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Abstract To undertake a preliminary study that uses CT

texture analysis (CTTA) to quantify heterogeneity in glio-

mas on contrast-enhanced CT and to assess the relationship

between tumour heterogeneity and grade. Retrospective

analysis of contrast enhanced CT images was performed in

44 patients with histologically proven cerebral glioma

between 2007 and 2010. 11 tumours were low grade (Grade

I = 3; Grade II, = 8) and 33 high grade (Grade III = 10,

Grade IV = 23). CTTA assessment of tumour heterogeneity

was performed using a proprietary software algorithm

(TexRAD) that selectively filters and extracts textures at

different anatomical scales between filter values 1.0 (fine

detail) and 2.5 (coarse features). Heterogeneity was quanti-

fied as standard deviation (SD) with or without filtration.

Tumour heterogeneity, size and attenuation were correlated

with tumour grade. For each parameter, receiver operating

characteristics characterised the diagnostic performance for

discrimination of high grade from low grade glioma and of

grade III tumours from grade IV. Further the CTTA was

compared to the radiological diagnosis. Tumour heteroge-

neity correlated significantly with grade (SD without filtra-

tion rs = 0.664, p \ 0.001, SD with coarse filtration (rs =

0.714, p \ 0.001). Tumour size and attenuation showed only

moderate correlations with tumour grade (rs = 0.426,

p = 0.004 and rs = 0.447, p = 0.002 respectively). Coarse

texture was the best discriminator between high and low

grade tumours (AUC 0.832, p \ 0.0001) and between grade

III and grade IV gliomas (AUC = 0.878 p = 0.0001).

Compared to the radiological diagnosis, CTTA further

characterised the indetermined cases. By quantifying tumour

heterogeneity, CTTA has the potential to provide a marker of

tumour grade for patients with cerebral glioma. By differ-

entiating between high and low grade tumours, CTTA could

possibly assist clinical management.
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Introduction

Gliomas are the most common type of primary brain tumour.

The World Health Organisation (WHO) classifies gliomas

into grades I–IV, where I and II are low grade and III and IV

are high grades [1]. Determining the correct grade of the

tumour is of great importance as this dictates the manage-

ment and prognosis for the patient. High grade gliomas

(HGGs) are managed with radical resection and with adju-

vant radiotherapy and/or chemotherapy, whereas low grade

gliomas (LGGs) are very slow growing and can undergo

curative resection and have considerably better prognosis

[2]. Along the same lines, differentiating between grade III

and IV tumours is of interest as their treatment and prognosis

differ; patients with grade IV tumours undergo a treatment

regime that includes radiotherapy and chemotherapy, while

patients with grade III tumours, there is still uncertainty as to

which chemotherapy regime is helpful, if any [3, 4]. The

current gold standard for grading gliomas is histopatholo-

gical assessment by stereotactic brain biopsy which is an

invasive procedure and has limiting factors, in particular

sampling error [2]. Particularly in gliomas, the potential to
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increase clinical utility of imaging as a non-invasive tech-

nique to accurately ascertain tumour grade is gaining a lot of

attention [5].

Tumour heterogeneity is a well recognised feature of

malignancy, especially within gliomas, where HGG gener-

ally appear visually more ‘heterogeneous’ than LGG [6]. A

method that quantifies tumour heterogeneity on routinely

available images could therefore offer a complementary tool

to existing radiological practice in differentiating HGGs

from LGGs. As computed tomography (CT) is commonly

the first imaging investigation for patients with glioma and is

frequently used to guide biopsy and assess treatment

response [7]. The aims of this preliminary study are therefore

to use CT texture analysis (CTTA) to quantify heterogeneity

in gliomas on contrast-enhanced (CE) CT and to assess the

relationship between tumour heterogeneity and grade.

Materials and methods

This single institution retrospective pilot study comprised

archived CE CT images of patients with cerebral glioma.

Ethical approval was waived by the local institutional

review board as archived anonymised data was used.

Patients

In the period between November 2007 and June 2010, 125

patients presented to our institution with cerebral gliomas.

