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Abstract
Purpose X-map is a non-contrast dual-energy CT (DECT) application to identify acute ischemic stroke (AIS). Our aim 
was to verify region-specific characteristics of early ischemic changes (EIC) on X-map compared with simulated 120-kVp 
mixed-CT image and DWI.
Methods Fifty AIS patients who underwent DECT and DWI were enrolled (mean age, 76 years; 34 men, 16 women). All 
datasets including mixed-CT image, X-map, and DWI were transformed into a standard brain atlas with 11 × 2 ROIs based on 
the ASPECTS + W system. ROIs with EIC on DWI, mixed-CT image, and X-map were defined as DWI-positive, mixed-CT-
positive, and X-map-positive, and those with normal finding were DWI-negative, mixed-CT-negative, and X-map-negative 
respectively, in visual assessment by two neuroradiologists in consensus.
Results EIC on X-maps were visually relevant to those on the other images: of 221 ROIs with mixed-CT-positive and X-map-
positive, 198 (89.6%) were DWI-positive. X-map revealed moderate diagnostic accuracy for AIS compared with DWI in 
ROC curve analysis (AUC = 0.732). X-map identified EIC in deep white matter more sensitively than mixed-CT image: of 
15 ROIs with mixed-CT-negative and X-map-positive in W segments, 14 (93.3%) were DWI-positive. X-map often showed 
EIC in cortical regions that were not detected on the other images: of 67 ROIs with mixed-CT-negative and X-map-positive 
in I and M1-M6 segments, 47 (70.1%) were DWI-negative.
Conclusions X-map is useful to detect EIC, especially in deep white matter, and may also provide additional information in 
acute ischemic lesions where DWI cannot be detected.

Keywords Brain · Non-contrast CT · Dual-energy CT · Acute ischemic stroke · Diffusion-weighted MR imaging

Introduction

The results of recent randomized controlled trials in acute 
ischemic stroke (AIS) with large vessel occlusion (LVO) 
have indicated that early interventions by intravenous injec-
tion of recombinant tissue-type plasminogen activator 

(IV rt-PA) and endovascular thrombectomy (EVT) can be 
expected to improve clinical outcome [1–5]. Prior to such 
reperfusion therapies, it is crucial to evaluate the extent of 
ischemic core and LVO using CT and/or MR imaging [1–5]. 
Many facilities apply non-contrast CT (NCCT) to determine 
whether an AIS patient is indicated for IV rt-PA because of 
its wide availability and speed. In addition, ischemic core 
estimation with diffusion-weighted MR imaging (DWI) has 
been clinically established as one of the standard methods 
to determine indications of EVT [4–6].

As CT technology has developed, dual-energy CT 
(DECT) has become widespread in recent years. Because 
mass attenuation coefficients differ depending on the type 
of material and on photon energy, DECT using two dif-
ferent X-ray energies enables the material decomposition 
of individual voxels [7]. Furthermore, an X-ray spectrum 
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modulation technology that employs a selective photon 
shield (Tin Filter technology, Siemens Healthineers, Forch-
heim, Germany) can improve X-ray spectral separation, ena-
bling accurate discrimination among materials [8].

Noguchi et al. were the first to introduce the X-map tech-
nique, which uses a diagnostic task-specific three-material 
decomposition algorithm (3MD) to identify acute cerebral 
ischemic lesions on non-contrast DECT [9]. In the X-map 
algorithm, a virtual gray matter image is created by subtract-
ing the lipid component mainly contained in the white mat-
ter, which is suitable for water content assessment [9–11]. 
Thus, the early ischemic findings of increased water content 
and progression of edema can be visually assessed as low 
attenuation on the X-map [9–11]. Since then, the X-map 
has improved by applying dedicated beam hardening correc-
tion and optimized parameter [11], and its ability to detect 
ischemic edema was supported by a recent computer simu-
lation study [11]. Meanwhile, qualitative, quantitative, and 
region-specific investigation including white matter using 
the X-map has not been achieved in clinical cases, with ref-
erence to DWI as the gold standard method for ischemic 
core estimation. We hypothesized that the X-map might have 
additional diagnostic potential to weighted-average simu-
lated 120-kVp mixed-CT image and DWI in the detection 
of early ischemic lesions. The purpose of this study was to 
verify the regional characteristics of early ischemic changes 
(EIC) on X-map compared with weighted-average simulated 
120-kVp mixed-CT image and DWI.

