
Diagnostic Accuracy Study Medicine®

OPEN
Improved differentiation between high- and low-
grade gliomas by combining dual-energy CT
analysis and perfusion CT
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Abstract
The purpose of this study was to investigate the value of the cerebral blood volume (CBV) obtained with perfusion computed
tomography (CT) and the electron density (ED) measured by dual-energy CT for differentiating high- from low-grade glioma (HGG,
LGG).
The CBV and ED were obtained in 9 LGG and 7 HGG patients. The CBV and ED of LGGs and HGGs were compared. Receiver

operating characteristic (ROC) curves were generated for CBV, ED, and CBV plus ED. The correlation between CBV, ED, and the
MIB-1 labeling index of the tumors was examined. All of these analyses were also performed using relative CBV (rCBV) and ED (rED)
(the value of tumors/the value of contralateral white matter).
The mean CBV, ED, rCBV, and rED values were significantly higher in HGG than LGG (P< .05). By ROC analysis, the combination

of rCBV plus rED as well as CBV plus ED were more accurate than CBV, ED, rCBV, rED alone. There was a significant correlation
between ED and MIB-1 (P= .04).
ED improved diagnostic accuracy of perfusion CT for differentiating HGG from LGG.

Abbreviations: ADC= apparent diffusion coefficient, AUC= area under the curve, CBV= cerebral blood volume, CT= computed
tomography, CTDI = CT dose index, DECT = dual-energy CT, ED = electron density, FLAIR = fluid-attenuated inversion recovery,
HGG = high-grade glioma, LGG = low-grade glioma, MRI = magnetic resonance imaging, NPV = negative predictive value, PCT =
perfusion CT, PPV = positive predictive value, rCBV = relative CBV, rED = relative ED, ROC = receiver operating characteristic,
ROIs= regions of interests, T1WI = T1-weighed image, T2WI = T2-weighed image, WHO = World Health Organization.

Keywords: cerebral blood volume, dual-energy CT, electron density, glioma, perfusion CT
1. Introduction

The treatment and prognosis of cerebral gliomas depend on the
histological tumor grade. Quantification of tumor angiogenesis
and cell density is important for predicting the tumor grade.
However, computed tomography (CT) and magnetic resonance
imaging (MRI) findings obtained by conventional techniques
may not accurately predict the histological glioma grade.[1,2] The
diffusion-weighted imaging derived apparent diffusion coefficient
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(ADC) measures the average diffusion of water molecules within
each voxel. Although the ADC has been shown to decrease in the
presence of hypercellularity, some debate remains as to whether it
is predictive of the tumor grade.[3–7]

The cerebral blood volume (CBV), defined as the volume of
blood flowing in blood vessels per 100g of brain tissue at a
particular point in time, can be used to quantify microvascular
density.[8–11] Perfusion CT (PCT) is a reliable technique for
the quantification of CBV in a single acquisition with a single
bolus of contrast medium.[12] Perfusion studies have been
used to differentiate high- from low-grade gliomas (HGG and
LGG).[1,10,11,13–15] However, radiation exposure of the normal
brain and eyes limits its clinical use, especially in the young and in
patients with low-grade tumors.
Dual-energy CT (DECT) canmeasure the electron density (ED)

of substances[16–19]; the subject is scanned at 2 different energies
(tube voltages). The ED reflects the probability of an electron
being present at a specific location; it depends on the kind
of molecule and the molecular structure,[20] and it can be
determined with high accuracy using a 2-rotation kV-mA
switching DECT system.[19]

Although MRI is the gold standard in neuro-oncology, some
patients may not be able to receive MRI due to pacemakers or
claustrophobia. On the other hand, CT is more widely available
and the only technique in the ED or overnight in some hospitals.
To the best of our knowledge, ED in gliomas measured by DECT
has neither been reported, nor has the correlation between ED
and the histological glioma grade. The purpose of this study was
to compare the accuracy of CBV obtained from PCT scans and
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ED measured on DECT images for differentiating HGG from
LGG. We also assessed whether the CBV plus ED improve
diagnostic accuracy.
2. Materials and methods

