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Age-associated brain regions in gliomas: a volumetric analysis
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Abstract Both age of patients and tumor location are as-

sociated with tumor origin, genetic characteristics, and prog-

nosis. The objective of this study was to investigate the

relationship between tumor location and age at diagnosis in a

large cohort of patients with a primary diagnosis of glioma.

We consecutively enrolled a cohort of 200 adults with

glioblastoma and another cohort of 200 adults with diffuse

low-grade gliomas. The magnetic resonance images of all

tumors were manually segmented and then registered to a

standard brain space. By using voxel-by-voxel regression

analysis, specific brains regions associated with advanced age

at tumor diagnosis were localized. In the low-grade gliomas

cohort, the brain regions associated with advanced age at tu-

mor diagnosis were mainly located in the right middle frontal

region, while a region in the left temporal lobe, particularly at

the subgranular zone, was associated with lower age at tumor

diagnosis. In the glioblastoma cohort, the brain regions

associated with advanced age at tumor diagnosis weremainly

located in the temporal lobe, particularly at the posterior re-

gion of the subventricular zones. A region in the left inferior

frontal region was associated with lower age at tumor diag-

nosis. Significant differences in the age of patients were found

between tumors located in the identified regions and those

located elsewhere in both cohorts. The current study demon-

strated the correlation between tumor location and age at di-

agnosis, which implies differences in the origin of gliomas in

young and older patients.

Keywords Glioma � Age � Tumor location � Voxel-based
mapping

Introduction

Gliomas are the most common primary brain tumors and

account for about half of all central nervous system neo-

plasms. They are characterized by biological heterogeneity

and can be classified into a variety of histological subtypes.

Glioblastoma multiformes (GBMs; WHO grade IV) have
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poor prognosis with a median survival period of

12–14 months even under multimodal treatments [1]. Diffuse

low-grade gliomas (LGGs; WHO grade II), including oligo-

dendrogliomas, astrocytomas, and oligoastrocytomas [2],

have better prognoses than high-grade gliomas do. The me-

dian overall survival period for patients with LGGs was

118 months [3], with most patients dying from the disease.

Age is an important clinical factor in gliomas that cor-

relates with incidence, malignancy, and survival outcome [4,

5]. Increased age is associated with higher incidence of tu-

mor and higher degree of malignancy in all types of gliomas

[5, 6]. A randomized clinical trial on GBM demonstrated

that the median lifespan of patients aged C60 was sig-

nificantly shorter than that of younger patients [7]. Addi-

tionally, an age of \40 years was found to be a good

predictor of survival outcome [8, 9] and was associated with

a lower tumor proliferative index in patients with LGG [10].

Further, age plays an important role in tumorigenesis and is

associated with tumor-related genetic abnormalities, such as

isocitrate dehydrogenase 1 (IDH1) mutation and glioma

CpG island methylator phenotype [11]. Malignant gliomas

likely originate from neural progenitor cells or their glial

progenitor progeny. A previous animal experiment sug-

gested that the neural progenitor cells in aged mice over-

expressed Ras, abrogated p53, and Rb. Therefore, increased

malignancy was seen for gliomas in the aged mice than their

younger counterparts [12]. On the other hand, neural pro-

genitor cells are associated with decreased regeneration in

aged mice [13]. As a result, age-related decline in stem-like

cells may induce increased cellular deficits.

In addition, the anatomic location of the tumor was also

revealed as a prognostic factor [7, 14–16] associated with

tumor-specific genetic changes. For instance, IDH1 muta-

tions are more likely to occur in gliomas located at the frontal

lobe [17–20] and predict a better prognosis. Similarly, 1p/19q

co-deletion [19] was found to predominantly occur in frontal

lobe gliomas. In addition, O6-methylguanine DNA methyl-

transferase promoter methylation was found to be prone to

hemispheric lateralization [21]. This anatomic specificity of

genomic mutation was also found in meningiomas [22].

Moreover, tumor location also plays a role in tumorigenesis,

since tumor precursor cells are specifically distributed in the

brain. Different types of oligodendrogliomas were shown to

arise from various precursor cells that were region-specific in

origin during brain development [23].

Both age and tumor location are important clinical factors

and have been associated with tumorigenesis, tumor-specific

genetic changes, and prognosis of patients with glioma.

