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Abstract. - OBJECTIVE: This study deter-
mined the diagnostic value of diffusion tensor
imaging (DTI) sequences using fractional anisot-
ropy (FA) and mean diffusivity (MD) for discrim-
inating glioblastoma (GBM) from solitary brain
metastases (SBM) using 3 Tesla magnetic reso-
nance imaging (MRI).

PATIENTS AND METHODS: A retrospective
study was conducted, including 40 patients who
underwent biopsy or surgery and received a
histological diagnosis of GBM or SBM between
August 2020 and December 2021. All preoper-
ative examinations were performed on 3 Tesla
MRI using conventional and DTl sequences.
Three regions of interest (ROIs) were placed to
measure a solid tumor component, peritumoral
edema, and the opposite normal white matter
to evaluate FA and MD values. Parametric and
nonparametric statistical tests were used to
determine differences between GBM and SBM.
The diagnostic value of significantly different
parameters between the two tumor entities was
analyzed using the receiver operating character-
istic (ROC) curve.

RESULTS: The FA value for peritumoral ede-
ma (eFA) in GBM cases was significantly larger
than that in SBM cases (p < 0.05), with no sig-
nificant difference in MD values. The FA and MD
values for the solid tumor component (sFA and
sMD, respectively) and the ratio of the sFA value
to the FA value of the opposite normal white mat-
ter (rFAs/n) in GBM cases were significantly larg-
er than those in SBM cases (p < 0.05). Combining
the sFA and sMD values provided the highest
area under the ROC curve (AUC) value of 0.96,
with a sensitivity, specificity, positive predictive
value, and negative predictive value of 85.2%,
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100%, 85.2%, and 87.1%, respectively, for distin-
guishing GBM from SBM.

CONCLUSIONS: MRI parameters, including
sFA, sMD, eFA, and rFAs/n, are useful for differ-
entiating between GBM and SBM. The combina-
tion of sFA and sMD may increase the diagnostic
performance of MRI for these two tumor entities.

Key Words:
Diffusion tensor imaging, Glioblastoma, Solitary brain
metastases, Magnetic resonance imaging, 3 Tesla.

Introduction

Glioblastomas (GBM) and brain metastases
are the most common brain tumors identified in
adults, with GBM accounting for 54% of gliomas
and 16% of intracranial tumors and metastases
accounting for approximately 20% of intracranial
tumors'. Among brain metastases, 25%-30% are
solitary masses>. GBM and solitary brain metas-
tases (SBM) differ greatly in terms of tumor na-
ture, clinical stage, treatment plan, and prognosis,
and the correct differential diagnosis between
these two tumor entities is crucial for develop-
ing an appropriate treatment strategy®. However,
both tumor types typically present with nonspe-
cific clinical manifestations, including focal neu-
rological signs and intracranial hypertension. In
addition, these two tumor types also share similar
imaging characteristics on conventional magnetic
resonance imaging (MRI), such as central necro-
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sis, irregular border enhancement, and extensive
peritumoral edema’, resulting in misdiagnosis in
up to 40% of cases’.

Diffusion tensor imaging (DTI) is a non-inva-
sive technique for investigating anisotropic dif-
fusion and the diffusion intensity of water mol-
ecules in axons. Quantitative metrics, including
fractional anisotropy (FA) and mean diffusivity
(MD), are influenced by microstructural changes
in damaged brain tissue. Differences in the his-
topathological characteristics of the solid tumor
components and peritumoral regions of GBM
and SBM have been associated with differences
in FA and MD values. Some studies® show that
FA reflects the directional organization of micro-
structural components and glial cells that produce
extracellular matrix, resulting in high anisotropy
and increased FA values. The peritumoral region
of GBM is characterized by both vasogenic ede-
ma and infiltration, whereas SBM is characterized
by only vasogenic edema. In addition, SBM typ-
ically features reduced cell and blood vessel den-
sity compared with the normal brain parenchyma,
allowing for an increase in the extracellular fluid
volume, which can result in increased MD and
decreased FA values’. DTI can also identify mor-
phological changes in white matter tracts, which
represents important information when planning
the surgical approach for the resection of intrapa-
renchymal tumors.

