more slowly due to malig-
nant transformation/progression of lower-grade astrocytomas.?

Neoplastic transformation of damaged astrocytes has been
proposed as a possible pathological mechanism based on case
reports of glioblastomas occurring up to 20 years later at the
site of traumatic brain injuries.®> *° A population-based study
by Inskip et al'! did find a slightly increased overall incidence
of intracranial tumors, whereas no association was found spe-
cifically for malignant astrocytic tumors (glioblastoma and

neoplastic astrocytoma). In a later population-based cohort
study by Nygren et al,*? no overall association between trau-
matic brain injuries and intracranial tumors was found; howev-
er, the specific risks for malignant astrocytic tumors were not
reported.’? Most recently, a population-based study from Tai-
wan?®?® found an increased risk for not otherwise specified ma-
lignant brain tumors within 3 years following a traumatic brain
injury (hazard ratio: 4.67; 95% CI: 1.84-11.83). Very few case-
control studies specifically reported the risk for malignant as-
trocytoma/glioma after a head trauma, and the findings are
equivocal with null associations'*'® and positive associa-
tions.*®” No epidemiological studies could be found in the lit-
erature investigating the risk for malignant astrocytic tumors
after cerebral ischemic infarction or intracerebral hemorrhage.

Experimental studies have shown that after a structural
brain injury, reactive astrocytes play a major role in the
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localized inflammatory response leading to astrogliosis and
glial scar formation.'®~?° When damage to the brain parenchy-
ma occurs, reactive astrocytes proliferate, change morphology,
and migrate to the site of injury, where they may promote or
inhibit the generation of neurons from neural stem cells and
progenitor cells.?!?? Periventricular neural stem cells, some of
which give rise to glia cells such as astrocytes and oligodendro-
cytes, are also activated in astrogliosis as a part of the repair
mechanism in structural brain injury.!® Both reactive astrocytes
and periventricular neural stem cells express glial fibrillary acid-
ic protein,” which is also expressed in most astocytic tumors,
of which glioblastoma is by far the most common and most
studied subtype. Glioblastomas are believed to arise largely
from cells of astrocytic origin and from oligodendrocyte pro-
genitor cells, dependent on the subtypes.?®%

Based on the conflicting results in the literature, we tested
the hypothesis that any condition causing astrogliosis, which
includes any type of structural brain injury causing damage
to the brain parenchyma, may be associated with long-term
risk specifically for malignant astrocytic tumors. Specifically,
we investigated the potential association between structural
brain injury caused by trauma, cerebral ischemic infarction, or
spontaneous intracerebral hemorrhage and the subsequent
risk for developing a malignant tumor of astrocytic origin
(WHO grades III and 1V). Access to the unique Danish registers
allowed us to conduct the study in an unselected nationwide
cohort with up to 34 years of follow-up.

Materials and Methods

Based on information from the Civil Registration System (CRS),
we constructed a nationwide cohort consisting of all persons in
Denmark between January 1, 1978 and December 31, 2011. All
residents in Denmark are registered in the CRS, a computerized
national civil register established in 1968.2> Records are updat-
ed daily and contain demographic information on all individu-
als living in Denmark. The CRS assigns each Danish resident a
unique personal identification number (PIN). The PIN permits
virtually complete follow-up of study subjects residing in Den-
mark and easy linkage between Denmark’s population-based
health registers.

Exposures: Structural Brain Injury

Using the PIN, information on discharge diagnoses of traumatic
brain injury, intracerebral hemorrhage, and cerebral ischemic
infarction was extracted by linkage to the Danish National Pa-
tient Discharge Register.?® This register contains information on
discharge diagnoses for all hospital admittances since 1978.
All discharge diagnoses in Denmark are classified according
to the International Classification of Diseases (ICD), using ICD-8
codes until 1993 and ICD-10 from 1994 onward. Specifically,
the following diagnostic codes were used to track individuals
with a structural brain injury: traumatic brain injury, ICD-8
851-3, 85409, 85419, 85499, ICD-10 DS061-69. These diag-
noses cover the traumatic head injuries severe enough to
cause reactive astrogliosis due to an intracerebral lesion
(focal or diffuse) or due to the mass effect from a traumatic
epi- or subdural hematoma. Furthermore, we included intrace-
rebral hemorrhage ICD-8 43100, 43108, 43109, 43190, 43198,

43199, ICD-10 DI6; and ischemic stroke/cerebral infarction
ICD-8 436, ICD-10 DI63 -64.