However, the potential intrinsic association between age and

tumor location has not been investigated. Voxel-based re-

gression analysis has been increasingly used for determining

the correlation between the location of brain lesions and

clinical manifestations [24–27]. This approach was

performed in the current study to map the relationship be-

tween tumor location and age at diagnosis in a large cohort

of patients with primary diagnosis of gliomas.

Methods

Patients

A consecutive enrollment of 200 patients with LGG and 200

patients with GBM, surgically treated between December

2007 and November 2012, was conducted for the current

study. Clinical information was collected from the Chinese

Glioma Genome database (http://www.cgga.org.cn). All

patients participating in this study met the following criteria:

(1) no prior craniotomy or biopsy, (2) pathological confir-

mation of diffuse LGG (WHO grade II) or primary GBM,

(3) no history of radiotherapy or chemotherapy, (4)

documentation of the age of patient at diagnosis. Clinical

and radiologic characteristics of all patients are summarized

in Table 1. The current study was approved by the ethics

committee of Beijing Tiantan Hospital, and written informed

consent was obtained from all patients.

Imaging acquisition and tumor registration

Magnetic resonance (MR) imaging scans for the majority of

patients were acquired using a Magnetom Trio 3.0 Tesla

(SiemensAG,Erlangen,Germany) scanner. TheT2-weighted

image parameters included TR = 5800 ms, TE = 110 ms,

field of view = 240 9 188 mm2, flip angle = 150�, voxel
size = 0.6 9 0.6 9 5 mm3. Other MR images were col-

lected on a Magnetom Verio 3.0 Tesla (Siemens AG, Erlan-

gen, Germany) (n = 31) or a HD 1.5 Tesla (GE Medical

System, Milwaukee, USA) (n = 26) scanner. If a patient

underwentmore than oneMR scan, the first scan bywhich the

tumor was observed was used in this study. Based on the

findings that brain areas with T2 signal abnormality without

contrast enhancement on thepost-contrast T1-weighted image

could still contain high-density of tumor cells [28, 29], T2-

weighted images were used as a reference sequence in this

study. All tumor masks (outline of the tumor boundary) were

manually delineated on all slices of the T2-weighted sequence

where the tumor was present using MRIcro (http://www.

mccauslandcenter.sc.edu/mricro/) by two board-certified

neurosurgeons blinded to the clinical information. All the

tumor masks were subsequently re-evaluated by an experi-

enced neuroradiologist. If the discrepancy was 5 % or more,

the neuroradiologist determined the lesion border to be used in

the study. Each masked tumor region was registered to a

Montreal Neurological Institute (MNI) brain template using

SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8).

The volume and centroid of a tumor were calculated using
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Matlab (R2012a, MathWorks, Natick, MA, USA). The cen-

troid of a registered tumor region was defined as the location

of the mean coordinates of all voxels contained in the masked

region in three orthogonal directions. All computed tumor

centroids were rendered on a template brain to show the dis-

tribution of the tumors and age of the corresponding patients.

Voxel-based lesion-symptom mapping (VLSM)

analysis

We first examined the overlap between the normalized

tumor masked regions for the LGG group and the GBM

group, respectively. Consequently, we performed VLSM

analysis [24, 30] for each cohort of patients in order to

localize brain regions associated with the age of tumor

diagnosis. The general linear model (Y = bX ? e) was

applied to each voxel independently. In this case, Y rep-

resents involvement of the lesion (1 = tumor presence and

0 = tumor absence) in each patient; X represents the ma-

trix of clinical characteristics (X1 = age of patient,

X2 = sex of patient, and X3 = tumor volume); b repre-

sents the model parameter to be estimated and shows the

correlation of the voxel to clinical characteristic (age in this

case), while e represents the residual. Consequently, the

VLSM approach provided a t-statistic value that indicated

the association of the specific voxel to the age of patient at

tumor diagnosis. By applying the general linear model,

voxels that significantly correlated with patient age were

identified by regressing out the influence of sex and tumor

volume. This result was further corrected using a permu-

tation test (n = 500) [31, 32]. The t value of the voxel that

was higher than the t values in more than 95 % of per-

mutations was preserved in the results, and considered

statistically significant in this study [31].