Although previous studies*®!" have examined
the use of DT using 1.5 Tesla MRI for the differ-
ential diagnosis of GBM from SBM, the results
were controversial. Some studies suggest that the
signal-to-noise ratio of 3 Tesla MRI is twice that
of 1.5 Tesla MRI, resulting in smaller variance
and higher accuracy when calculating FA and MD
values!'?. Therefore, this study determined the dif-
ferences in FA and MD values between GBM and
SBM on 3 Tesla MRI.

Patients and Methods

Study Population

This retrospective study included 40 patients
(27 men and 13 women) with histopathological
confirmed GBM or SBM (based on surgery or
biopsy samples) who were treated at Viet Duc
Hospital, Hanoi, Vietnam, from August 2020 to
December 2021. All patients are preoperatively
examined using 3 Tesla MRI with conventional
and DTI sequences. The patients were divided
into two groups based on the pathological results:
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GBM (27 patients) and SBM (13 patients). Ethi-
cal clearance was obtained from the institutional
ethics committee (Ref: 2682/QD-DHYHN dated
13 July 2021), and the informed consent of pa-
tients was waived. The study was in accordance
with the ethical standards of the responsible com-
mittee on human experimentation and with the
Helsinki Declaration of 1975, as revised in 2013.

MRI Technique

All preoperative examinations were conducted
on a 3 Tesla MRI (GE SIGNA Pioneer, GE Health-
care, Chicago, IL, USA) using a head coil with
conventional sequences, including axial or sagit-
tal T1-weighted image (T1W, repeat time [TR]/
echo time [TE]: 2,325/25 ms), fluid-attenuated
inversion recovery (FLAIR, TR/TE: 8,500/117
ms), axial T2 gradient echo (T2 GE), axial dif-
fusion-weighted imaging (DWI, TR/TE: 5,202/78
ms, 116 x 116 matrix, 5 mm slice thickness) with
apparent diffusion coefficient map reconstruction.
Contrast agents were administered using a 0.1
mmol/kg dose, intravenously injected using an
18-20G needle, followed by 3-plane T1 imaging
reconstruction.

The DTI sequence was performed using a sin-
gle-shot echo-planar imaging sequence on the
axial plane with the following parameters: 4 mm
slice thickness; 0.4 mm slice space; number of ex-
citations (NEX), 1; TR/TE, 7,000/84 ms; matrix
128 x 128; field of view (FOV) 260 x 260; 27
diffusion directions; and b-values of 0 and 1,000
s/mm?. The acquisition time was 3 minutes.

Image Analysis

All images were transferred to Workstation 4.7
to generate FA and MD maps. On the FA map,
using a b-values of 1000 s/mm?, one of our radiol-
ogists with over 10 years of neurological expe-
rience who was blinded to the histopathological
results created three regions of interest (ROlIs, 15-
30 mm?) based on T1W pre- and post-contrast, T2
GE, and FLAIR images. The 3 ROIs were posi-
tioned on the solid tumor component, peritumor-
al edema, and opposite normal white matter. The
first ROI was placed in a solid tumor region that
appeared hypointense on T1W and hyperintense
on T2-weighted imaging (T2W), with the stron-
gest enhancement on T1W post-contrast images.
Areas containing bleeding (which appear hy-
perintense on T1W and hypointense on T2 GE),
calcifications (which appear hypointense on all
sequences), cysts (which appear hypointense on
T1W, hyperintense on FLAIR, with no contrast
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Figure 1. A 71-year-old man with a right frontal GBM. Pre-contrast T1-weighted T1W (A), post-contrast TIW (B), and axial
fluid-attenuated inversion recovery (C) images show a heterogeneous tumor with central necrosis, ring enhancement, and peri-
tumoral infiltration. Three regions of interest were placed in a solid tumor component, the peritumoral region, and the opposite
normal white matter and measured using the FA (D) and MD maps (E).