We did not include patients with a diagnosis of 850/DS060
cerebral concussion as the only head trauma diagnosis. We find
that it is reasonable to assume that patients who were diag-
nosed with a concussion only were unlikely to have astroglio-
sis/severe structural brain injury. By this assumption, we do
not rule out that there were some signs of structural brain inju-
ry, but less severe brain damage could be detected in these pa-
tients. Notably, patients presenting with concussion/mild head
injury on admission but who had really suffered a worse under-
lying head injury would typically progress (altered conscious-
ness, neurologic deficits) during the observation period. This
would automatically lead to a new CAT scan revealing the de-
velopment or worsening of a traumatic hematoma. Notably,
such patients would at the time of discharge be registered
with both diagnoses, concussion and traumatic hematoma,
and the latter would make them count as exposed cohort
members.

Outcome: Malignant Astrocytoma

The Danish Cancer Registry has existed since 1943 and is con-
sidered very close to complete regarding all cancers diagnosed
within Denmark.?” From 1978 onward, registrations have been
coded according to the ICD for Oncology, third edition
(ICD-0-3). The original ICD-0-1 coding from 1978-2003 of
morphological diagnoses has been converted to ICD-O-3,
which corresponds to the WHO classification system of intra-
cranial tumors.?® According to a study of childhood CNS tu-
mors, the reporting to the Danish Cancer Registry was 98%-
99% complete and the validity of the morphological diagnosis
was 84% for astrocytoma’s.?®

We included malignant tumors (WHO grades III and IV) of
confirmed astrocytic origin, which correspond to the following
ICD-0-3 diagnoses: 9401 anaplastic astrocytoma and 9440
glioblastoma (subtypes 9441 giant cell glioblastoma and
9442 gliosarcoma).

Statistical Analyses

Each individual was followed from January 1, 1978 or day of
birth, whichever came latest, to the first of the following events:
(i) diagnosis of a malignant astrocytic tumor, (i) death, (iii) em-
igration, (iv) designated “missing person” in the CRS, or (v) end
of follow-up (December 31, 2011). Cohort members who suf-
fered a structural brain injury were considered as having brain
injury from time of first diagnosis; that is, person-years and
number of events for this group were calculated from that
date. Until then, they contributed with person-years to the un-
exposed group.

The rate ratio (RR) of malignant astrocytic tumor by years
since the structural brain injury (<1vy, 1-4y, and 5+ y) com-
pared with no injury was investigated using log-linear Poisson
regression models with adjustment for age (5-y intervals), gen-
der, and calendar period (5-y intervals). The estimates for the
adjustment variables and characteristics of the dataset are
shown in Supplementary Appendix A. The Poisson regression
was applied as an approximation to Cox regression allowing
for analyses on an aggregated dataset.*°
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In addition to the overall exposure to one or more of the
structural brain injuries, we examined the effects of each type
of first structural brain injury on the RR of malignant astrocytic
tumors (ie, traumatic brain injury, cerebral ischemic infarction,
or intracranial hemorrhage). The RRs for individuals up to 59
years of age and for individuals 60 years of age and older
were estimated by adding an interaction term to the model.

In a supplementary approach, a restricted cubic spline with
3 knots located at the 0.05, 0.50, and 0.95 percentiles was used
to estimate the RR of malignant astrocytic tumor by time since
structural brain injury. A corresponding restricted cubic spline
with 5 knots was made in a subanalysis, and can be found in
Supplementary Appendix B.

Ethics Statement

The study was approved by the Danish Data Protection Agency.
According to Danish law, ethical approval is not required for
register-based studies in Denmark.

Results

The cohort comprised 8.2 million individuals with 197 million
person-years of follow-up. Median follow-up time was 28
years (range, 0-34), and the median time from structural
brain injury to end of follow-up was 3.1 years (25% fractile
0.4y, 75% fractile 7.5 y). A total of 404 812 individuals (52%
males) were diagnosed with one or more structural brain inju-
ries, consisting of 48 194 traumatic brain injuries, 309 528 cere-
bral ischemic infarctions, and 44123 intracerebral
hemorrhages; 2967 persons had more than one structural
brain injury diagnosis.

