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Abstract
Aims—Atypical (WHO grade II) meningiomas have moderately high recurrence rates; even for
completely resected tumours, approximately one-third will recur. Postoperative radiotherapy (RT)
may aid local control and improve survival, but carries the risk of side effects. More accurate
prediction of recurrence risk is therefore needed for patients with atypical meningioma.
Previously, we used high-resolution array CGH to identify genetic variations in 47 primary
atypical meningiomas and found that approximately 60% of tumors show gain of 1q at 1q25.1 and
1q25.3 to 1q32.1 and that 1q gain appeared to correlate with shorter progression-free survival.
This study aimed to validate and extend these findings in an independent sample.

Methods—86 completely resected atypical meningiomas (with 25 recurrences) from two
neurosurgical centres in Ireland were identified and clinical follow up was obtained. Utilizing a
dual-colour interphase FISH assay, 1q gain was assessed using BAC probes directed against
1q25.1 and 1q32.1.

Results—The results confirm the high prevalence of 1q gain at these loci in atypical
meningiomas. We further show that gain at 1q32.1 and age each correlate with progression-free
survival in patients who have undergone complete surgical resection of atypical meningiomas.

Conclusions—These independent findings suggest that assessment of 1q copy number status
can add clinically useful information for the management of patients with atypical meningiomas.
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Introduction
Meningiomas collectively constitute nearly 34% of all central nervous system tumours in the
United States, with annual incidence between four and six per 10, 000[1, 2]. Although a
spectrum of behaviour exists for these tumours, the major factor governing prognosis is
completeness of resection. While the majority of meningiomas are indolent tumours (World
Health Organization grade I) and can be cured by complete resection, more aggressive
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behaviour is noted in a smaller proportion comprising grade II (atypical) and grade III
(anaplastic) meningiomas[3–5]. Such higher grade tumours are associated with increased
local recurrence and subsequent excess risk of death, even when completely resected[6].
Approximately 40% of atypical meningiomas recur within 5 years of gross total
resection[7]. The relatively high likelihood of recurrence has led to the use of radiation
therapy for patients with atypical meningioma. In most centres, radiation is given to patients
who have residual tumour after initial surgery[8, 9], but there is debate as to the best
treatment for patients who have undergone complete resection of their atypical
meningiomas[10]. Given the latter debate, prognostic biomarkers that can estimate the risk
of recurrence for patients would help in making treatment decisions, particularly for those
patients who have undergone complete resection.

Much is now known about the genetic aberrations common in meningiomas, although few
thus far have proven to be of clear prognostic value. Increasing numbers of chromosomal
aberrations, in particular loss of 1p, 6q, 9p, 10, 14q and 18q and gain of 1q, 9q, 12q, 15q,
17q and 20q are associated with meningiomas of progressively higher histological grade[11–
13]. Progressive chromosomal aberrations occur in a non-random pattern, and 1p and 14q
loss have been proposed as potential markers of tumour recurrence[14, 15]. We recently
performed an aCGH study on a series of clinically annotated atypical meningiomas and
demonstrated that gain at 1q occurred at a higher rate than previously shown. Gains occurred
at two common regions: 1q25.1 and 1q25.1-q32.1[16]. In addition, analysis of the frequently
identified copy number aberrations showed a significant association between 1q gain and
shorter progression-free survival[16].

In the present study, we sought to evaluate the potentially important association between 1q
gain and time to recurrence in an independent series of atypical meningiomas managed in
the two neurosurgical centres in Ireland. This series provided a larger set of patients who
were all followed carefully and long-term in two centres. Importantly, all tumours included
in this series had been reportedly completely resected, thus allowing us to determine if 1q
gain could provide useful information in this challenging clinical management situation.

Materials and Methods
Tumours

One hundred cases of atypical meningioma with at least five years of follow up from initial
resection were retrospectively identified from tumour databases and histology reports from
the two national Irish neurosurgical centres in Cork (Cork University Hospital) and Dublin
(Beaumont Hospital). For those cases in Cork and Dublin that were pathologically graded
prior to the implementation of the WHO Classification 2000 criteria for atypical
meningioma, records were hand searched, and cases in which the terms “malignant”, “high
grade”, “necrosis” and “mitotic activity” were used as descriptors in the report were
selected, reviewed and regraded by a neuropathologist (MJ). None of the cases retrieved
were known to have neurofibromatosis or multiple meningiomas. Approval for the use of
these archival tumours for this study was obtained from the Cork Research Ethics
Committee.