enhancement), or blood vessels were avoided
when selecting the ROIL. The second ROI was
placed in the peritumoral edema (or adjacent to
the tumor, in cases with no clear edematous area),
which appears as hyperintense on FLAIR and hy-
pointense on T1W with no enhancement on TIW
post-contrast images. The third ROI was placed
in the opposite normal white matter region on the
same slice containing the lesion. All ROIs were
placed on the FA map, which was synchronized
with the MD map. The ratios of FA and MD val-
ues among the solid tumor region, the peritumor-
al edema region, and the opposite normal white
matter region were calculated to obtain relative
FA (rFA) and MD (rMD) values (Figures 1 and 2).

Statistical Analysis

Data were analyzed using SPSS 20.0 soft-
ware (IBM Corp., Armonk, NY, USA). Qualita-
tive parameters are presented as the number (n)
and percentage (%), and quantitative parameters
are presented as the mean =+ standard deviation.
The normal distribution of the variables was test-

ed using the Shapiro-Wilk test, histograms, and
boxplots. The Mann-Whitney U test and Student’s
t-test were used to compare differences between
GBM and SBM for non-normally distributed and
normally distributed variables, respectively. Sig-
nificance was accepted at p < 0.05. Finally, com-
binations of significantly different variables were
tested to determine the ability to combine param-
eters to increase diagnostic value.

The receiver operating characteristic (ROC)
curve was analyzed for significantly different pa-
rameters and combinations of parameters to iden-
tify diagnostic cutoff points for distinguishing
GBM from SBM.

Results

A total of 40 patients, including 27 diag-
nosed with GBM and 13 diagnosed with SBM
(11 with lung metastases and 2 with unknown
origins), were enrolled in this study. The study
population included 27 men and 13 women,

Figure 2. A 50-year-old woman with right frontal solitary brain metastases originating from lung cancer. Pre-contrast
T1-weighted TIW (A), post-contrast TIW (B), and fluid-attenuated inversion recovery (C) images show a tumor with strong and
heterogeneous enhancement and moderate peritumoral edema. Three regions of interest were placed in a solid component of the
tumor, the peritumoral edema region, and the opposite normal white matter and measured using the FA (D) and MD (E) maps.
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Table I. Patient characteristics.

Tumor
Characteristics p-value
GBM (n = 27) SBM (n = 13)
Age 58 (19-81) 59 (50-71) 0.732
Sex Male 20 (74.1%) 7 (53.8%)
Female 7 (25.9%) 6 (46.2%) 0.284
Total 27 (67.5%) 13 (32.5%)

GBM, glioblastoma; SBM, solitary brain metastases. p-value for age determined by Mann-Whitney U test; p-value for sex

determined by Fisher’s exact test

aged 19 to 81 years, with a mean age of 59.50
+ 10.76 years.

Table I shows that no significant differences
were found in age or sex distributions between
GBM and SBM cases (p > 0.05).

Table II shows the absolute and relative FA
and MD values in the solid tumor component, the
peritumoral edema region, and the ratios of the
values in these regions to the values measured in
the normal white matter for both GBM and SBM.
Table III shows the cutoff value, area under the
curve (AUC), sensitivity (Se), specificity (Sp),
positive predictive value (PPV), and negative pre-
dictive value (NPV) of the significantly different
parameters between GBM and SBM.

No significant differences were observed be-
tween GBM and SBM for the MD of the peri-
tumoral edema region (eMD), the ratio between
the MD values of the solid tumor and the normal
white matter (rMDs/n), the ratio between the FA
values of the peritumoral edema region and the
normal white matter (rFAe/n), or the ratio be-

tween the MD values of the peritumoral edema
region and the normal white matter (rMDe/n).

A significant difference was found in the FA
value of the solid tumor (sFA, p <0.001) between
GBM (0.162 + 0.065) and SBM (0.069 + 0.031).
The AUC for sFA was 0.93 (Figure 3). A cutoff
value of 0.108 was established as the threshold for
differentiating between GBM and SBM, with Se,
Sp, PPV, and NPV of 81.5%, 92.3%, 91.4%, and
83.3%, respectively.