Of the 404 812 individuals diagnosed with one or more
structural brain injuries, 444 developed a malignant astrocytic
tumor. Of these 444 individuals who developed a malignant as-
trocytic tumor after a structural brain injury, 337 cohort mem-
bers were diagnosed with the tumor within the first year of
follow-up. Co-occurrence of a structural brain injury and a ma-
lignant astrocytic tumor within 1 year was interpreted as re-
verse causality bias (eg, the tumor presents with intracranial
hemorrhage or cerebral infarction or causes head trauma
such as seizures or falls due to altered consciousness) or sur-
veillance bias (the tumor is a random finding on a brain scan
performed in relation to a head trauma). Thus, 107 cohort
members were diagnosed with a malignant astrocytic tumor
at least 1 year after a structural brain injury (3/10000).
Among the individuals without a history of a structural brain in-
jury, 6045 were diagnosed with a malignant astrocytic tumor
(8/10000).

The 107 malignant astrocytic tumors occurring at least 1
year after exposure were observed in 9 individuals diagnosed
with anaplastic astrocytomas (WHO grade III; 8%) and 98 in-
dividuals diagnosed with glioblastomas (WHO grade 1V; 92%).
The 6045 malignant astrocytic tumors observed in cohort
members without a history of structural brain injury consisted
of 571 anaplastic astrocytomas (9%) and 5474 glioblastomas
(91%).

Characteristics of exposed and nonexposed individuals diag-
nosed with a malignant astrocytic tumor are presented in
Table 1, according to tumor type, gender, type of structural
brain injury, age at structural brain injury, and age at diagnosis
of malignant astrocytic tumor. We observed an abundance of
males (77%) amongst the exposed cohort members who sub-
sequently developed a malignant astrocytic tumor at least 1
year after a structural brain injury versus 58% males amongst

Table 1. Characteristics of individuals diagnosed with a malignant astrocytic tumor (MAT) (WHO grades I1I and IV) in a population-based cohort in
Denmark 1978-2011, according to gender, type of exposure, age at exposure, and age at diagnosis of the MAT

Person-years Number of Median Age (range) Median Age Median Number of
Individuals at Structural Brain (range) at MAT Years (range) Between
With MAT Injury (SBI) Diagnosis SBI and MAT
History of SBI 1714965 107 62 (0-78) 68 (1-85) 4 (1-26)
Gender
Females 700329 25 61 (40-76) 70 (25-82) 4(1-23
Males 834926 (52%) 82 (77%) 62 (0-78) 68 (1-85)° 4 (1-26)
Type of exposure
Traumatic brain injury 400115 14 51 (0-73) 59 (1-83) 4 (1-26)
Cerebral ischemic infarction 1167 649 80 62 (40-77) 69 (46-85) 3(1-23)
Intracerebral hemorrhage 136 263 12 56 (24-78) 69 (41-81) 5(12-11)
More than one exposure 10938 1 59 (51-67) 53 (53-53) 2(2-2)
No history of SBI 194991946 6045 - 60 (0-93)° -
Gender
Females 98 435010 2515 - 61 (0-93 -
Males 96 556 935 (50%) 3530 (58%) - 60 (0-92) -

Data for individuals diagnosed with MAT up to 1 year after SBI are not shown, assuming the vast majority of these estimates represent reverse

causality bias.

“0Only 1 individual suffered a head trauma before the age of 1 year and was diagnosed with MAT at the age of 1 year.
®Only 2 individuals were diagnosed with MAT (WHO grade I1I) within the first year of life.
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the nonexposed cohort members who developed a malignant
astrocytic tumor. Median ages at time of traumatic brain injury,
cerebral infarction, and intracerebral hemorrhage were 51, 62,
and 56, respectively. The corresponding median time intervals,
in years, between exposure and tumor diagnosis were 3, 3, and
5, respectively.