For each case, medical charts were reviewed to determine extent of resection, further
therapy and recurrence. In most cases, a formal Simpson grade was not assigned or not
recorded in the operative note, instead the note contained a comment on completeness of
resection, which was the parameter recorded for the study. Neurosurgical teams initially
followed patients for a variable number of years post surgery with interval scans as deemed
appropriate. After discharge to primary care; patients who re-presented with symptoms were
investigated and returned to the same centre for further management.
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Overall survival was ascertained from patient records, by obtaining the date of death from a
publicly accessible death notification service website (www.rip.ie) or through telephonic
contact with the patient’s primary care practitioner. If follow-up could not be obtained, the
case was excluded from further analysis.

Fluorescence in situ hybridization (FISH)
All studies were performed on formalin-fixed, paraffin-embedded tissue. Representative
slides and corresponding tissue blocks were selected by one neuropathologist (MJ) and a
region suitable for hybridization was marked. FISH was performed to ascertain copy number
at 1q25.1 and 1q32.1. Dual colour FISH assays were done as follows on 5-μm sections: the
first slide used Bacterial Artificial Chromosome (BAC) probes RP11-203F10 (chromosome
1q32.1, labeled red) and RP11-496O2 (chromosome 13q12, labeled green); the second assay
used probes RP-11-299P5 (chromosome 1q25.1, labeled red) and RP11-845I20
(chromosome 1p21.1, labeled green). (Prior to assays being performed, the chromosomal
location of each probe was confirmed using metaphase FISH). Control probes at 13q12 and
1p21.1 were selected based on their known lack of aberration in meningioma. Slides were
viewed under oil using an Olympus BX40 microscope with fluorescent light source under
red, green and blue filters. Hybridization was considered successful if at least 80% of the
selected area showed a relatively clean signal. Signal quantitation of 100 non-overlapping
nuclei was used to derive a 1q32.1/13q12 ratio, a 1q25.2/13q12 ratio and a 1p21.1/13q12
ratio, via manual counting of the total number of signals. A 1q32.1/13q12 ratio (or
1q25.2/13q12 ratio) of >1.2 was designated as gain.

Statistical analysis
Univariate Cox proportional hazards models were fit for time to progression or death; we
considered age (continuous and dichotomized at 55 years), gender and copy number ratios at
the three loci of interest. We considered both the continuous ratios, as well as the
dichotomized gain/loss assessments. We estimated the distributions of time to progression or
death and time to death using the Kaplan-Meier method. To assess the added discriminatory
value of copy number changes at the two loci of interest, we calculated the C-index, with
adjustment for censoring[17]. Comparisons of C-indices among models capture the net
improvement in discrimination by one model versus the other. The C-index can be
interpreted as the probability that the rank ordering of marker values of two subjects is
consistent with the ordering of their times to progression or death.

Results
Clinicopathological characteristics and correlations with outcome

Of the originally identified 100 cases, follow-up was not available for two patients, nine
cases had subtotal resection and three cases were subsequently found to have a history of
whole brain radiotherapy administered for acute lymphoblastic leukemia and were excluded.
Complete follow up was available for 82 patients and partial follow up for a further four.
The study therefore comprised 86 patients (38 males and 48 females) with atypical
meningioma. The cases originated from all over Ireland, reflecting the concentration of
neurosurgical services in the two centres. The average age at first resection was 57 years and
the median age at first resection was 58.5 years (range 11.1 to 83). Twenty-four patients
(28%) had brain invasion and two tumours invaded bone. Three patients died within the first
month following surgery, presumably of complications related to resection. Among the 83
subjects who were followed for progression, twenty-five patients (30%) had recurrent
tumours, of whom eight were still alive at the time of the study. Among those patients who
had recurrences, the mean time to first tumour recurrence was 54.5 months and the median
time to recurrence was 42 months (range 11 to 244 months). The median progression-free
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survival time was 103 months (95% CI: 56, 245) and the median overall survival time was
215 months (95% CI: 116, 262). Of the 25 patients who had recurrent tumours, 11 were re-
operated. The remaining patients were referred for stereotactic radiotherapy or external
beam radiation therapy.