81 patients were excluded due to previous tumour resec-

tion/debulking with no archived pre operative CE CT

images of the head. The remaining 44 patients included in

this study had gliomas confirmed by histology from brain

biopsy or tumour resection. All 44 patients had CE CT

head prior to tumour biopsy and/or resection and these

images were employed for further analysis.

CT image acquisition

Axial CT (Lightspeed scanner, GE-Healthcare Technology,

Waukesha, WI, USA) images of the head had been acquired

following administration of contrast material (NIOPAM 300,

300 mg iodine per ml, Bracco, Milan, Italy) with an image

duration of 1 s (120 KVp, 270 mAs, 5 mm slice thickness and

pixel spacing of 0.4492 mm 9 0.4492 mm). Routine CT

quality assurance and control procedures had been carried out

in accordance with manufacturer’s recommendations.

The CT image with the largest tumour cross-section was

selected for CTTA and the corresponding image in DICOM

(Digital Imaging and Communications in Medicine) format

was retrieved.

CT texture analysis (CTTA)

CTTA was conducted on the selected images using

TexRAD, an in-house proprietary computer software

algorithm, developed and validated by Ganeshan et al.

[8–13]. This technique initially selectively filters and

extracts textures at different anatomical, spatial scales, by

using Laplacian of Gaussian (LoG) spatial band-pass fil-

ters. LoG filter values of 1.0, 1.5, 1.8, 2.0 and 2.5 extracts

and enhances physical features (structures) of approxi-

mate size (width) of 4 pixels or 1.8 mm, 6 pixels or

2.7 mm, 8 pixels or 3.6 mm, 10 pixels or 4.5 mm and 12

pixels or 5.4 mm respectively. In this study we have

assigned fine features to a physical scale of 4 pixels or

1.8 mm, medium features range from 6 to 10 pixels or

2.7–4.5 mm and coarse features to physical a scale of 12

pixels or 5.4 mm (Fig. 1). Texture features finer than 4

pixels were not evaluated as these would mostly represent

image noise.

Texture analysis was supervised by a researcher with

6 years experience in texture analysis of radiographic

images. Tumour region of interests (ROI) were constructed

using only CT images for guidance by a blinded experi-

enced neuroradiologist who leads the local brain tumour

MDM, peripheral tumour oedema was not included only

the area within the contrast enhanced tumour. The operator

had access to all data and was not blinded, however all

other authors were. The ROI was further refined by the

exclusion of areas of fat with a thresholding procedure

where any pixels with attenuation values below -50

Hounsfield Units (HU) were ignored from the analysis. The

ROI size and mean tumour attenuation were recorded.

Heterogeneity within this ROI was quantified with and

without image filtration. The histograms of tumour pixel

values with and without image filtration were characterized

by standard deviation (degree of variation from the mean

pixel value, SD); generally a higher standard deviation

would indicate increased heterogeneity [14]. An example

histogram displaying the range and frequency of pixel

values within the coarse filtered (filter value 2.5) image

(Fig. 2).

The CTTA results were compared to the radiological

and histological diagnosis. For the radiological diagnosis

the neuroradiologist had access to the CT and MRI (where

available) scan. MRI images and reports were available to

the neuroradiologist on patients who came from peripheral

hospitals prior to reporting on the pre operative CT scan on

these patients. The reports were divided into LGGs, HGGs

and indeterminate/unspecified. LGGs and HGGs were

differentiated by their radiological characteristics, where

generally homogeneous non enhancing lesions are LGGs

and heterogeneous, peripherally and irregularly enhancing

and centrally necrotic are HGGs. The indeterminate and
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unspecified group were reports were where no grade was

given (e.g. Intrinsic tumour or tumour consistent with gli-

oma) or a different diagnosis all together was given (e.g.

Abscess or stroke).

Statistical analysis

Tumour texture measured as SD with and without filtration,

tumour size (total number of pixels) and attenuation (HU)

were correlated against tumour grade using the non-

parametric two-tailed Spearman’s Rank Correlation. For all

parameters that correlated significantly with tumour grade,

receiver-operating characteristics (ROC) analysis was used

to characterise the diagnostic performance for discrimination

of HGGs (grades III and IV) from LGGs (grades I and II) and,

within HGGs, grade IV from grade III. All statistical analyses

were performed using SPSS for Windows version 16.0 and

MedCalc for Windows, version 9.2.0.0 (MedCalc software,

Mariakerke, Belgium) with statistical significance set at 5 %.

