Radiological Physics and Technology (2019) 12:149-155
https://doi.org/10.1007/512194-019-00501-1

=

Check for
updates

Voxel-based morphometry analysis of double inversion-recovery
magnetic resonance imaging for detecting microscopic lesions:
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Abstract

Double inversion-recovery (DIR) imaging has the potential to improve the detection of subcortical lesions through the use of
voxel-based morphometry (VBM) analysis. The aim of this study was to clarify the characteristics of detectable lesions by
performing a VBM analysis on DIR images of simulated lesions. Twenty healthy volunteers underwent magnetic resonance
imaging using a head three-dimensional DIR sequence. The images were processed using SPM12; then, the selected images
with simulated lesions were analyzed via VBM. The VBM results were evaluated using free-response receiver-operating
characteristic curves and a receiver-operating characteristic analysis. The sensitivity was 100% (5/5), with 5.6 false-positive
objects per case, in simulated lesions with a contrast of 0.6 and a size of 2.4 mm. The sensitivity was 80% (4/5), with 5.4
false-positive objects per case, in simulated lesions with a contrast of 0.5 and a size of 2.4 mm. The mean area under the
curve value was increased from 0.783 to 0.883 using VBM, with a statistically significant difference (p <0.01). The VBM
analysis of the DIR images using SPM alone showed the potential to detect subcortical microscopic lesions. Early detection
of Alzheimer’s disease may be possible by adapting VBM in the clinical setting.
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1 Introduction microinfarcts cannot be detected by conventional magnetic

resonance imaging (MRI) because of their small sizes.

Detection of cortical microinfarction is useful in the
early detection of Alzheimer’s disease, as several neuro-
pathological studies have shown an association between
Alzheimer’s disease and microinfarction [1]. However,
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However, since the introduction of ultrahigh field strength
(7.0 T) magnetic resonance (MR) scanners, which offer
higher spatial resolution, in vivo detection of microin-
farcts may be possible [1]. Moreover, microinfarcts can
be detected with regular clinical MR scanners (3.0 T) that
use a double inversion-recovery (DIR) sequence [2]. It is
possible to suppress two different tissue types using two
inversion pulses within a DIR sequence. White matter-
attenuated inversion-recovery (WAIR) images, in which
white matter (WM) and cerebrospinal fluid (CSF) are sup-
pressed and gray matter (GM) is emphasized, are useful in
the visualization of GM. Thus, these imaging modalities
are important for the diagnosis and management of many
neurological diseases, including schizophrenia, multiple
sclerosis, stroke, Alzheimer’s disease, tuberous sclerosis,
and epilepsy, all of which are associated with changes in
cortical GM [3]. However, cortical microinfarcts appear-
ing as small and pale high-signal lesions on GM are dif-
ficult to detect, because GM exhibits a thin, complicated,
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convoluted structure, whereas DIR images exhibit a low
spatial resolution.

Voxel-based morphometry (VBM) is widely used for
the analysis of brain MR images. Notably, VBM is an auto-
matic quantitative volumetric technique that analyzes the
entire brain through voxel-by-voxel analysis; this method
is objective and sensitive, has good reproducibility, and is
suitable for the detection of subtle brain structural changes
that precede more obvious brain volume loss on conven-
tional MRI [4]. In the usual VBM, voxel-based analysis
is used to detect brain atrophy by registering each brain
morphology to the standard brain space (spatial normali-
zation). This makes quantitative evaluation of the brain
volume changes possible; a voxel with an abnormal signal
intensity for the control group could not be recognized in
the original images by processing spatial normalization.
VBM is useful for a wide range of applications, includ-
ing the identification of cortical atrophy sites in degenera-
tive diseases and the detection of lesion sites in cases of
multiple sclerosis or stroke [4-9]. The brain volumes in
the lesion and atrophic sites are changed. Identification
of atrophy is synonymous with detection of the lesions in
that the voxel presenting an abnormal signal intensity is
detected. In addition, VBM is useful for analysis of a sin-
gle subject. In the Voxel-Based Specific Regional Analysis
System for Alzheimer’s Disease, single-subject data are
compared with those of the control group by applying the
VBM technique [5, 10]. Therefore, applying VBM to DIR
images is expected to improve the sensitivity of the detec-
tion of subcortical lesions. However, no reports have indi-
cated the application of VBM to DIR images, nor has an
appropriate analysis method been established. Therefore,
the aim of our study was to clarify the characteristics of
detectable lesions by performing a VBM analysis for DIR
images generated through the use of simulated lesions.