2.1. Patients

This retrospective study was approved by our institutional review
board; patient informed consent was waived. Using entries in our
radiological database made between April 2014 and August
2016, we reviewed 84 patients with intracranial lesions who had
undergone PCT and DECT. In our institution, except for patients
under 20-year-old, routine imaging examination includes head
CT containing PCT and DECT as well as conventional MRI
when the brain tumors are detected and seemed to require biopsy
or surgery. Of the 84 patients, we enrolled 21 with a pathological
diagnosis of cerebral glioma; 5 patients were subsequently
excluded because they had received surgery, radiation therapy,
or chemotherapy. Consequently, 16 cerebral glioma patients
(9 men, 7 women; median age 60.5±16.3 (standard deviation
[SD]) years) who had not undergone any kind of treatment or
biopsy at the time of CT examination were enrolled.
2.2. CT acquisition
2.2.1. Dual-energy CT.Noncontrast CT scans of the head were
obtained on a 320-detector CT scanner (Aquilion ONE; Toshiba
Medical Systems Corp., Tokyo, Japan) in dual-energy mode with
a 2-rotation kV-mA switching system. DECT scans were
performed at tube voltages of 80kV (570mA) and 135kV
(100mA) using the volume scanning method. The time for
switching the tube voltage between 80 and 135kV was 0.4
seconds. The other scanning parameters were rotation time, 0.5
seconds and z-coverage 80 to 128mm including the entire tumor.
All images were reconstructed with filtered back projection; the
slice thickness and reconstruction interval were 0.5mm. The CT
dose index (CTDI) displayed on the CT scanner was recorded for
each patient.

2.2.2. Perfusion CT.DECTwas followed by PCT. Using a dual-
shot injector (Nemoto Kyorindo, Tokyo, Japan), we delivered 32
mL of nonionic contrast material (iopamidol, Oiparomin 370mg
I/mL; Fuji Pharmaceutical Co., Toyama, Japan) at a rate of 4mL/
s to all patients. This was followed by 25mL of a 0.9% saline
solution injected at the same flow rate as the contrast material.
PCT scanning began 5seconds after the start of contrast material
injection. The scan parameters were collimation, 320�0.5mm;
rotation time, 1.0seconds; tube voltage, 80kV; tube current, 100
mA. The scan range (z-coverage, 75–110mm) included the entire
target tumor. CT scans were performed every 2seconds for
35seconds, then every 5seconds for 20seconds; 20 series of
volume data were obtained. All images were reconstructed with
adaptive iterative dose reduction 3D at the standard setting; the
slice thickness and reconstruction interval were 0.5mm.
Reconstructed image data were transferred to a workstation
(AZE VirtualPlace Fujin Rajin 350 version 3.5008; AZE Ltd.,
Tokyo, Japan) for postprocessing. The displayed CTDI was
recorded for each patient.

2.3. MR acquisition

For all patients, conventional MRI including T1-weighed image
(T1WI), T2-weighed image (T2WI), fluid-attenuated inversion
recovery (FLAIR), diffusion-weighted image, and postcontrast
2

T1WI were obtained by using a 3T magnetic resonance (MR)
system (Signa HDxt, GEHealthcare, Milwaukee, WI) using an 8-
channel phased-array head coil (USA Instruments, Aurora, OH).
The following imaging parameters were used: T1WI: TR/TE 400/
17.0milliseconds; T2WI: TR/TE 4500/99.7milliseconds; FLAIR:
TR/TE/TI 10002/145.9/2400 milliseconds; postcontrast T1WI:
TR/TE 400/17.0 milliseconds. Postcontrast images were obtained
after intravenous administration of gadopentetate dimeglumine
(0.1mmol/kg, Magnevist; Bayer Vital GmbH, Leverkusen,
Germany) or gadobutrol (0.1mmol/kg, Gadovist; Bayer). Field
of view (FOV) of 220�220mm was applied to all images.
2.4. Histopathological evaluations

The median interval between the acquisition of CT studies and
stereotactic biopsy or surgery for evaluation of the tumor
histopathology was 6 days (range 2–109 days) in the 16 patients.
All histopathological specimens were examined by a neuropa-
thologist and were graded according to the 2007 World Health
Organization (WHO) guidelines[21]; characterization of HGG
and LGG were determined based on cellularity, pleomorphism,
nuclear atypia, mitotic activity, and vascular proliferation of the
tumor. According to their degree of malignancy, they were
classified as low-grade (I or II) or high-grade (III or IV) gliomas.
The MIB-1 labeling index, which is closely related to the
histological glioma grade,[22] was recorded in all patients. The
MIB-1 labeling index was measured in the microscopic area that
showed the greatest number of immunopositive nuclei.