A significant difference was found in the MD
value of the solid tumor (sMD; p = 0.043) be-
tween GBM (1.114 + 0.312) and SBM (0.910 +
0.221). The AUC for sMD was 0.70 (Figure 3).
A cutoff value of 0.990 was established for dif-
ferentiating between GBM and SBM, with Se,
Sp, PPV, and NPV of 70.4%, 61.5%, 64.6%, and
67.5%, respectively.

A significant difference was found for the
mean FA value for the peritumoral edema region
(eFA) between GBM (0.256 + 0.112) and SBM
(0.166 + 0.061). The AUC for eFA was 0.75 (Fig-

Table Il. The FA and MD values measured in solid tumor components, peritumoral edema regions, and opposite normal white

matter in GBM and SBM.
Parameters GBM SBM p-value
sFA 0.162 +0.065 0.069 +0.031 <0.001*
sMD 1.114£0.312 0.910+0.221 0.043*
eFA 0.256 £0.112 0.166 +0.061 0.012*
eMD 1.373 £ 0.294 1.518 £ 0.259 0.137
rFAs/n 0.314+0.184 0.135+0.061 <0.001*
rMDs/n 1.462 +0.439 1.233 +£0.330 0.104
rFAe/n 0.479 +£0.219 0.328 +£0.138 0.052
rMDe/n 1.795 + 0.403 2.044 +£0.389 0.072

FA, fractional anisotropy; MD, mean diffusivity; GBM, glioblastoma; SBM, solitary brain metastases; sFA, solid tumor compo-
nent FA value; sMD, solid tumor component MD value; eFA, peritumoral edema FA value; eMD, peritumoral edema MD value;
rFAs/n, ratio of solid tumor FA value to normal white matter FA value; rMDs/n, ratio of solid tumor MD value to normal white
matter MD value; rFAe/n, ratio of edema FA value to normal white matter FA value; rMDe/n, ratio of edema MD value to normal
white matter MD value. MD is presented in 107> mm?sec. “significant difference (p < 0.05).
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Table Ill. The diagnostic performance of significantly different parameters between GBM and SBM.

Cutoff AUC Se S PPV NPV
Parameters (%) ‘O/F:, (%) (%)
sFA 0.108 0.93 81.5 92.3 91.4 83.3
sMD 0.990 0.70 70.4 61.5 64.6 67.5
eFA 0.210 0.75 66.7 69.2 68.4 67.5
rFAs/n 0.182 0.90 85.2 84.6 84.7 85.1
sFA + sMD 0.96 85.2 100 85.2 87.1
sFA + sMD + eFA + rFAs/n 0.96 77.8 100 77.8 81.8

AUC, area under the receiver operator characteristic curve; Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV,
negative predictive value; FA, fractional anisotropy; MD, mean diffusivity; sFA, solid tumor component FA value; sMD, solid
tumor component MD value; eFA, peritumoral edema FA value; rFAs/n, ratio of solid tumor to normal white matter FA values.

ure 3). A cutoff value of 0.210 was established as
the threshold for differentiating between GBM
and SBM, with Se, Sp, PPV, and NPV of 66.7%,
69.2%, 68.4%, and 67.5%, respectively.

The mean ratio between FA values of the sol-
id tumor and the normal white matter (rFAs/n)
in GBM was 0.314 + 0.184, whereas the mean
rFAs/n in SBM was 0.135 + 0.061, which was
a significant difference (p < 0.001). The AUC
of rFAs/n was 0.90 (Figure 3). A cutoff value of
0.182 was established as the threshold for dif-
ferentiating between GBM and SBM, with Se,
Sp, PPV, and NPV of 85.2%, 84.6%, 84.7%, and
85.1%, respectively.

The combination of all four significantly dif-
ferent metrics (sFA, sMD, eFA, and rFAs/n) re-
sulted in an AUC of 0.96 (Figure 3). The Se, Sp,
PPV, and NPV of this combinatio n were 77.8%,
100%, 77.8%, and 81.8%, respectively.