Materials and methods

Patients

The study protocol was approved by the ethics commit-
tee in our institution, and informed consent was waived 
because of its retrospective design. This study enrolled all 
AIS patients with unilateral middle cerebral artery (MCA) 
or internal carotid artery (ICA) occlusions who had under-
gone brain DECT just before or immediately after MR 
imaging within 24 h of symptom onset or last-known-well 
at our institution between March 1, 2019, and December 
31, 2020. Seventy patients were enrolled, of whom 20 
were excluded for the following reasons: massive hemor-
rhagic transformation (n = 5) and coexistent large chronic 
cerebral infarctions (n = 2), considering the possibility of 
misalignment with the standard brain in anatomical stand-
ardization; motion artifacts, n = 3; faster DECT acquisition 
protocol for stroke (gantry rotation, 0.5 s) than the rou-
tine one, n = 2; X-map processing error, n = 2; insufficient 
range for analysis of X-map due to head tilt, n = 2; loss of 
DWI b = 0 raw data, n = 3; and loss of DECT raw data, 
n = 1. A final total of 50 patients (34 males and 16 females; 

mean age ± standard deviation [SD], 76 ± 12 years) were 
included in the study (Fig. 1 and Table 1). The median 
time intervals between symptom onset or last-know-well 
and brain DECT was 137 min.

CT systems and protocols

Brain NCCT was performed using a dual-source CT sys-
tem (SOMATOM Drive; Siemens Healthineers). The two 
X-ray tubes were operated at kilovoltage settings of 80 
and 140 kVp using a dedicated tin filter (Sn140 kVp), 
and the following DECT parameters: collimation width, 
40 × 0.6 mm; gantry rotation, 1.0 s; pitch, 0.7; automatic 
attenuation-based tube current modulation (CARE Dose 
4D; Siemens Healthineers); slice thickness for reconstruc-
tion, 1.0 mm. The average volume CT dose index was 
75.2 ± 5.2 mGy (range, 62.7–86.1 mGy), and the mean 
dose–length product was 1304.6 ± 180.4 mGy⋅cm (range, 
951.7–1715.8 mGy⋅cm).

The 80 kVp and Sn140 kVp mixed-CT image was 
obtained with a weighting factor of 0.4 to simulate an 
equivalent polychromatic 120-kVp image, using a dedi-
cated head kernel (Hf39) and an advanced modeled 
iterative reconstruction (ADMIRE, strength 4; Siemens 
Healthineers). The DE dataset was transferred to a syngo.
via workstation (Siemens Healthineers) and stored in an 
image folder for the X-map processing. The stored data-
set was loaded offline into a X-map package in MATLAB 
software (MathWorks Inc., Natick, MA, USA) to create 
the image. The current version of X-map applied a dedi-
cated beam hardening correction inside the algorithm for 
SOMATOM Drive (Siemens Healthineers), and optimized 
the attenuation values of gray and white matters and the 
slope of their connecting line to a pair of 80 kVp/Sn140 
kVp tube voltages using a dedicated parameter.

Fig. 1  Flowchart for patient selection
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MR imaging systems and protocols

All enrolled patients underwent brain MR imaging using 
a MAGNETOM Skyra 3 T (47 patients), Verio 3 T (one 
patient), or Aera 1.5 T MR system (two patients) (Siemens 
Healthineers). In our institution, DWI is used as the gold 
standard for determining indications of EVT in patients 
with AIS. The DWI scan protocols were as follows: Skyra: 
TR/TE, 5000/57 ms; field-of-view, 230 mm; bandwidth, 
1628 Hz/pixel; slice thickness, 5 mm; acquisition time, 
48 s; Verio: TR/TE, 6000/57 ms; field-of-view, 230 mm; 
bandwidth, 1628 Hz/pixel; slice thickness, 5 mm; acquisi-
tion time, 1 min 12 s; and Aera: TR/TE, 5500/67 ms; field-
of-view, 230 mm; bandwidth, 1502 Hz/pixel; slice thickness, 
5 mm; acquisition time, 57 s.