Evaluation of VLSM-identified regions

The VLSM-identified brain regions were validated by

examining the average age of patients with tumors that

occurred within the different clusters. Tumor involvement

was identified based on whether a tumor centroid was

located in the VLSM-identified cluster. A two sample

independent t test was used to compare the mean age of

patients between the subgroups of tumors involving the

brain regions associated with advanced age and those

associated with lower age.

Results

Demographic and clinical information

During our study period, 400 primary gliomas were diag-

nosed, including 200 LGGs and 200 GBMs. The median

Table 1 Clinical characteristics

of all patients (n = 400)
Characteristics LGG (n = 200) GBM (n = 200)

Young (%)

\45 years

Elderly (%)

C45 years

p value* Young (%)

\45 years

Elderly (%)

C45 years

p value*

Gender 0.111 0.016

Male 79 (69) 36 (31) 30 (23) 99 (77)

Female 67 (79) 18 (21) 28 (39) 43 (61)

History of seizures 0.305 0.048

Yes 43 (68) 20 (32) 42 (26) 120 (74)

No 103 (75) 34 (25) 16 (42) 22 (58)

Preoperative KPS 0.346 0.538

C80 139 (72) 53 (28) 41 (30) 94 (70)

\80 7 (87) 1 (13) 17 (26) 48 (74)

Tumor location

L/R 81/65 27/27 0.490 32/26 81/61 0.809

Frontal 95 (71) 39 (29) 0.339 39 (36) 70 (64) 0.023

Temporal 47 (72) 18 (28) 0.878 24 (26) 68 (74) 0.426

Others 42 (78) 12 (22) 0.355 17 (22) 59 (78) 0.106

Pathology

Astrocytoma 49 (78) 14 (22) 0.302

Oligodendroglioma 26 (59) 18 (41) 0.019

Oligoastrocytoma 71 (76) 22 (24) 0.321

KPS Karnofsky performance status scale

* Chi square test

J Neurooncol (2015) 123:299–306 301

123



age at diagnosis was 38 years (range 15–68 years) in the

LGG group and 53.5 years (range 16–77 years) in the

GBM group. The overall information on the LGG and

GBM cohorts are summarized in Table 1.

Lesion volume

There were no significant differences in T2-hyperintense

lesion volumes between older (C45 years, 84.5 ±

72.9 cm3) and young (\45 years, 79.4 ± 61.3 cm3) pa-

tients with LGGs (p = 0.621). Similarly, no significant

difference in tumor volume was found between older

(C45 years, 130.9 ± 71.3 cm3) and young (\45 years,

137.3 ± 82.3 cm3) patients with GBMs (p = 0.578).

These results suggested that the age at diagnosis was not

associatedwith tumor size in patients with LGGs or GBMs.

Radiographic characteristics

A statistical power map for the VLSM analysis [31] was

generated and showed that most brain areas were highly

reliable for statistical analysis (Fig. S1). Centroids of tumor

lesions were rendered onto a standard MNI brain template

based on the age of patients (Fig. S2; Table S1).

VLSM analysis findings

Our VLSM analysis identified a specific association be-

tween the anatomic location of tumor and the age of patient

at diagnosis. The brain regions that significantly correlated

to patient age were mapped on a standard brain space

(Fig. 1). In the LGG cohort, the brain region (Cluster 1)

associated with advanced age at tumor diagnosis was

mainly located in the right middle frontal region, while the

brain region (Cluster 2) associated with low age at tumor

diagnosis was preferentially located in the left temporal

lobe, particularly at the subgranular zone (Fig. 1A, B). The

voxels with the highest t value in Cluster 1 (tmax = 3.33,

x = 103, y = 162, z = 68) and Cluster 2 (tmax = 3.26,

x = 42, y = 101, z = 52) had the strongest correlation

effects according to our method.

In the GBM cohort, the brain region (Cluster 3) asso-

ciated with advanced age at tumor diagnosis was mainly

located in the bilateral temporal lobe, particularly at the

posterior region of the subventricular zone (SVZ). Mean-

while, the brain region associated with low age at tumor

diagnosis was preferentially located in the left inferior

frontal region (Fig. 1C, D). The voxel with the highest t

value in Cluster 3 (tmax = 4.07, x = 56, y = 75, z = 72)

and Cluster 4 (tmax = 4.24, x = 88, y = 170, z = 53) had

the strongest correlation effects.