2.5. Methods of evaluation

For dual-energy analysis, we used raw data-based analysis. ED
maps were automatically created on the CT console. Perfusion
CBV maps were generated on a different workstation with PCT
software; a 2-compartment model and a deconvolution method
were used. The superior sagittal sinus was applied as the venous
output function and the largest and most proximal artery
observed at the imaging level as the arterial input function.
One board-certified radiologist with 11 years of experience in

neuro-radiology who was blinded to clinical information and
pathology results, identified brain tumors by reference to the
findings on MRI and placed multiple regions of interests (ROIs)
in tumor areas with the highest CBV value and chose the
maximum value among the multiple ROIs (Fig. 1A); the highest
value was presumed to represent the most malignant part of
the tumor.[23] The ROIs were placed in the solid portion of the
tumors, avoiding necrotic areas and cystic degeneration. The
mean CBV value of contralateral white matter was adopted as a
reference of relative perfusion. ED map were reformatted to the
same slices with CBVmap, andROIs were placed at identical sites
on the ED map and on PCT scans (Fig. 1B). We also calculated
the relative CBV (rCBV) and ED (rED) (the value of tumors/the
value of contralateral white matter).

2.6. Statistical analysis

Two-sample t tests were used to compare CBV and ED between
LGGs and HGGs. The sensitivity, specificity, and the positive and
negative predictive value (PPV, NPV) of the CBV, ED, and CBV
plus ED for the diagnosis of LGG and HGG were calculated. The
diagnostic accuracy of these factors was assessed with receiver
operating characteristic (ROC) analysis and the area under the
curve (AUC) for each parameter was calculated. Optimal cut-off
values for classifying the tumors as low- or high-grade were



Figure 1. A 20-year-old man with pilocytic astrocytoma. Regions of interest
(ovals) were placed in areas of the tumor with the highest cerebral blood
volume. (A) Cerebral blood volume map: measured value 9.14mL/100g. (B)
Electron density map: measured value 3.44�1023/mL.

Table 1

Cerebral blood volume and electron density for gliomas.

Low-grade glioma High-grade glioma P value

No. of patients 9 7
CBV, mL/100 g 4.20±2.55 7.28±3.33 .02
ED, �1023/mL 3.41±0.03 3.45±0.02 .02
rCBV 2.16±1.13 4.25±1.38 <.01
rED, �10�1 9.94±0.08 10.02±0.05 .04

All variables except the number of patients are presented as the mean ± standard deviation.
CBV= cerebral blood volume, ED= electron density, rCBV= relative CBV, rED= relative ED.
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determined according to the Youden criterion; it marks the point
on an ROC curve where “sensitivity + specificity� 1” is maximal.
The correlation betweenMIB-1 and CBV and betweenMIB-1 and
ED was examined with the Pearson correlation coefficient. All of
these analyses were also performed using rCBF and rED. Values of
P< .05 were considered statistically significant.
3. Results

Of the 16 patients, 9 harbored LGGs (pilocytic [n=2] and diffuse
[n=4] astrocytomas; oligodendrogliomas [n=3]; 5 men, 4
3

women); all 7 HGGs were glioblastomas (4 men, 3 women).
The median CTDI for DECT was 33.1 mGy (range 30.1–36.2
mGy); for PCT, it was 103.3 mGy (range 94.9–106.1 mGy).
As shown in Table 1, the mean CBV and ED values were

significantly higher in HGGs than LGGs (both, P= .02), although
there was some overlapping (Fig. 2A and B). The mean rCBV and
rED values were also significantly higher in HGGs than LGGs
(rCBV, P< .01; rED, P= .04) (Fig. 2C and D). The parameter
consisting of the combination of CBV plus ED was significantly
different between LGG and HGG (P= .01). The parameter
consisting of the combination of rCBV plus rED was also
significantly different between LGG and HGG (P< .01). Table 2
shows cut-off values of these parameters: sensitivity, specificity,
PPV, and NPV.
Figure 3 shows ROC curves. CBV plus ED (AUC=0.90) had