Thirty-nine patients (45%) remained alive at the time of the study. Patients older than 55
years had a higher hazard for progression or death than those younger than 55 (hazard ratio
= 2.4, p=0.005, 95% CI: 1.31, 4.37). Gender was not significantly associated with
progression-free survival (hazard ratio for males versus females=1.42, p=0.23, 95% CI:
0.81, 2.49). Bone invasion was documented in only two cases, and therefore could not be
evaluated as a clinicopathological factor relating to progression-free survival. Brain invasion
was not significantly associated with progression-free survival (p=0.62, hazard ratio=1.17).

FISH analysis and correlations with outcome
FISH analysis of the 86 atypical meningiomas revealed 1q32.1 gain in 21 tumours (24.4%)
and 1q25.1 gain in 49 tumours (56.9%). Both 1q32.1 gain and 1q25.1 gain were present in
15 tumours (17.4%). 1q gain was thus present in a total of 55 of 86 (63.9%) of tumours in
this series. Fourteen tumours showed intratumoral variability in the number of 1q25.1
signals ranging from three to five signals per nucleus, with a higher 1q25.1/13q12 ratio
ranging from 1.6 to 2. This phenomenon was also noted when quantitating the 1q32.1
signals and 1q32.1/13q12 ratios in four atypical meningiomas, including three of the 14
tumours showing gain at both 1q loci. A representative image is shown in Figure 1.

Neither gain at 1q32.1 nor gain at 1q25.1 provided improved discrimination for progression-
free survival, e.g., addition of gain at 1q32.1 to age provides a net improvement in
discrimination of only 0.03 and yields a C-index of 0.63 (95% CI: 0.5, 0.76) versus a C-
index of 0.6 (95% CI: 0.45, 0.75) for the model including age alone However,
discrimination does not reflect the capacity for risk prediction as it is based on relative
orderings of event times and not on the actual times. In fact, gain of 1.2 or greater at 1q32.1
was associated with an increased hazard for progression or death (hazard ratio=1.94,
p=0.037, 95% CI: 1.04, 3.60). In a multivariate model with age and 1q32.1, both variables
remained significantly associated with progression-free survival: adjusted hazard ratios are
1.93 (p=0.039, 95% CI: 1.03, 3.61) for 1q32.1 ratio>1.2 and 2.39 (p=0.005, 95% CI: 1.31,
4.37) for age>55. The non-parametric Kaplan-Meier survival curves for patients according
to their combined 1q32.1 and age status (not based on the Cox proportional hazards model)
and those based on age alone are depicted in Figure 2. The additional information about
1q32.1 separates the survival curves beyond their separation due to age alone, though the
sample sizes are small. Interestingly, 1q32.1 gain<1.2 and age<55 appear to be associated
with improved predicted survival of 10–20% at each time point relative to that associated
with age<55 alone. We note that the separation in these curves may be slightly optimistic, as
we selected 1q32.1 and age because of their significant univariate associations with PFS

Three subjects died within the first month following diagnosis. For sensitivity analysis, we
re-analyzed the data after excluding these subjects, who likely died of operative
complications. The results remained similar to the original analysis.

Discussion
Using high-resolution oligonucleotide aCGH, we recently demonstrated that chromosome
1q gain occurs in 59% of the atypical meningiomas in a series of 47 atypical meningiomas.
1q gain occurred at two regions: 1q25.1 with a peak region spanning 727kb including two
genes; and 1q25.3 to q32.1 spanning 1.48Mb and including 42 genes. Although 1q gain had
been noted in previous series[11, 18], it had not been noted to occur at such a high
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frequency. Moreover, in our prior study, of all chromosome arms lost or gained, 1q gain was
the only one associated with reduced progression-free survival[16]. In the present study,
therefore, we sought to verify the prevalence of 1q gain in an independent, clinically
annotated series of meningiomas and to examine the utility of 1q gain, as assessed by FISH,
as a predictive biomarker for progression; such findings would validate 1q gain not only as a
genetic marker of atypical meningioma but also as a marker of adverse prognosis, thus
indicating a subset of tumours possibly warranting more aggressive initial management.