Anatomical standardization and regions of interest 
analysis

All datasets including mixed-CT image, X-map, and DWI 
b = 1000 were transformed into a standard brain atlas using 
SPM12 (Wellcome Department of Cognitive Neurology, 
London, UK) [12]. Regions of interest (ROIs) were placed 
at the level of the basal ganglia (1 mm thickness × 7 slices) 
and corona radiata (1 mm thickness × 7 slices) on the stand-
ardized mixed-CT images according to the Alberta Stroke 
Program Early Computed Tomography Score including 
deep white matter (ASPECTS + W) system [13] (Fig. 2). 
To exclude pixels containing bone and cerebrospinal fluid 
from each ROI in the mixed-CT images, pixels with CT 
attenuation < 20 or > 80 HU were not included. The same 
ROI templates set on the mixed-CT images were used on 
the X-maps and DWIs.

Qualitative evaluation

In DWI based on the ASPECTS + W system, each ROI 
was classified as either DWI-positive or DWI-negative by 
the consensus of two experienced neuroradiologists (YS 
and TK, with 18 and 30 years of experience, respectively). 
DWI-positive was defined as high intensity indicating an 
area of acute infarction, and DWI-negative was defined as 
isointensity indicating a non-infarcted area.

In the mixed-CT images, each ROI was classified as 
either mixed-CT-positive or mixed-CT-negative. Mixed-
CT-positive was defined as showing EIC including blur-
ring of gray–white matter discrimination, loss of the 
insular ribbon, and obscuration of the lentiform nucleus 
[14, 15]; mixed-CT-negative was defined as showing no 
evidence of EIC. The hot iron color scale was used for the 
visual assessment of the X-map (Fig. 2b, upper row). Since 
the contour of each ROI was difficult to identify in the hot 
iron color, the X-map using gray scale with ROIs were also 
prepared (Fig. 2b, lower row). Thus, the ischemic lesions 
on the X-map were evaluated by using hot iron color map, 
and those locations were referred to the ROIs on the gray 
scale map. The X-map findings corresponding to each ROI 
were classified into two groups: X-map-positive, show-
ing low-attenuation in the X-map using hot iron color 
scale; and X-map-negative, showing iso-attenuation in the 
X-map using hot iron color scale, relative to the contralat-
eral side and area surrounding the ROI. All interpretations 
of the mixed-CT images and X-maps were performed by 
two experienced neuroradiologists (YS and TK, as above) 
independently at first, followed by the consensus approach. 
The readers were told the affected side but were blinded to 
the severity of stroke.

Table 1  Patients’ demographics 
and clinical characteristics

Percentages are given in parentheses. aIV rt-PA was suspended in three patients because of a large ischemic 
core on simultaneous MRI. Another three patients started receiving IV rt-PA in other hospitals and they 
were transferred to our institution by the drip-and-ship method. Then, non-contrast DECT and MR imaging 
of the brain were performed to determine therapeutic indication of EVT in our institution

Characteristic Baseline 
characteristic 
(n = 50)

Age (mean ± SD) 76 ± 12
Gender
 Male 34 (68)
 Female 16 (32)

Laterality of large vessel occlusion
 Right 26 (52)
 Left 24 (48)

Number of patients who underwent IV rt-PA only 7a (14)
Number of patients who underwent EVT only 8 (16)
Number of patients who underwent both IV rt-PA and EVT 19a (38)



168 Japanese Journal of Radiology (2024) 42:165–173

1 3

Quantitative evaluation

The difference in mean X-map values (HU) between 
affected and unaffected hemisphere was termed delta 
X-map values (ΔX-map). Mann–Whitney U test was 
performed to evaluate differences in ΔX-map between 
DWI-positive and DWI-negative. Area under the 

receiver-operating characteristic (ROC) curve (AUC) was 
used to evaluate the diagnostic accuracy of X-map for 
AIS based on the DWI findings. The AUC values were 
considered as follows: < 0.70, low diagnostic accuracy; 
0.70–0.90, moderate diagnostic accuracy; and ≥ 0.90, 
high diagnostic accuracy. All statistical analyses were 