higher accuracy for differentiating HGG from LGG than CBV
alone and ED alone (both, AUC=0.86) (Fig. 3A–C). ROC
analysis showed that rCBV plus rED (AUC=0.92) also had
higher accuracy than rCBV alone (AUC=0.89) and rED alone
(AUC=0.78) (Fig. 3D–F).
There was a statistically significant correlation between ED

and MIB-1 (r=0.51, P= .04) but not between CBV and MIB-1
(r=0.33, P= .22) (Fig. 4A and B). There was no significant
correlation between rED and MIB-1 (r=0.38, P= .15) nor
between rCBV and MIB-1 (r=0.34, P= .20) (Fig. 4C and D).

4. Discussion

We first document the usefulness of the ED obtained from DECT
scans for differentiating HGG from LGG. We also show that in
combination, the rCBV and rED values as well as CBV and ED
values yielded higher diagnostic accuracy than CBV, ED, rCBV,
rED alone and that ED correlated with the MIB-1 labeling index.
We calculated ratios as well as absolute values, which might help
in the generalization of results, and use of their data by other
groups with different equipment. There is a significant difference
in CBV, rCBV, ED, and rED between LGGs and HGGs. There is
also a significant correlation between ED and MIB-1, which
would support the value of ED.
Various MRI techniques including conventional MRI, MR

spectroscopy, and MR perfusion have been used for grading
glioma. Though conventional MRI provides important anatomi-
cal findings, it is insufficient in grading gliomas. Previous studies
reported that conventional MRI showed sensitivity in identifying
HGGs ranging from 55.1% to 85.7%[14,15,24–27] and rCBV
measurements improved grading gliomas.[14,24,28,29] MR spec-
troscopy may also provide important supplemental information
to that of conventional MR imaging, although it alone has not
been shown to be reliable in grading gliomas.[14,30–32] PCT has
advantages over MR perfusion because of easy accessibility and
postprocessing. MR perfusion techniques have some limitations

http://www.md-journal.com
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Figure 2. Scatter diagram shows cerebral blood volume (CBV) (A), electron density (ED) (B), relative CBV (rCBV) (C), and relative ED (rED) values (D) for low- and
high-grade gliomas (LGG, HGG). The mean CBV, ED, rCBV, and rED values were significantly higher for HGG than LGG (P< .05).
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including sensitivity to the magnetic field inhomogeneities due to
hemorrhagic products in gliomas and higher cost of imaging
hardware compared to CT. However, limitations of PCT
generally include the radiation dose involved with the procedure.
MR and CT should be treated complementarily for grading
gliomas.
The degree of microvascular proliferation is one of the most

important features in grading glioma; the other factors are
nuclear atypia, mitoses, and necrosis.[33] Thus, imaging techni-
ques that yield hemodynamic information about the tumors may
4

help in their characterization. In HGGs, rapid cell growth
demands activating metabolism and causes cellular hypoglyce-
mia and hypoxia, which lead to the production of angiogenic
cytokines. Consequently, neoangiogenesis occurs[35] and in-
creased capillary attenuation leads to higher blood volume and
blood flow in the tumor bed.[35,36] HGG is also characterized by
high density of tumor cells and high nucleocytoplasmic
ratio.[37,38] In molecules, areas of ED are tend to be found
around the atom and its bonds.[39] In conjugated systems such as
nucleic acid, ED may be higher than in single-bond systems



[40]

Table 2

The diagnostic accuracy of CBV, ED, rCBV, and rED for differentiating high-grade glioma from low-grade glioma.

Cut-off value Sensitivity Specificity PPV NPV

CBV, mL/100 g 5.26 100 67 70 100
ED, �1023/mL 3.44 85 78 75 88
rCBV 2.88 100 67 70 100
rED, �10�1 10.02 57 90 80 73
CBV plus ED 0.364 100 78 78 100
rCBV plus rED 0.778 100 78 78 100

All parameters except cut-off value are presented as percent.
CBV= cerebral blood volume, ED= electron density, NPV=negative predictive value, PPV=positive predictive value, rCBV= relative CBV, rED= relative ED.