When the two metrics, SFA and sMD, were
combined, the AUC was 0.96 (Figure 4). The
Se, Sp, PPV, and NPV of this combination were
85.2%, 100%, 85.2%, and 87.1%, respectively.

Discussion

DTI evolved from DWI, which obtains the
direction and magnitude of water movements to
estimate the structural integrity of white matter
fibers in the central nervous system. FA is a mea-
surement of the anisotropic tendency of water to
diffuse and ranges from 0 (isotropy) to 1 (anisot-
ropy in normal neurons), whereas MD is the mean
diffusion coefficient in all directions'*. Damage to
axonal membranes may affect both FA and MD
values. Several studies®'° have shown significant
decreases in FA values and increases in MD val-
ues in solid tumor regions compared with those in
normal white matter.

sFA may be higher in GBM than in SBM be-
cause FA is directly proportional to tumor cellu-
larity and vascularity, and GBM cells produce
specific extracellular matrix components, leading
to high anisotropy and increasing the FA value®.
Wang et al'* reported that the solid tumor regions
of GBM displayed significantly increased FA
compared with those in SBM (p < 0.001), with an
AUC of 0.784. In a separate study, Wang et al"
also measured FA values in 4 tumoral regions: a
center region, an enhancing region, an immedi-
ately peritumoral region, and a distant peritumor-
al region, which showed that FA values in GBM
measured in areas of tumor enhancement were
approximately 34% higher than those for similar
regions of SBM, with an AUC of 0.9. In a third
study, Wang et al'® defined an FA cutoff value of
0.13 for the tumor enhancement region, which re-
sulted in an AUC of 0.84, with Se, Sp, PPV, and
NPV of 80%, 76%, 80%, and 73%, respectively,
for distinguishing between GBM and SBM. Our
study showed that the sFA had the highest AUC
of 0.93 using a cutoff value of 0.108, which re-
sulted in Se, Sp, PPV, and NPV of 81.5%, 92.3%,
91.4%, and 83.3%, respectively, for distinguish-
ing between GBM and SBM.

The MD value characterizes the diffusion of
water molecules in the tissue, often associated
with changes in cell density. Our study showed
that the sMD of GBM was significantly higher
than that of SBM, with mean values of 1.114 +
0.312 and 0.910 + 0.221, respectively. A cutoff
value of 0.990 for this parameter allowed for the
differentiation between GBM and SBM with a Se
0f 70.4% and a Sp of 61.5%. This result was sim-
ilar to the study reported by Byrnes et al’, who
found sMD values for GBM and SBM of 1.220 +
0.284 and 0.980 + 0.188, respectively. Byrnes et
al’ stated that the presence of degenerative micro-
cysts in GBM, featuring varying degrees of ne-
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Figure 3. Receiver operating characteristic curve using FA value of the solid tumor (sFA), MD value of the solid tumor (sMD),
FA value of the peritumoral edema (eFA), the ratio of FA values between the solid tumor and the normal white matter (rFAs/n),
and the combination of these parameters for differentiating between glioblastoma (GBM) and solitary brain metastases (SBM).

crosis or hemorrhage, could be responsible for the
difference between these two tumors. By contrast,
some studies did report significant differences in
MD values between tumor types*®!16-18,