Fig. 2  An 83-year-old male with acute right MCA occlusion. Simu-
lated 120-kVp mixed-CT image (a), X-map (b), DWI (c), images 
with ROIs based on the ASPECTS + W system (a–c), MRA (d), and 
DSA (e, antero-posterior view) of right internal carotid artery before 
endovascular thrombectomy are shown. The mixed-CT image shows 
early ischemic changes (EIC) in the right insular cortex (I) (a, arrow-
head), lentiform nucleus (L) (a, arrow), and deep white matter (W) (a, 
arrow). The X-map demonstrates hypoattenuation in the right cortical 

MCA regions of M5 and M6 (b, arrowheads) as well as I (b, arrow-
head), L (b, arrow), and W segments (b, arrow). The DWI reveals 
high intensity in the right L and W segments (c, arrows). Both MRA 
and DSA show the right proximal MCA occlusion (d and e, arrows) 
with leptomeningeal collaterals, which indicates hypoperfusion in the 
right MCA territory. In this patient, the M5 and M6 segments are the 
ischemic area where only X-map shows hypoattenuation
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performed using SPSS version 28.0 (SPSS Inc., Chi-
cago, IL, USA). Statistical significance was established 
at P < 0.05.

Results

Among the 550 ROIs in the affected sides, 290 were DWI-
positive and 260 were DWI-negative; in addition, 229 
and 321 were mixed-CT-positive and mixed-CT-negative, 
respectively; and 312 and 238 were X-map-positive and 
X-map-negative, respectively (Table 2).

Qualitative evaluation

The EIC on X-map were consistent with those of mixed-CT 
images and DWIs in many cases: of 221 ROIs that were 

X-map-positive and mixed-CT-positive, 198 (89.6%) were 
also DWI-positive; and of 230 ROIs that were X-map-neg-
ative and mixed-CT-negative, 180 (78.3%) were also DWI-
negative (Table 2).

The discrepancy between X-map and mixed-CT image, 
especially the combination of X-map-positive and mixed-
CT-negative findings, were often seen in deep white mat-
ter (W segment) and cortical branch regions (I and M1-M6 
segments) (Fig. 3).

The early ischemic findings in deep white matter can be 
evaluated appropriately on the X-map in comparison with 
the mixed-CT image: of 15 ROIs with X-map-positive and 
mixed-CT-negative in W segments, 14 (93.3%) showed 
DWI-positive (Figs. 3 and 4); and there was no ROI that 
was mixed-CT-positive and X-map-negative in W segments.

The combination of X-map-positive, mixed-CT-neg-
ative, and DWI-negative findings was frequently seen in 

Table 2  Qualitative analysis 
among mixed-CT images, 
X-maps, and DWIs

Percentages are given in parentheses

Mixed-CT/X-map match Mixed-CT/X-map mismatch

mixed-CT-positive 
and X-map-positive

mixed-CT-negative 
and X-map-negative

mixed-CT-positive 
and X-map-negative

mixed-CT-negative 
and X-map-positive

DWI-positive 198 (89.6) 50 (21.7) 2 (25.0) 40 (44.0)
DWI-negative 23 (10.4) 180 (78.3) 6 (75.0) 51 (56.0)
Total 221 230 8 91

Fig. 3  Stacked bar chart of 
the combination of mixed-CT-
negative and X-map-positive 
findings in each ASPECTS + W 
segment. Among the mixed-
CT/X-map mismatched ROIs, 
mixed-CT-negative, X-map-
positive, and DWI-positive find-
ings were common combination 
in W segment (14/40 ROIs, 
35.0%), whereas mixed-CT-
negative, X-map-positive, and 
DWI-negative findings were 
common combination in the 
insular cortex (I, 8/51 ROIs; 
15.7%) and in all cortical MCA 
regions (M1–6, 39/51 ROIs; 
76.5%)
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the cortical branch regions: of 11 ROIs that were X-map-
positive and mixed-CT-negative in I segments, 8 (72.7%) 
showed DWI-negative; and of 56 ROIs with X-map-positive 
and mixed-CT-negative in M1-M6 segments, 39 (69.6%) 
showed DWI-negative (Figs. 2, 3 and 4).