The RR’s for malignant astrocytic tumor after previous expo-
sure to structural brain injury caused by severe head trauma,
cerebral infarction, or spontaneous intracerebral hemorrhage
at least 1 year after exposure are presented in Table 2. No sig-
nificant association was seen after the first year and up to 5
years after the structural brain injury (RR=1.13; 95% CI:
0.87-1.43), whereas we observed a significantly reduced long-
term risk for the development of malignant astrocytic tumor 5
years or more after a structural brain injury (RR = 0.68; 95% CI:
0.49-0.90). The specific RR’s 5 years or more after each of the
exposures were: traumatic brain injury RR=0.32 (95% CI:
0.10-0.75), cerebral ischemic infarction RR=0.69 (95% CI:
0.47-0.96), and spontaneous intracerebral hemorrhage RR =
1.39 (95% CI: 0.64-2.60).

Figure 1 shows the long-term RRs for malignant astrocytic
tumor as a restricted cubic spline up to 20 years or more
after exposure to a structural brain injury. The reduced risk
seemed to be maintained over time, but with wider CIs for
the RRs a long time after exposure.

The malignant astrocytic tumors occurring within the first
year after the structural brain injury were omitted in the main
analysis due to an assumption of reverse causality and surveil-
lance bias. As expected, we observed an increased occurrence
of malignant astrocytic tumors within the first year after a
structural brain injury (RR=16.1; 95% CI: 14.4-18.0). The
RR’s for the specific causes of brain injury within the first year
of follow-up were as follows: head trauma (4 cases; 37 794
person-years of follow-up) RR=2.43 (95% CI: 0.75-5.64); ce-
rebral ischemic infarction (269 cases; 234 501 person-years of
follow-up) RR=15.3 (95% CI: 13.5-17.3); and intracerebral

hemorrhage (58 cases; 222 240 person-years of follow-up)
RR=36.3 (95% CI: 27.7-46.5).

Additional Analyses

In order to investigate whether the observed reduced risk for
developing a malignant astrocytic tumor 5 years or more
after a structural brain injury could reflect underreporting of tu-
mors caused by reluctance to perform the invasive procedures
necessary for tumor diagnosis in the elderly (eg, stereotactic bi-
opsy, tumor resection), we estimated the risk of being diag-
nosed with a malignant astrocytic tumor among exposed
individuals up to the age of 59 years versus the risk of diagnosis
among exposed individuals 60 years of age or older. Thus, the
RR 5 years or more after a structural brain injury in individuals
up to 59 years of age was 0.62 (95% CI: 0.28-1.15), whereas
the corresponding RR in individuals diagnosed with malignant
astrocytic tumor at >60 years was 0.68 (95% CI: 0.48-0.94)
(homogeneity test: P<g0 vs =60) = -80). Furthermore, we esti-
mated the long-term risk for grade IV tumors only, which are
the vast majority of malignant astrocytic tumors, 5 years or
more after a structural brain injury (same exposures as the
main analyses), and RR=0.68 (95% CI: 0.48-0.92).

In contrast to other population-based studies, we did not a
priori include concussion as an exposure, based on the argu-
ment that concussions most likely do not cause astrogliosis
and therefore are less likely to affect the risk for subsequent de-
velopment of a malignant astrocytic tumor. However, in a sec-
ondary analysis we estimated by the same approach the risk for
malignant astrocytic tumors amongst the 6489 individuals di-
agnosed with concussions in Denmark in 1978-2011: RR up to
1 year after concussion was 4.43 (95% ClI: 2.72-6.74), RR from
1 year up to 5 years after concussion was 1.20 (95% CI: 0.73 -
1.85), and RR 5 years or more after concussion was 0.96 (95%
Cl: 0.59-1.18).

Table 2. RR’s for malignant astrocytic tumor (MAT) (WHO grades III and IV), by history of structural brain injury (SBI) caused by traumatic brain
injury, cerebral ischemic infarction, or intracerebral hemorrhage in Denmark 1978-2011

Years Since SBI Person-years Number of Individuals RR 95% (I
With MAT
No history of SBI - 194991946 6045 1 -
History of SBI 1-4 813180 65 1.13 0.87-1.43
5+ 901 785 42 0.68 0.49-0.90
Type of first exposure
Traumatic brain injury 1-4 120435 10 1.99 1.00-3.50
5+ 279680 4 0.32 0.10-0.75¢
Cerebral ischemic infarction 1-4 626776 50 1.05 0.78-1.37
5+ 540873 30 0.69 0.47-0.96°
Intracerebral hemorrhage 1-4 60986 4 0.90 0.28-2.10
5+ 75276 8 1.39 0.64-2.60¢

All variables are adjusted for age, gender, and calendar period. Person-years and events of the 3 types of first exposure do not sum to the numbers
of all exposed individuals in the time category 1-4 years because 1 individual had more than 1 exposure diagnosis and was not included.