Results

Based on the results of histological examination, 11 patients

had LGGs (grade I, n = 3 and grade II, n = 8) and 33 had

HGGs (grade III, n = 10 and grade IV, n = 23). These were

Fig. 1 a Conventional contrast CT image of the brain with a large glioma and corresponding images selectively displaying b fine, c medium and

d coarse texture respectively

Fig. 2 An example Histogram displaying the range and frequency of

pixel values within the coarse filtered (filter value 2.5) image
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all supratentorial gliomas and the mean age for LGGs were

48 and for HGGs were 54. Table 1 summarises the correla-

tions of tumour texture, size and attenuation with tumour

grade. Tumour texture measurements correlated signifi-

cantly with grade. Although a correlation between SD and

grade was observed without image filtration (rs = 0.664,

p \ 0.001), the strongest correlation was found for SD with

coarse filtration (filter value 2.5, rs = 0.714, p \ 0.001,

Fig. 3). This graph also shows higher intrinsic variation in

SD within grade 4 tumours. Tumour size and attenuation

showed only moderate correlations with tumour grade

(rs = 0.426, p = 0.004 and rs = 0.447, p = 0.002

respectively).

The results of ROC analysis are shown in Tables 2, 3.

For discrimination of HGGs from LGGs, the greatest area

under the curve (AUC) was observed for coarse texture

(0.832, p \ 0.0001). A coarse SD greater than 11.62 was

diagnostic of HGG with 70 % sensitivity and 91 % speci-

ficity. Coarse texture was also the best discriminator

between grade III and grade IV gliomas (AUC = 0.878

p = 0.0001). A coarse SD of greater than 12.28 had 91 %

sensitivity and 90 % specificity of for diagnosis of grade IV

tumour.

Radiological, CTTA and histological diagnosis is com-

pared in Table 4. Radiologically 16 of the 33 HGGs were

reported as high grade, 15 tumours were reported as LGGs, 7

of these were histologically high grade. 13 were

indeterminate or unspecified (6 with glioma as the main

diagnosis no grade given, 4 reported as intrinsic tumour, 1

astrocytoma,

1 abscess and 1 stroke) comprising 10 HGGs and 3 LGGs.

When the radiological diagnosis was HGG, there was no

additional value from adding CTTA. However when the

radiological diagnosis indicated LGGs or indeterminate/

unspecified, CTTA identified 8 additional HGGs.

Discussion

The results from this preliminary study demonstrate the

potential for CTTA to quantify tumour heterogeneity in

gliomas and show a correlation between tumour heteroge-

neity and tumour grade. The correlations between tumour

heterogeneity and grade were closer than those found

Table 1 Spearman Rank Correlation values for SD (with and without

filtration), tumour size (number of pixels) and attenuation (HU)

rs P Value

Tumour size (number of pixels) 0.426 0.004

Attenuation (HU) 0.447 0.002

SD without filtration 0.664 0.000

SD filter value 1.0 0.363 0.015

SD filter value 1.5 0.606 0.000

SD filter value 1.8 0.657 0.000

SD filter value 2.0 0.669 0.003

SD filter value 2.5 0.714 0.000

Fig. 3 Graph showing associations between SD and grade

Table 2 Differentiating between low and high grade glioma

AUC Sensitivity

(%)

Specificity

(%)

P value

SD without filtration 0.799 70 91 <0.0001

SD filter value 2.5 0.832 70 91 <0.0001

Tumour size (pixels) 0.713 70 73 0.0361

Attenuation

(Hounsfield Unit)

0.736 63 82 0.0107

Bold indicates statistical significant values

Table 3 Sub group analysis differentiating between high grade gli-

omas (G3 and G4)

AUC Sensitivity

(%)

Specificity

(%)

P value

SD without filtration 0.861 91 90 0.0002

SD filter value 2.5 0.878 91 90 0.0001

Tumour size (pixels) 0.663 74 60 0.1540

Attenuation

(Hounsfield Unit)