2 Materials and methods
2.1 Acquisition of MRI scans

Twenty healthy volunteers (6 women and 14 men; mean
age 23.5+5.0 years; age range 21-39 years) underwent
MRI (Ingenia 1.5 T, Philips, Amsterdam, The Nether-
lands) with a head three-dimensional (3-D) DIR sequence
(repetition time = 8000 ms, echo time =73 ms, inversion
time (TI)-first=2630 ms, TI-second =372 ms, field of
view =240 X 240 mm, matrix =240 X 240, slice thick-
ness =2 mm, and slice interval =1 mm). This study was
approved by our institutional review board, and volunteers
provided written informed consent prior to participation.

2.2 VBM system

All analyses were performed using Statistical Parametric
Mapping 12 (SPM12; Wellcome Department of Imaging
Neuroscience, London, UK), which operates on MATLAB
R2016b (Mathworks, Natick, MA, USA). Two VBM sys-
tems were compared to develop a system suitable for the
detection of high-signal-intensity cortical lesions on DIR
images.

The first VBM system consisted of the following four pre-
processes: segmentation, spatial normalization, smoothing,
and statistical analysis. All processes were conducted with
the standard SPM 12 settings. In the segmentation procedure,
brain structure images were classified into GM, WM, and
CSF images. In this study, we targeted cortical lesions; thus,
subsequent processing was performed only on GM images.
In the normalization procedure, the GM images of each
subject were registered to a standard Montreal Neurologi-
cal Institute (MNI) space to correct differences in the shape
of each subject’s brain. For the normalization procedure, we
used the DARTEL technique, which provides a more accu-
rate transformation within the MNI space than a conven-
tional normalization algorithm [11]. In the smoothing proce-
dure, a Gaussian kernel filter was used to smooth normalized
images, thereby absorbing individual differences that could
not be eliminated by spatial normalization. The kernel size
of the Gaussian filter was set to 8 mm in full-width at half-
maximum (FWHM). In the statistical analysis, a two-sample
t test was applied to compare the images of healthy subjects
to images containing a simulated lesion. The region with
increased brain volume was analyzed, because the simulated
lesions have high-signal intensity.

The preprocess of the second VBM system consisted only
of spatial normalization to prevent mis-segmentation of the
lesion sites. The normalization procedure was performed
without the use of DARTEL, because the segmentation pro-
cedure was omitted. In addition, the smoothing procedure
was omitted to improve sensitivity. Statistical analysis was
performed in the same manner as in the first VBM system.

2.3 Simulated lesions

A probability density function consisting of the p-dimen-
sional normal distribution given by Eq. (1) was used to cre-
ate simulated lesions:
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where u is the expected value of probability variable x and
o is the standard deviation of variable x. In this study, simu-
lated lesions were created by adding a probability density
function consisting of a 3D normal distribution. Simulated
lesions were added to the same position on the GM based on
anatomical structure to eliminate the influence of position
difference. The central coordinate of the simulated lesion
was changed by adjusting the expected value u. The size of
the simulated lesions was changed by adjusting the standard
deviation o of the normal distribution. The diagonal and off-
diagonal elements of the covariance matrix were set to zero
to create spherical simulated lesions. The diameter of the
simulated lesions is calculated using Eq. (2):

FWHM = 20+4/2log.2 (mm). )
Each voxel value of the simulated lesion V, (x;, x,, x3) was
calculated with Eq. (3):

V(15 %9, %3) = @ (fnan [f (X1, X3, X3)), 3)
where a is the arbitrary weighting factor and f,,, is the max-
imum value of function x. The voxel value of the simulated
lesion was changed by adjusting the weighting factor a, and
the maximum value of V, (x;, x,, x3) was used as the signal
intensity of the simulated lesion. The contrast representing
differences between the signal intensity of the simulated
lesion (SIg; ) and the signal intensity of GM (SIgy) was cal-
culated with Eq. (4):