Kaichi et al. Medicine (2018) 97:32 www.md-journal.com
because of the short bond distance. Therefore, the ED, which
can be analyzed without requiring contrast media or irradiation,
may reflect the cell density and the nucleocytoplasmic ratio and it
was as accurate as the CBV for differentiating HGG from LGG.
CBV and ED may be complementary parameter; however, they
may correlate to each other because both of them reflect tumor
growth.
Figure 3. Graphs show areas under ROC curves. The AUC values for the cerebra
and 0.90, respectively. The AUC values for the rCBV, rED, and rCBV plus rED were
operating characteristic.

5

On raw data-based DECT images, beam-hardening artifacts
are lower than on image-based DECT images[41,42]; this helps to
improve the accuracy of ED maps. Commercially available
DECT imaging systems feature 2-rotation kV-mA switching; 1
scan rotation is at high- and the other at low-tube voltage. This
ensures complete energy separation between the high- and low-
tube voltage scans and makes possible highly accurate dual-
l blood volume (CBV), electron density (ED), and CBV plus ED were 0.86, 0.86,
0.89, 0.78, and 0.92, respectively. AUC = area under the curve, ROC = receiver

http://www.md-journal.com
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Figure 4. Scatter diagram showing the correlation between the cerebral blood volume (CBV) and the MIB-1 labeling index (A), between electron density (ED) and
the MIB-1 labeling index (B), between relative CBV (rCBV) and MIB-1 labeling index (C), and between relative ED (rED) and MIB-1 labeling index (D). Correlation
analysis revealed a significant correlation between electron density and the MIB-1 labeling index (r=0.51, P= .04). There was no statistically significant correlation
between CBV and MIB-1 (r=0.40, P= .12), between rED and MIB-1 (r=0.38, P= .15), and between rCBV and MIB-1 (r=0.34, P= .20).
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energy analyses. Tatsugami et al reported that ED could
be determined with mean errors of 1.3% (SD 1.5%) using a 2-
rotation kV-mA switching DECT system and the raw data-based
method.
In this study, the estimated CTDI associated with the dual-

energy mode for estimating ED was 33.1 mGy, and thus much
lower than for PCT (103.3 mGy) and lower than the diagnostic
reference level for head CT recommended by J-RIME report (85
mGy)[45] or the International Commission on Radiological
Protection (60 mGy).[46] Therefore, ED measurements can be
obtained easily in young patients and patients with low-grade
tumors.
Importantly, we identified the value of the combination of

CBV, reflecting the vascular density, plus the ED, reflective of the
cell density and nucleocytoplasmic ratio, for differentiating HGG
from LGG. As the malignancy of gliomas depends on both
increased microvascular density and cell proliferation, knowl-
edge of the ED may help to overcome some of the diagnostic
limitations of conventional and perfusion imaging.
Given the positive correlation we identified between ED and

MIB-1, the former may serve as an indicator of cell proliferation.
It may be possible to determine the degree of malignancy without
the use of contrast media because the ED can be determined on
plain DECT scans.
This study has some limitations. First, we do not have genomic

data in our patient population, although WHO is moving away
from histological grading and toward genomic markers.
6

However, histological grading well corresponds genomic one
and our findings would apply to the 2016WHO classification.[47]

Second, the histologic specimens might not have corresponded
with the areas of our CBV and ED measurements. Third, the
presence of oligodendrogliomas and pilocytic astrocytomas
among the LGGs may have given rise to selection bias because
in these tumors, CBV is higher than in astrocytomas.[48,49]

Finally, the small number of glioma patients limits the statistical
inference and the conclusion that can be drawn from our results.
Although those are preliminary results, ED can be obtained with
no extra radiation dose and no contrast media, and a larger study
population is needed to confirm our preliminary findings. At last,
it is uncertain whether our combination method is applicable to
diagnosing other brain tumors.
In conclusion, the ED obtained by DECT with a raw data-

based method contributed to differentiating HGG from LGG.
Our findings also suggest that for a diagnosis, the combination
of rCBV plus rED as well as CBV plus ED was superior to the
use of CBV, ED, rCBV, rED alone. There was a significant
correlation between ED and MIB-1, which would support the
value of ED. ED measurements may be of additive diagnostic
value and may impact the initial management of patients with
gliomas.
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