0.678 100 40 0.1244

Bold indicates statistical significant values

Table 4 Compare the results of CTTA, radiological and histological

findings in identifying HGG and LGG

Radiological diagnosis CTTA

diagnosis

Histological

diagnosis

HGG LGG

HGG 16 HGG 15 15 0

LGG 1 1 0

LGG 15 HGG 3 3 0

LGG 12 4 8

Indeterminate/

unspecified

13 HGG 6 5 1

LGG 7 5 2
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between tumour grade and simple measurements of tumour

size and attenuation. These findings add to the accumulating

body of evidence to show that increased tumour heteroge-

neity demonstrated by CTTA is associated with adverse

biological features and poor outcomes for a range of tumours

[8–11, 15].

The heterogeneity detectible by CTTA of gliomas is

most likely related to tumour necrosis and irregular tumour

vascular proliferation, processes which are intimately rela-

ted. A heterogeneous tumour vasculature leads to localised

regions of hypoxia which, if sufficiently severe or pro-

longed, results in tumour cell death. Necrosis is associated

with lower x-ray attenuation values on CT as compared to

viable tumour whereas areas of more intense vascularisa-

tion results in local increases in attenuation after contrast

enhancement due to increased vascular volume and per-

meability [16]. Although in some cases these image features

may be visible to the reporting radiologist, CTTA benefits

from enabling these appearances to be quantified. There is a

marginal benefit as indicated in Tables 1, 2, and 3. It indi-

cates that texture features on the conventional image (which

looks at all texture scales) is similar in diagnostic perfor-

mance to the texture features quantified independently at

fine, medium and coarse scales, with the best diagnostic

performance attained at coarse texture scale (which is better

than the conventional image). This does indicate there is

some subtle additional diagnostic information extracted by

coarse texture filtration which is lost while analysing the

conventional image. As these values are all obtained from

the same ROI and requires no more time, the marginal

benefit of CTTA should be used. Furthermore CTTA cor-

rectly identified several cases where the radiological diag-

nosis was unspecified and similarly identified LGGs better

where the radiological diagnosis over estimated. Hence

CTTA can be a useful tool to assist the radiologist in

classifying the unspecified or indeterminate cases and

LGGs.

Vascular proliferation and necrosis are believed to

significantly influence the biological behaviour of malig-

nant astrocytomas (HGGs) and signals the beginning of an

aggressive growth phase. Patients with tumours that lack

vascular proliferation and pseudopalisading necrosis on

histological examination typically survive twice as long as

the patients with these characteristics. The presence of

vascular proliferation and pseudopalisading necrosis in

malignant tumours heralds the onset of rapid tumour

growth or side-effect for chaotic and excessive signalling

events that initiates clinical progression and the develop-

ment of glioblastoma. [17] Our finding of a correlation

between CTTA measurements of tumour heterogeneity and

glioma grade is in keeping with the above histological

evidence indicating that irregular vascular proliferation and

necrosis are associated with more advanced disease.

Owing to the invasiveness and sampling error associated

with stereotactic brain biopsy, it has recently been sug-

gested that more emphasis should be placed to grade gli-

omas via non-invasive imaging techniques [5]. Quantifying

heterogeneity via CTTA (e.g. TexRAD, a clinically user-

friendly software) could play a central role in assisting

tumour grading and providing additional tumour risk-

stratification to further map the management of patients

with gliomas. Our preliminary assessment of the diagnostic

performance indicates that CTTA has a sensitivity of 70 %

and specificity of 91 % for differentiation of HGGs from

LGGs as well as a sensitivity of 91 % and specificity of

90 % for distinguishing grade IV from grade III gliomas.

This diagnostic performance is comparable to that previ-

ously reported for Magnetic resonance imaging (MRI)

[18–21]. It is also interesting to observe the higher intrinsic

variation in texture values amongst grade IV tumours

(Fig. 3), which may reflect a corresponding pathological

variability within this sub-group.