Contrast = [SIg; — SIgy|/|SIsy + Slgm|- )

For comparison of the sensitivity of detection between the
two VBM systems, we created a large simulated lesion with
high-signal intensity. The standard deviation of the normal
distribution was set to 10, and the weighting factor a was set
to 100. Thus, the size of the simulated lesions was 24 mm in
FWHM, and the contrast with GM was 0.5. An image adding
simulated lesions was selected randomly from 20 healthy
subjects. The remaining 19 images were used as the control
group. An image containing simulated lesions was analyzed
using both VBM systems. This procedure was repeated five
times by changing the image by adding the simulated lesion.

In addition, we investigated smaller simulated lesions
using a VBM system that showed high sensitivity. The
standard deviation was set to 1 or 2 (with a size of 2.4 or
4.7 mm in FWHM), and the weighting factor was set to 150,
100, and 70 (with a contrast of 0.6, 0.5, or 0.4 with GM).
Similarly, images containing simulated lesions were ana-
lyzed with VBM.

2.4 Evaluation

To compare the two VBM systems, the sensitivity of the
detection of the large stimulated lesions was visually evalu-
ated using output images from each VBM analysis. The

additional investigation was physically and visually evalu-
ated. The physical evaluation was conducted to clarify the
condition of detectable lesions using VBM. The p values
ranged from 0.001 to 0.05 (8 points); the sensitivity and
number of false positives were determined for each condition
on the basis of the analysis results and then evaluated using
free-response receiver-operating characteristic (FROC)
curves. We defined the detection of simulated lesions when
lesions were observed as a region with high-signal intensity
on the #-value map. False-positive objects were counted only
within the brain. The visual evaluation was conducted to
compare the performance between original DIR images and
the VBM results. The observers’ performance in the detec-
tion of simulated lesions without and with the VBM results
was evaluated using receiver-operating characteristic (ROC)
analysis. Three radiological technologists participated in
the observer performance test. The data set consisted of 20
normal DIR images, 20 DIR images containing a simulated
lesion, and the VBM results of the same slice section cor-
responding to original DIR images. DIR images were con-
verted from DICOM format to 8-bit images. The window
width and level were fixed to appropriate values. The view-
ing time was not limited in this study. Before the test, each
observer underwent sufficient training to understand the test
procedure and characteristics of the DIR images and VBM.
The procedure of the observer test consisted of the following
four processes: (1) the original DIR image was displayed
on a medical imaging monitor; (2) each observer rated the
confidence level in the presence or absence of a simulated
lesion using a continuous rating scale; (3) the VBM result
was displayed next to the original DIR image; and (4) the
observer viewed both the original DIR image and the VBM
result, and rated them again. The ROC curves from the con-
tinuous rating data were obtained using a computer program
(ROCKIT 0.9B; C. E. Metz, University of Chicago, Chi-
cago, IL, USA). The statistical significance of the difference
in areas under the curve (AUC) obtained with and without
VBM was tested using a paired Student 7 test.

3 Results

Figure 1 shows DIR images with added simulated lesions
(size, 24 mm; contrast, 0.5), alongside preprocessed images.
Simulated lesions were observed on preprocessed images
as regions with high-signal intensity when using the sec-
ond VBM system. However, lesions were not observed on
preprocessed images when using the first VBM system.
Figure 2 shows the results of the VBM analysis. The brain
region with the added simulated lesion was observed as a
region with high-signal intensity on the ¢ value map in the
second VBM system; however, the lesion was not observed
on the 7 value map in the first VBM system. The sensitivity
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Fig. 1 a A representative double
inversion-recovery (DIR) image
with an added simulated lesion.
The size of the simulated lesion
was set to 24 mm in full-width
at half-maximum (FWHM), and
the contrast with gray matter
(GM) was set to 0.5. b A rep-
resentative preprocessed image
generated using the first voxel-
based morphometry (VBM)
system. ¢ A representative
preprocessed image generated
using the second VBM system.
The simulated lesion was only
observed in ¢

(A)

Fig.2 a A representative result of the voxel-based morphometry
(VBM) analysis, generated using the first VBM analysis method,
whereas b is a representative result of the VBM analysis, generated
using the second VBM analysis method. The brain region with the

for the detection of lesions was 20% (1/5) with the first VBM
system and 100% (5/5) with the second VBM system.