Tumors can be found in various locations of
the brain parenchyma, including the gray matter,
subcortical white matter, and deep white matter,
leading to changes in FA and MD values. There-
fore, we calculated the relative ratios of FA and
MD measured in the tumor and peritumoral re-
gions compared with the opposite normal white
matter to reduce inaccuracies. Our results showed
that rFAs/n of GBM was significantly higher than
that of SBM, with an AUC of 0.9, and a cutoff
value of 0.182 resulted in a Se of 85.2% and a
Sp of 84.6% for distinguishing between these
two tumor types. GBM showed a significant-
ly increased sMD value compared with that of
SBM (p = 0.043), but no significant difference in
rMDs/n was observed between the two tumors (p
=0.104). Tan et al'®also demonstrated a change in
the diagnostic accuracy for the peritumoral edema
MD value alone and when reported relative to the
normal white matter, with p-values of 0.057 and
0.042, respectively.
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Some studies have focused on the peritumor-
al edema region to differentiate between GBM
and SBM, as this area is thought to be associated
with tumor cell infiltration in GBM, whereas the
peritumoral region of SBM is thought to consist
of pure edema, with no tumor cell infiltration'’.
However, controversial results have been reported
for both eFA and eMD values, likely due to differ-
ences in how the peritumoral edema region is de-
fined, which affects the placement of ROIs across
studies’. Tumor cell infiltration in GBM can cause
the destruction of nerve fiber tracts, leading to in-
creased anisotropy and resulting in higher eFA in
GBM than in SBM. The studies by Byrnes et al’
and Wang et al'® showed eFA values in GBM were
significantly higher than those in SBM (p <0.005).
We also found a significantly higher mean eFA in
GBM than in SBM, and a cutoff value 0f 0.210 al-
lowed for the distinction between GBM and SBM
with a Se of 66.7% and a Sp of 69.2%. However,
some studies reported no significant difference in
eFA between the two tumor groups!®!#!7:13, E]-Se-
rougy et al* reported that the eFA of high-grade
glioma was significantly lower than that of SBM
(p = 0.008). Byrnes et al’ and Lu et al'® showed
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that SBM had significantly higher eMD than
GBM. According to Lu et al'®, increased eMD in
SBM can be explained by increased extracellular
water due to vasogenic edema in the peritumoral
area, whereas in GBM, tumor infiltration disrupts
the extracellular matrix structure, leading to in-
creased water diffusion'**. By contrast, eMD was
significantly higher in GBM than in SBM, with an
AUC 0f 0.89, a Se of 77%, and a Sp of 95% in the
study reported by Skogen et al®. Our study results
were similar to those reported by Skogen et al®,
with a higher eMD in GBM than in SBM, but this
difference was not significant in our study.

The combination of different parameters to
improve the ability to differentiate between GBM
and SBM has been investigated in several previ-
ous studies, which generally showed that combi-
nations could improve diagnostic values®!®>, Wang
et al’® demonstrated that the combination of MD
and FA improved diagnostic accuracy compared
with the MD value alone (the AUC increased
from 0.57 to 0.96). The authors also found that
the combination of MD, FA, and the planar an-
isotropy coefficient in the tumor enhancing region
was the best predictor for differentiating between
GBM and SBM, with an AUC of 0.98, a Se of

92%, and a Sp of 100%. Our study showed that the
combination of sFA and sMD provided an AUC
of 0.96, with Se, Sp, PPV, and NPV of 85.2%,
100%, 85.2%, and 87.1%, respectively. However,
the further combination of all 4 significantly dif-
ferent parameters, including sFA, sMD, eFA, and
rFAs/n, did not improve diagnostic accuracy.

In addition to the retrospective design of this
study, other potential limitations of our study in-
clude the small number of patients, inconsisten-
cies in ROI size and the location of ROI place-
ment, and the separation of FA values in the
normal white matter between cases. Studies with
larger sample sizes should be conducted in the
future. The combination of MRI with other ad-
vanced techniques, such as magnetic resonance
spectroscopy and perfusion, should also be in-
vestigated for the potential to increase diagnostic
performance.

Conclusions
This study suggested that DTI represents a

non-invasive technique that is able to provide
useful information for differentiating between
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Figure 4. Receiver operating characteristic curve using FA value of the solid tumor (sFA), MD value of the solid tumor (sMD),
and a combination of these parameters for differentiating glioblastoma (GBM) and solitary brain metastases (SBM).
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GBM and SBM. This result was achieved using
FA and MD values in the solid tumor component
and assessing the infiltration of the tumor into the
peritumoral white matter, causing edema. Fur-
thermore, the combination of sFA and sMD fur-
ther enhanced the discrimination ability between
GBM and SBM, with increased Se and Sp com-
pared with either single parameter analysis.
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