MRI is the imaging modality of choice in the manage-

ment of gliomas on account of its ability to clearly delineate

the lesion. Anatomical images supplemented by functional

information (cellularity and blood flow) from diffusion and

perfusion techniques have been shown to complement his-

topathological assessment [21, 22]. MR has also been used

to assess heterogeneity of gliomas [23–29]. The method we

have used for quantifying heterogeneity on CT differs from

those used previously for MR in that we have used image

filtration (LoG filter is similar to a non-orthogonal wave-

let—providing the flexibility to tune the filter value to

extract and separately evaluate fine, medium and coarse

texture features). The physical size depends on the filter

tuning ability (filter width) and the filter width is measured

as total number of pixels. As the pixel resolution on CT may

vary from one scanner to another, to make this CTTA more

generally applicable across multi-centres, the fine, medium

and coarse textures should reflects features of a physical

size independent of the pixel-size (for example directly in

‘mm’). Further development in the filter tuning ability to

extract and enhance features directly in ‘mm’ is therefore

required. This filtration proved to be useful in our study as

the best significant correlations with grade was obtained for

filtered texture parameters (in comparison to texture quan-

tification of conventional images without filtration).

Also the previous MR texture studies in gliomas have

employed second-order direction-oriented statistical parame-

ters (i.e. statistical methods based on joint probability

distributions of pairs of pixels such as grey-level run length

or co-occurrence matrices) and artificial neural network

(ANN) based classifiers. By using image filtration in our

texture analysis, we were able to use first order histogram

parameters such as standard-deviation (degree of variation

from the mean pixel value, SD). This parameter in addition
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of being easy to comprehend in clinical practice, has the

advantage of being directionally independent and less

computationally expensive. There is no prior reason to

indicate that changes in gliomas should be associated with

any particular direction and indeed are more likely to be

non-directional. Also the use of ANN based classifiers

combine parameters in a non-intuitive manner lacking

biological rationale (considered like a ‘black-box’) and

hence is difficult to employ in clinical practice. Therefore,

our employment of a directionally independent filter, first

order histogram statistical parameter and use of non-

parametric Spearman’s rank correlation can be considered

appropriate. Measurements of tumour heterogeneity with

texture analysis are sensitive to variations in voxel size and

accuracy of pixel values. Although easily controllable in

research protocols, for images acquired in routine clinical

practice these image characteristics are likely to be constant

for CT images but may differ significantly with the variable

image matrix size and gain often adopted in clinical MR

acquisitions. CT images also benefit from their low cost and

wide-availability.

From this pilot study, CTTA will not have the potential

to substitute MRI. However CTTA is a clinically user-

friendly method for a radiologist to retrieve additional

information from the initial CT image on patients with

glioma, which can assist in reporting a more accurate

diagnosis. And further CTTA can aid to assign tumour

grade combined with CT, MRI and biopsy.

Our study is limited by being a pilot evaluation of CTTA

in a single centre and requires replicating in a larger pro-

spective multi-centre study to confirm the above findings.

Direct comparison of CTTA and MR methods for assessing

glioma grade in the same cohort of patients are also

required. The measurements of tumour heterogeneity in our

study were performed by a single non blinded operator

which potentially could introduce bias. Further studies

should evaluate the inter-operator and intra-operator test–

retest variability in CTTA measurements, which is a limi-

tation in this study. As this is a retrospective pilot study,

CTTA was performed on a single CT slice displaying

largest cross-section of the tumour, not the point where the

biopsy/resection was done. Assessment of heterogeneity

across the whole tumour volume and/or at the specific slice

corresponding to the biopsy site could potentially correlate

even more closely with tumour grade. A volumetric CTTA

approach, although being computationally more expensive,

has been evaluated in non-cancer applications [30] and is

currently being evaluated in oncology [31]. An interesting

prospect that warrants assessment in future studies is the

ability of CTTA to identify transition from LGGs to HGGs.

This application would be of great clinical value because

management of these patients changes dramatically when

this transition occurs. Due to lack of availability of prior

imaging data from our local patient database, sequential

changes in tumour heterogeneity could not be assessed for

the patients included in our study.

Conclusion

By quantifying tumour heterogeneity, CTTA has the potential

to provide a marker of tumour grade for patients with cerebral

glioma. By differentiating between high and low grade

tumours, CTTA could possibly assist clinical management.
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