We conducted additional investigations with the second
VBM system, as it demonstrated high sensitivity. Figure 3
shows the results of the DIR images that had been modified
with smaller simulated lesions. Figure 4 shows the VBM
results; the brain region containing the simulated lesions
corresponded to a high-signal-intensity region on the ¢ value
map. Figure 5 shows the FROC curves generated with the
results of the VBM analysis of five cases. The sensitivity
was 100% (5/5), with 5.6 false-positive objects per case,
in the simulated lesions with a contrast of 0.6 and a size
of 2.4 mm; 80% (4/5), with 5.4 false-positive objects per
case, in simulated lesions with a contrast of 0.5 and a size
of 2.4 mm; and 80% (4/5), with 7.6 false-positive objects

(B)

added simulated lesions corresponded to a high-signal-intensity
region of the ¢ value map only in b, whereas the false-positive objects
can be observed in a

per case, in simulated lesions with a contrast of 0.4 and a
size of 4.7 mm. Figure 6 shows the mean ROC curves for
the three observers in the detection of high-signal-intensity
simulated lesions from the DIR images with and without the
VBM result. The mean AUC value was increased from 0.783
to 0.883 when the observers viewed both the original DIR
images and the VBM result, and the difference was statisti-
cally significant (p <0.01).

4 Discussion
In a comparison of the sensitivity of detection for simu-

lated lesions, the second VBM system (without DARTEL)
exhibited higher sensitivity than the first VBM system
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Fig.3 Double inversion-recov-
ery (DIR) images with added
simulated lesions. The lesion
in a was 2.4 mm in size, with
a contrast of 0.6. The lesion in
b was 2.4 mm in size, with a
contrast of 0.5. The lesion in

¢ was 4.7 mm in size, with a
contrast of 0.6

Contrast: 0.6
FWHM:2.4 mm

(A)

Contrast:0.5
FWHM:2.4 mm

Contrast: 0.4
FWHM:4.7 mm

Fig.4 Results of the voxel-based morphometry (VBM) analysis with the second analysis method. The brain regions with added simulated
lesions each corresponded to a region with high-signal intensity on the ¢ value maps in a, b, and ¢
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Fig.5 Free-response receiver-operating characteristic (FROC) curves
created by assessing the results of the voxel-based morphometry
(VBM) analysis in five cases. The sensitivity was 100% (5/5), with
5.6 false-positive objects per case, in simulated lesions with a con-
trast of 0.6 and a size of 2.4 mm; 80% (4/5), with 5.4 false-positive
objects per case, in simulated lesions with a contrast of 0.5 and a size
of 2.4 mm; and 80% (4/5), with 7.6 false-positive objects per case, in
simulated lesions with a contrast of 0.4 and a size of 4.7 mm

(with DARTEL). Thus, we conducted a VBM analysis of
the DIR images with the second VBM system. The mini-
mum detectable lesion size was 2.4 mm when the contrast
was 0.6 or 0.5. As the contrast of the simulated lesion
decreased, the minimum detectable lesion size increased;
when the contrast of the lesion was 0.4, the minimum
detectable lesion size was 4.7 mm. The result of the ROC
analysis showed that the detectability of simulated lesions
was significantly improved using VBM. Therefore, our
proposed method is useful for improving the detectability
of cortical microscopic lesions on DIR images.