The present results confirm the high incidence of 1q gain in atypical meningioma. Of 86
tumours, 55 (63.9%) showed gain at 1q: 21 (24.4%) had gain at 1q32.1 and 49 (56.9%) at
1q25.1. The current findings also clarify the association of 1q gain with reduced
progression-free survival: this correlation only holds true for gain at 1q32.1 and not for gain
at 1q25.1. The association would further suggest that a significant oncogenic gene may
reside in this region.

Gain of 1q has been associated with a poor prognosis in other tumours. In particular, 1q gain
has been associated with greater likelihood of recurrence in Wilms tumour, neuroblastoma
and ependymoma[19–21] and as a marker of reduced survival in primary neuroepithelial
tumours such as ependymoma, medulloblastoma and low grade paediatric glioma, as well as
in myeloma and Ewing sarcoma[20, 22–25]. Whole-arm single copy 1q gain has also been
associated with reduced progression-free and overall survival in paediatric nonependymal,
nonpilocytic gliomas[25]. Our findings add to this list of tumours for which 1q copy number
assessment could provide clinically useful information.

Our demonstration that 1q gain can be readily detected using FISH in formalin-fixed,
paraffin-embedded atypical meningiomas shows that the assay could be set up readily for
clinical purposes in many laboratories (as opposed to high-resolution aCGH, which still
remains largely a research tool). The presence of 1q gain in a completely resected atypical
meningioma should therefore at least prompt the patient’s oncologist or surgeon to pursue
follow-up imaging sooner than standard for atypical meningioma, and should raise the
estimation that the patient might benefit from radiation therapy.

The average age of this sample of patients with atypical meningioma was younger than that
cited for meningiomas overall (mean age = 57 years vs 64 years)[26]. In our series, age
greater older than 55 was independently associated with shorter progression-free survival.
Few studies have specifically acquired follow up data on higher-grade meningioma; of
these, older age has been noted to influence time to recurrence and/or overall survival[10,
27, 28]. Two of these studies, however, evaluated irradiated patients with both atypical and
malignant meningioma[27, 28]. Pasquier et al reported 119 patients (82 with atypical
meningiomas and 37 with malignant meningioma) and found that age > 60 years was found
to impact overall survival negatively on multivariate analysis[28]. Similarly, Milosevic et al
reported 59 patients (17 with atypical meningiomas and 42 with malignant meningiomas)
finding that age < 58 years was independently associated with cause specific survival[27].
Aghi et al evaluated only patients with completely resected atypical meningiomas, of whom
8 were irradiated, noting that older age appeared to confer a higher risk of recurrence[10].
Conversely, Jo et al recently followed up 35 patients with atypical meningioma, finding that
age had no significant effect on overall survival or progression free survival[29]. Our data
support the suggestion that older age may confer worse prognosis in patients with atypical
meningioma, including in those that have undergone complete resection.

While 1q32.1 gain does not appear to improve the discrimination capacity (i.e., the C-index)
of age alone for progression-free survival, its addition to age may lead to clinically
meaningful changes in progression-free survival predictions. This finding should be
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validated in independent and larger studies; moreover, the region of gain is relatively large
and improved genetic determinants of aggressive behaviour may be localized within this
area. The confirmation of this molecular prognostic determinant should prompt further
examination of this region to identify genes with oncogenic potential, to clarify their role in
tumorigenesis and to enable future targeted therapy.
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Figure 1.
Representative examples of 1q32.1 gain by FISH on interphase nuclei. Note two green
signals from probes to chromosome 13q12, but three red signals from probes to 1q32.1 [red
signal = BAC probe RP11-203F10 (chromosome 1q32.1); green signal = BAC probe
RP11-496o2 (chromosome 13q12)].
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Figure 2.
Atypical meningiomas occurring at age > 55years (A) and atypical meningiomas showing
gain at 1q32.1 (B) have worse progression-free survival than those occurring in younger
patients or those that do not show gain at 1q32.1 respectively. On multivariate analysis,
additional information about 1q32.1 status separates the survival curves beyond separation
due to age alone (C). The combination of 1q32.1 gain<1.2 and age<55 appears to be
associated with improved predicted survival of 10–20% at each time point relative to that
associated with age<55 alone.
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