Quantitative evaluation

The median ΔX-map for DWI-positive was significantly 
lower than that for DWI-negative in the area that com-
bined all ASPECTS + W segments (P < 0.05) (Table 3). 

The median ΔX-maps for DWI-positive showed significant 
lower values than those for DWI-negative in C, I, L, M1, 
M2, M4, and M5 segments (P < 0.05 for each), whereas 
median ΔX-maps for DWI-positive were not statistically 
different from those for DWI-negative in IC (P = 0.143), M3 
(P = 0.609), M6 (P = 0.065), and W segments (P = 0.326).

In ROC curve analysis, X-map in the combined all 
ASPECTS + W segments showed moderate diagnostic accu-
racy for AIS compared with DWI (AUC = 0.732) (Table 3). 
The X-map revealed high diagnostic accuracy for AIS in 
L (AUC = 0.925) and moderate in C (AUC = 0.817), IC 

Fig. 4  A 77-year-old female with acute right MCA occlusion. Stand-
ardized mixed-CT image, X-map, and DWI respectively reveal EIC 
(a, arrow), hypoattenuation (b, arrow), and hyperintensity (c, arrows) 
in the right lentiform nucleus (L) indicating acute ischemic infarction, 
and DWI also reveals hyperintensity in the right caudate nucleus (C) 
and W segments (c, arrowheads). On the other hand, X-map shows 
hypoattenuation in the right W segment (b, arrowhead) that is not 
detected on the mixed-CT image (a), and X-map reveals hypoattenu-
ation in the right I, M4, M5, and M6 segments (b, arrowheads) that 
is not apparent on the mixed-CT image (a) and the DWI (c). Consid-
ering the initial MRA finding of right proximal MCA occlusion (d, 
arrow), these mismatched lesions on the X-map (b, arrowheads) are 

included in the right occluded MCA territory without restricted diffu-
sion, i.e., MRA-DWI mismatch area. MRA after reperfusion therapy 
on day 1 reveals complete recanalization of the right MCA (e). Stand-
ardized follow-up DWI (f) on day 1 shows hyperintensity in the right 
L, C, W, and a small part of M5 segments (arrows), which indicates 
irreversible acute infarction. The right I, M4, M5, and M6 segments 
where only the X-map revealed hypoattenuation (b, arrowheads) are 
almost intact on the follow-up images (f). Thus, the X-map hypoat-
tenuation in the MRA-DWI mismatch area may reflect early minimal 
change in water content caused by the decreased perfusion pressure, 
where successful reperfusion can rescue
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(AUC = 0.723), M1 (AUC = 0.799), M2 (AUC = 0.736), 
M4 (AUC = 0.738), and M5 segments (AUC = 0.763), 
whereas the X-map demonstrated low diagnostic accuracy 
in I (AUC = 0.699), M3 (AUC = 0.543), M6 (AUC = 0.653), 
and W segments (AUC = 0.627) in comparison with DWI.

Discussion

We validated the region-specific characteristics of EIC on 
X-map by qualitative and quantitative evaluation using 
ASPECTS + W system. Results showed a high relevance 
of early ischemic findings on X-map to the DWI findings, 
especially in deep gray matter such as caudate and lentiform 
nuclei. The X-map also demonstrated an additive diagnos-
tic value to mixed-CT image for the detectability of acute 
ischemic lesions in deep white matter. Moreover, the X-map 
could reveal EIC in cortical segments such as insular and 
cerebral cortices, where both mixed-CT image and DWI 
showed normal findings.

NCCT plays a key role in the accurate and rapid diagno-
sis of acute infarction as well as intracranial hemorrhage in 
stroke patients. In AIS, NCCT hypoattenuation represents 
physiological water uptake in irreversibly damaged brain 
tissue [16–18]. However, EIC on NCCT are likely to be 
so subtle that interpretation can vary among readers. Sev-
eral methods using non-contrast DECT have recently been 
reported to improve the visualization of acute ischemic 
lesions [9, 10, 19–22]; among these, X-map is an advanced 
DECT application that enables identification and quantifica-
tion of acute cerebral infarction using 3MD [9]. CT attenu-
ation values differ between gray and white matter because 
the gray matter has relatively high water and lower lipid 
contents, and thus greater photoelectric absorption [23]. 
The lipid component mainly in the white matter is sub-
tracted using the X-map application, resulting in a suitable 