%According to a test for homogeneity, P=.046.

A restricted cubic spline with 5 knots was made for traumatic brain injury (TBI) because of the relatively large difference between the RR 1-4 years

after TBI and the RR 5+ years after TBI (Supplementary Appendix C).
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0.5+

0.25+

Rate ratio of malignant astrocytoma

0.1

2 4 6 8 10 12 14 16 18 20
Years since structural brain injury
Person-years (1000): 250 216 347 254 183 180 108 67 109
Tumors: 16 19 30 9 10 10 8 2 3
Tumors grade IV (%): 88 89 97 100 90 90 100 100 33

Fig. 1. The risk (RRs) for malignant astrocytic tumor (MAT) up to 20 years after a structural brain injury (head trauma, cerebral ischemic infarction,
or intracerebral hemorrhage) in Denmark 1978-2011. The number of MAT’s at different time points and the percentage of WHO grade IV tumors
(glioblastomas) among the MAT’s are shown at the bottom of the figure. The RR curve was estimated in a supplementary approach, using a
restricted cubic spline with 3 knots located at the 0.05, 0.50, and 0.95 percentiles. The shaded region represents the confidence interval of the
curve, whereas the vertical lines represent the confidence intervals of the point estimates.

In order to evaluate residual confounding, we performed
additional analyses estimating interaction between age and
gender, period and gender, and age and period, in which age
and period were categorized in 1-year intervals. The results
support that the used model is indeed adequate to evaluate
the association between structural brain injuries and malignant
astrocytic tumors.

Discussion

In this large nationwide cohort study we found suggestive ev-
idence that structural brain injury (astrogliosis) may reduce the
long-term risk for malignant astrocytic tumors. The risk reduc-
tion, which may be as much as 30% at 5 years or more after the
structural brain injury, was maintained up to 20 years after-
ward. This association was observed for individuals both older
and younger than 60 years. A subanalysis did not reveal a sig-
nificant effect of the milder brain injury, concussion, on the
long-term risk for the development of malignant astrocytic
tumors.

None of 3 previously published cohort studies are directly
comparable to this study due to differences in exposures (struc-
tural brain injury/astrogliosis caused by severe head trauma or
stroke versus all-type head trauma)** =2 and outcomes (malig-
nant astrocytomas versus all-type brain tumors'*'2 or versus
malignant brain tumors not otherwise specified).® Two of
the 3 studies did not find an increased risk for brain tumors
from 1 and up to 3 years after head trauma,** "% whereas
the third study found an increased risk within 3 years after
head trauma.’® However, that study was based on 9 not

otherwise specified malignant tumors among head trauma pa-
tients and may be prone to surveillance bias.

In theory, low-grade lesions (WHO grades I-1I astrocytic tu-
mors) may be discovered earlier because of the structural brain
injury (surveillance bias), which may lead to earlier treatment
and subsequently decreased likelihood of transformation into
a grade III or IV tumor. However, such a scenario would only
marginally influence our results. Given that 90%-95% of
grade IV astrocytic tumors arise de novo, hence without precur-
sor lesions,” and that the 5-year survival is <5%,?! the long-
term effect should not be markedly affected. The RR for only
grade IV tumors 5 years or more after exposure to a structural
brain injury was 0.68 (95% CI: 0.48-0.92). If we in a “worst
case” scenario assumed that the 10% of grade IV astrocytic tu-
mors that do not arise de novo but through a precursor stage
did not develop, we would instead have a crude estimate of
RR=0.68/0.9 =0.75. Thus, the risk for grade IV tumors 5
years or more after a structural brain injury would still be mark-
edly reduced.

One could speculate that individuals with structural brain in-
juries have shorter survival that leads to the observed reduced
risk for these individuals. However, even though this would lead
to a decreased number of malignant astrocytic tumors
amongst cohort members with previous structural brain injury,
it would also make the number of person-years smaller, and
thus would not bias the results, at least not unless there is an
unmeasured factor related to both malignant astrocytic tu-
mors and death due to other causes. Since none of the typical
lifestyle factors implies a higher risk for malignant astrocytic tu-
mors, and since astrocytic tumors to our knowledge do not
share genetic risk factors with other lethal diseases, this does
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not likely explain our finding of a protective effect of structural
brain injury either.