Age differences in VLSM-identified regions

Significant differences in the ageof patientwere foundbetween

tumors involvingVLSM-regions associatedwith advanced age

and those associated with lower age in both cohorts (Fig. 2).

The mean age of patients with LGGs involving Cluster 1

(46.7 ± 15.5 years) were significantly higher than that in

Cluster 2 (29.5 ± 7.0 years) (p\0.0001, t test). Similarly, a

significantly higher age was observed in patients with GBMs

involving Cluster 3 (59.1 ± 9.2 years) than those involving

Cluster 4 (35.5 ± 13.6 years) (p\0.0001, t test). These re-

sults validated that the age-associated brain regions identified

by VLSM in patients with gliomas.

Discussion

This is the first voxel-level investigation correlating patient

age and tumor location in 200 patients with GBMs and 200

patients with LGGs. Preferential brain regions associated

with tumor occurrence at different ages of patients were

identified by voxel-based analysis. This quantitative three-

dimensional statistics provides new evidence to the ana-

tomic correlates for age groups in gliomas, which were

different between LGG cohort and GBM cohort.

Age and location are both considered to be associated

with tumor origin, genetic characteristics, and prognosis.

The associations between the age at diagnosis and location

of tumors were suggested by several previous studies. For

example, a study delineated two subgroups of the posterior

fossa ependymomas that had distinct clinical and molecular

features. This study demonstrated that the ependymomas

located in the lateral parts of the fourth ventricle were more

likely to occur in children and had frequent relapse and

poor prognosis, while tumors located near the midline were

more prevalent in adults and had favorable prognosis [33].

Based on the occurrence of H3F3A (histone H3, family

3A) mutations (K27M, G34R/V), a recent study on GBMs

identified two specific subtypes with specificity of age and

location. GBMs with H3F3A-K27M mutation were pre-

dominantly located in the midline structure (thalamus,

pons, and spinal cord) and were commonly seen in chil-

dren, while H3F3A-G34R/V mutant tumors most likely

arose from the cerebral hemispheres and mostly occurred

in adults [34]. These findings suggested that different brain

tumors might arise from distinct precursors with anatomi-

cal and age group specificity, thus providing a reasonable

explanation for the association between patient age at di-

agnosis and tumor location in the current study.

Previous studies have suggested a relationship between

gliomagenesis and neural stem cells [35, 36], which were

preferentially located in two specific brain regions: the
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SVZ along the wall of the lateral ventricles, and the sub-

granular zone in the dentate gyrus of the hippocampus [37].

A voxel-based analysis with a large number of patients

(n = 358) demonstrated that GBMs frequently occurred in

the posterior SVZ [21], which was confirmed in a group of

Chinese patients with GBMs [38]. In addition, GBMs that

originated from SVZ were identified with a distinct pheno-

type, were more likely to present as multifocal on MR

contrast enhancement at diagnosis, recurred away from the

initial lesion [39], and had decreased progression-free sur-

vival and overall survival [40]. This study also demonstrated

that GBMsweremore likely to be located in the SVZ in older

Fig. 1 VLSM identifying age-associated brain regions in patients

with gliomas. A voxel-wise regression model is performed correlating

the age of the patient at diagnosis and the location of tumor in LGG

and GBM cohort, respectively. In LGG cohort, the right middle

frontal region is significantly associated with advanced age of patients

at tumor diagnosis, while the left temporal is associated with lower

age at tumor diagnosis. In the GBM cohort, the bilateral temporal

lobes, particularly the posterior region of the SVZ, are significantly

associated with advanced age at tumor diagnosis, and the left inferior

frontal region is associated with lower age. Only significant voxels are

demonstrated based on a permutation correction (n = 500). LGG low-

grade gliomas, GBM glioblastoma multiformes, VLSM voxel-based

lesion-symptom mapping, SVZ subventricular zone

Fig. 2 Comparison of patient age at diagnosis and tumors involving

the VLSM-identified regions. In the LGG cohort, patients with tumors

involving VLSM-identified Cluster 1 associated with advanced age

are significantly older than patients with tumors involving VLSM-

identified Cluster 2 associated with lower age (46.7 ± 15.5 vs.