image for assessing water content [9, 10]. That is, the early 
ischemic findings of increased water content and progres-
sion of edema can be visualized as hypoattenuation [9, 10]. 
According to the latest virtual phantom simulation [11], the 
X-map showed higher detectability of low-contrast object 
mimicking ischemic edema than the mixed-CT image. Since 
there has been no validation study using the current version 
of X-map in patients with AIS so far, this is the first report 
to verify qualitative and quantitative evaluation based on 
region-specific assessments using an ASPECTS + W clas-
sification using the X-map.

The present results revealed many cases of matched 
X-map and mixed-CT image findings corresponding with 
those of DWIs, which supports the reliability of X-map for 
identifying AIS. However, ROIs with mismatched find-
ings among them existed to some extent. For example, with 
the ASPECTS + W system, 14/40 (35%) ROIs that were 
mixed-CT-negative, X-map-positive, and DWI-positive 
were found in the deep white matter. The ASPECTS + W 
system is based on an 11-point method, including deep white 
matter, to evaluate the extent of acute ischemic lesions on 
DWI [13]. As white matter has a lower ischemic threshold 
than cortex, white matter lesions on DWI are considered 
an imaging biomarker for resistance to thrombolysis [24]. 
Additionally, when comparing the predictability of intrac-
ranial hemorrhagic complications among CT-ASPECTS 
[25], DWI-ASPECTS [26], and ASPECTS + W [13], 
ASPECTS + W was the only system that could signifi-
cantly predict hemorrhagic transformation [13, 27]. In AIS 
patients, it is therefore clinically important to perform radio-
logical assessment of the deep white matter as well as the 
cortex. However, it is difficult to detect EIC in the cerebral 
white matter on conventional 120-kVp NCCT [25]. The pre-
sent results indicate the superior accuracy of X-map com-
pared with mixed-CT image for evaluating acute ischemic 
lesions in white matter on NCCT, which is the first major 

Table 3  Result of quantitative 
analysis for X-map

Median ΔX-map (quartiles) AUC (95% confidence interval)

DWI-positive DWI-negative P-value

All −1.40 (−2.72, −0.29) −0.16 (−1.05, 1.01)  < 0.05 0.732 (0.691, 0.773)
C −1.09 (−1.77, −0.23) 0.530 (0, 2.12)  < 0.05 0.817 (0.700, 0.935)
I −1.40 (−3.00, −0.05) 0.250 (−1.94, 1.46)  < 0.05 0.699 (0.528, 0.870)
L −1.82 (−2.68, −1.15) 0.21 (−0.34, 0.95)  < 0.05 0.925 (0.853, 0.997)
IC −0.985 (−1.71, −0.335) −0.290 (−0.920, 0.353) 0.143 0.723 (0.464, 0.982)
M1 −2.275 (−3.92, −0.988) −0.200 (−1.66, 0.873)  < 0.05 0.799 (0.677, 0.920)
M2 −1.67 (−2.89, −0.52) 0.01 (−0.80, 1.08)  < 0.05 0.736 (0.593, 0.878)
M3 −0.55 (−2.44, 0.93) −0.38 (−1.17, 0.59) 0.609 0.543 (0.365, 0.720)
M4 −1.8 (−3.42, −0.52) −0.3 (−1.22, 0.94)  < 0.05 0.738 (0.596, 0.880)
M5 −1.41 (−2.40, −0.833) −0.445 (−1.01, 0.918)  < 0.05 0.763 (0.631, 0.895)
M6 −1.05 (−2.56, −0.143) −0.405 (−1.29, 1.18) 0.065 0.653 (0.501, 0.806)
W −0.940 (−1.75, −0.180) −0.155 (−1.73, 1.49) 0.326 0.627 (0.347, 0.907)
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finding of the study. Of note, a recent computer simulation 
research also indicated that X-map was superior to mixed-
CT image regarding the detectability of EIC in white matter 
[11], which can be supported by our results using clinical 
cases. Meanwhile, although a median ΔX-map in the deep 
white matter for DWI-positive was lower than that for DWI-
negative in W segment, there was no statistically significant 
difference between them (Table 3). Since the hypoattenua-
tion due to leukoaraiosis might have influenced the results, 
it is important to identify differences between EIC and leu-
koaraiosis by focusing on its distribution and attenuation 
when performing visual assessment in deep white matter on 
the X-map. Considering clinical use, a side-by-side compari-
son of mixed-CT image, which can be obtained at the same 
time as the X-map, may be helpful to identify EIC in white 
matter on the X-map.