Many studies have utilized VBM with DARTEL, con-
firming the usefulness of DARTEL [4, 5, 11]. In general,
the analysis accuracy of VBM with DARTEL is improved
when T1-weighted images are used. However, when
DARTEL was applied in the DIR images in this study, the
sensitivity for lesion detection was reduced, which may
be a result of the errors in the segmentation procedure.
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Fig.6 Mean receiver-operating characteristic (ROC) curves for the
three observers in the detection of high-signal-intensity simulated
lesions from the double inversion-recovery (DIR) images without and
with the result of voxel-based morphometry (VBM). The mean area
under the curve (AUC) was increased from 0.783 to 0.883 when the
observers viewed both the original DIR images and the VBM result,
with a statistically significant difference (p <0.01)

Figure 7 shows the results of the segmentation procedure
of DIR images with an added simulated lesion using the
first VBM system. The brain regions with additional simu-
lated lesions were observed as a region with low signal
intensity in two cases. In the other three cases, the regions
were segmented as a normal GM. On the basis of this
result, we analyzed the region with decreased brain vol-
ume. However, the sensitivity for the detection of lesions
was 0% (0/5). As the brain region with the additional sim-
ulated lesions could not be classified correctly, the trace
of the lesion was not reflected in the preprocessed images.
Therefore, the lesions could not be detected in the first
VBM system, which used DARTEL. Although DARTEL
is a useful technique to improve the accuracy of a special
normalization procedure, it must be combined with the
segmentation procedure in SPM12. DARTEL cannot be
used while omitting the segmentation procedure. There-
fore, the use of the segmentation procedure is not rec-
ommended to detect lesions of DIR images by VBM. By
contrast, simulated lesions were detected with the second
VBM system, which consisted of only SPM12 spatial nor-
malization, without DARTEL. The VBM system that we
describe here may improve the diagnostic sensitivity for
many neurological diseases that are represented by DIR
images.

DIR images are useful to detect cortical microinfarcts
found in the early stages of Alzheimer’s disease [2];

(A) (B)

Fig.7 Upper five images indicate the original double inversion-
recovery (DIR) images with a simulated lesion. The lower five
images show the results of the segmentation procedure of the upper
figures using the first voxel-based morphometry (VBM) system. The

(C)

(D)

brain regions with a simulated lesion (arrows) were observed as a
region with low signal intensity in two cases (a, d). In the other three
cases, the regions were segmented as a normal gray matter (b, c, €)

(E)



Voxel-based morphometry analysis of double inversion-recovery magnetic resonance imaging... 155

importantly, the sizes of these cortical microinfarcts are
range from 0.05 to 5 mm [12]. The use of VBM can quanti-
tatively evaluate lesions by statistical analysis. To evaluate
the minimum size of lesions detectable by VBM, we uti-
lized a size of 2.4 mm for high-contrast lesions and 4.7 mm
for low-contrast lesions. Our results suggest that the VBM
system can detect relatively large cortical microinfarcts. In
addition, the results of the observer performance test showed
that the use of VBM could significantly improve the confi-
dence levels in identifying the existence of simulated corti-
cal lesions. This result indicates that the radiologist’s per-
formance in the detection of microscopic cortical lesions
was improved and the misinterpretation of these lesions was
reduced. Thus, we believe that our proposed method could
contribute to improve the accuracy for the detection of corti-
cal microinfarcts. Moreover, DIR images are also useful for
the representation of WM lesions such as multiple sclero-
sis [13]. As our proposed method can provide quantitative
evaluation of WM and GM, the diagnostic accuracy for WM
and GM lesions is expected. Thus, VBM may be useful for
the detection of WM diseases.

Our study has several limitations. First, this was a simu-
lation study using images from healthy subjects that were
modified by the addition of simulated lesions. Second, the
sizes and contrasts of the lesions were examined, but not
their positions. In addition, the sensitivities for the detec-
tion of real lesions were not evaluated. Therefore, we plan
to evaluate clinical images present in the current clinical
findings. Moreover, a brain template for DIR images is not
available in the current version of the SPM software. In the
future, the accuracy of VBM for analysis of DIR images may
be improved if a brain template for DIR images is created.

5 Conclusion

We compared the abilities of two VBM systems to detect
subcortical lesions present on DIR images. The sensitiv-
ity of detection of the VBM system that consisted only of
spatial normalization was markedly higher than that of the
VBM system that utilized DARTEL. Thus, the sensitivity
for detection of microscopic lesions such as cortical micro-
infarcts can be improved using this VBM system. Further-
more, early detection of Alzheimer’s disease may be pos-
sible by adapting VBM in the clinical setting.
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