29.5 ± 7.0 years, p\ 0.0001, t test). Similarly, a significantly higher

age is observed in patients with GBMs involving Cluster 3 associated

with advanced age than those with GBMs involving Cluster 4

associated with lower age (59.1 ± 9.2 vs. 35.5 ± 13.6 years,

p\ 0.0001, t test). LGG low-grade gliomas, GBM glioblastoma

multiformes, VLSM voxel-based lesion-symptom mapping
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patients compared to younger patients, which supported the

idea of age-associated location of gliomas.

Age-related differences in histopathological and mole-

cular profiles of glioblastomas have been identified. For

instance, IDH1 mutation was found to rarely occur in pri-

mary adult GBMs but present in nearly half of young

(\40 years) patients with GBM [41]. In this study, we

found that GBMs in young patients are preferentially lo-

cated in the frontal lobe, in accordance with a previous

study showing that GBM with IDH1 mutation was prone to

occur in younger patients in the frontal lobe [17]. These

findings suggested that potential genetic associations might

exist between age at diagnosis and tumor location.

Previous studies have found that LGGs were prone to

involve the eloquent areas [42], particularly the secondary

functional areas [16]. Our voxel-wise statistical analysis

showed that LGGs were preferentially located in the an-

terior frontal lobe in the elderly group and in the inferior

temporal lobe in the young group. These differences in the

results from different studies may be due to several rea-

sons: (1) Inconsistent proportions of LGG subtypes may be

due to patients from different races [43, 44]; (2) Certain

histological subtypes may have originated from specific

groups of cells with distinct preferential location [35]; (3)

A brain-lobe based study insufficiently used the tumor lo-

cation information by ignoring the tumor volume; (4) Tu-

mors involving multiple brain regions may be over or less

calculated. This study used voxel-based statistics in order

to avoid this bias; (5) Furthermore, both previous and the

current studies reviewed patients treated at a single-insti-

tute, which may lead to inclusion discrepancies.

Notably, we found that LGGs in the elderly group were

more likely to invade the insular lobe than those in the

young group. Tumors involved in the insular region were

found to be associated with decreased extent of resection

and worse prognosis [45, 46]. On the other hand, insular

LGG tends to possess unfavorable molecular characteris-

tics including wild-type IDH1 and the absence of 1p19q

deletion [47, 48]. Therefore, poor prognosis of insular LGG

is associated with patient age, tumor location, and genetic

signature. Our results suggest that certain specific tumor

subtypes have certain age and location characteristics.

Since previous studies suggested that areas showing T2

signal abnormality but no enhancement on a post-contrast

T1-weighted image could still contain high-density tumor

cells [28, 29], we used T2-weighted images, and not post-

contrast T1-weighted images, as a reference sequence for

tumor segmentation in this study. The computed tumor

centroid was the geographic center of a tumor, which

should not be directly considered as the biologic origin of a

tumor. In addition, the VLSM analysis for identifying—

clusters used age as a continuous variable. The cut-off of

45 years was only used to delineate the proportion of

young and older patients with tumors involving the VLSM-

identified brain regions.

Our analysis has several limitations. In order to acquire

maximally accurate results, only tumors with centroids (a

1 mm3 size voxel) located in the VLSM cluster were in-

cluded in the two cohorts (young group and aged group).

The strictness of the inclusion criteria permitted only a

limited number of patients to be included. Future studies

with a larger number of clinical cases are needed to confirm

the effect identified by the current study. Since our group-

based neuroimaging studies used individual cases, regis-

tration of anatomically distorted brain structures following

tumor involvement into a standard brain space is still a

challenge using algorithms. Despite the development of the

automated tumor differentiation, manual segmentation is

still considered to be the reference method [21]. However,

the pathological border of a tumor (if present) could hardly

be accurately identified on MR images [49, 50]. In order to

minimize inaccuracy, every tumor mask was identified by

two independent neurosurgeons and further re-evaluated by

a senior neuroradiologist. Future studies could further the

current investigation by evaluating the prognostic value of

tumor location in patients from different age groups.

Conclusion

Our results suggested that tumor location possessed char-

acteristics associated with age at diagnosis in LGG and

GBM. This finding implies the biological characteristics of

gliomas. Future studies will focus on exploring prognosis

value in combination of age and tumor location.
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