The formation of glioblastomas is thought to result from a
complex interplay between genetic and epigenetic factors,
which may predispose some individuals.>? Although specula-
tive, our finding of a decreased long-term risk could alternative-
ly be due to a strong reduction of the genetically frail individuals
early after exposure. Such a reduction would change the re-
maining population of exposed individuals after some time to
be genetically less frail than the unexposed cohort members
and consequently have a lower long-term risk for glioma devel-
opment compared with the latter. This assumption would rely
on a positive short-term association between astrogliosis and
the formation of malignant astrocytic tumors, although we
are much more likely to interpret this finding as reverse causal-
ity and/or surveillance bias. In line with a reverse causality in-
terpretation, Inskip et al'! reported increased risks not only
for malignant astrocytomas but for all the investigated types
of brain tumors within the first year after head trauma.

Instead, we speculate that the massive inflammatory re-
sponse (astrogliosis) following a structural brain injury may
cause an enhanced immunologic alertness for astrocytes un-
dergoing neoplastic transformation and thereby a clearance
or reduction of premalignant astrocytes or neural stem cells,
which otherwise may have developed into malignant brain tu-
mors of astrocytic origin. Recent studies of glioblastomas sup-
port that immunologic factors play an important role in the
rather complex pathogenesis of interacting gene-gene and
gene-environment factors.?>~3> However, the possible role of
astrogliosis in the neoplastic process needs to be further
elucidated.

This study has several strengths. The free and easy access to
health care in Denmark enables all individuals to be referred to
relevant radiologic examinations and invasive procedures inde-
pendent of socioeconomic status. Because of the availability of
rather detailed register information, we were able to focus on
exposure diagnoses truly causing structural brain injuries com-
patible with damage to the brain parenchyma, hence likely to
cause astrogliosis. This is important because the spectrum of
head trauma diagnoses includes concussion, which mostly
covers the very commonly seen short admittances for mild
head traumas, a condition that is less likely to cause astroglio-
sis. Our finding of a nonsignificant association between concus-
sion and malignant astrocytic tumors supported this
assumption. Other studies investigated brain tumors overall
as an outcome; however, brain tumors originate from a wide
range of cellular origins and have very different growth patterns
and therefore are likely to have different etiologies. This study
was more specific, investigating the long-term impact of astro-
gliosis on the risk for malignant tumors of astrocytic origin with
the strength of a follow-up time of up to 34 years and a median
follow-up of 28 years.

A potential limitation of our study is the likely underreporting
of brain tumors amongst individuals with very poor functional
outcomes after structural brain injury, particularly amongst the
elderly. Nevertheless, we also observed a long-term reduced
risk amongst individuals with previous structural brain injury
when younger than 60 years of age. Another counteracting ar-
gument for this concern is that the reduced risk seems to be
maintained in long-term survivors, who supposedly have fairly

good functional levels. Assuming a scenario where, say, the
10% of the long-term survivors in the poorest condition have
a 50% reduced detection rate of malignant astrocytic tumors
5 years or more after structural brain injury, this would only
imply a reduction of ~5% of the RR for malignant astrocytic tu-
mors amongst all individuals >5 years after exposure to a
structural brain injury. We did not adjust for socioeconomic sta-
tus—firstly, because socioeconomic status or lifestyle-related
risk factors to our knowledge are not causatively associated
with malignant astrocytomas. Furthermore, access to health
care in Denmark is free and easily accessible and is thereby in-
dependent of socioeconomic status. Thus, we do not regard
socioeconomic status as a confounder in this study population.
In this unselected population-based cohort study, we did
not find convincing evidence for an association between struc-
tural brain injury and malignant astrocytic tumors within the
first 5 years of follow-up. However, our study indicated a pro-
tective effect of astrogliosis-causing injuries 5 or more years
after structural brain injury. If such an association truly exists,
we speculate that it may rely on an enhanced immunologic
alertness induced by the previously reactive astrocytes.

Supplementary Material

Supplementary material is available online at Neuro-Oncology
(http://neuro-oncology.oxfordjournals.org/).
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