Although the overall diagnostic accuracy for AIS on 
X-map was favorable in the quantitative analysis, the X-map 
did not necessary show high diagnostic accuracy in some 
ASPECTS + W segments compared with DWI (Table 3). 
Indeed, there were several mismatched findings in X-map 
versus DWI in the qualitative analysis (Table 2). A pos-
sible reason for these mismatches might be the intrinsic 
difference in imaging characteristics between X-map and 
DWI. Especially, the image noise on DE material decom-
position, including X-map, is increased compared to that 
on single-energy conventional CT, because the DE material 
decomposition assumes that each voxel comprises a linear 
combination of target materials and its overall dose is split 
by each material image, resulting in increased image noise 
[28]. In a clinical setting, although it may be difficult to fully 
replace conventional NCCT to X-map as a diagnostic tool 
for detecting EIC, the X-map can be a diagnostic support 
tool of mixed-CT image and play a complementary role to 
mixed-CT image and/or DWI.

This study has multiple limitations. First, this is a ret-
rospective study with relatively small sample size. Many 
potential subjects could not be enrolled because of the exclu-
sion criteria. Second, no patient underwent perfusion CT 
or MR imaging, and not all the patients received follow-
up MR imaging. One of our results showed the finding of 
mixed-CT-negative, X-map-positive, and DWI-negative 
in several ASPECTS + W segments, particularly in corti-
cal regions. This finding was identified in vascular territo-
ries corresponding to the occluded vessels on MRA other 
than the relatively small hyperintensity on DWI, so-called 
MRA-DWI mismatch [29]. In some patients who received 
follow-up MR imaging, the isolated X-map hypoattenuation 
area appeared to be salvageable after successful reperfusion 
(Fig. 4). As one possible reason, the isolated X-map-positive 
finding may reflect early minimal change in water content 
due to reduced perfusion pressure. However, since it is dif-
ficult to interpret precise pathophysiology of this finding 

without perfusion CT or MR imaging and follow-up MR 
imaging, we cannot rule out the possibility that it is just 
a false-positive finding due to some artifact. To elucidate 
the pathophysiology of the X-map hypoattenuation with-
out EIC on mixed-CT image and DWI, large-scale prospec-
tive investigations using perfusion CT or MR imaging and 
follow-up MR imaging are necessary to validate our results. 
Third, DWI was acquired using two 3 T and one 1.5 T MR 
scanners. Although the difference of magnetic field strengths 
might have affected the EIC detectability on DWI between 
3 T and 1.5 T scanners [30], it would have little influence 
on our results because the 1.5 T scanner was used in only 
two cases whereas the 3 T scanners were used in most cases 
(48 out of 50 patients). Finally, we did not evaluate EIC 
on X-map outside the region of the ASPECTS + W system. 
X-map assessment of EIC in the whole cerebrum is required 
in further studies.

Conclusions

In a region-specific assessment using the ASPECTS + W 
system, X-map has an additive diagnostic value to detect 
EIC. Especially, the X-map can demonstrate favorable 
detectability of acute ischemic lesions in deep white matter 
as well as deep gray matter. Meanwhile, isolated hypoper-
fusion on the X-map without EIC on mixed-CT image and 
DWI can be seen frequently in cortical branch region, which 
may indicate salvageable ischemic lesion. Further prospec-
tive investigations including perfusion CT or MR imaging 
and follow-up imaging and direct comparison with continu-
ous slices are warranted to clarify its pathophysiology.

Funding There is no grant support or financial relationship.

Declarations 

Conflict of interest: Toshihide Itoh is employed by Siemens Health-
care K.K., Japan. Yuki Shinohara, Tomomi Ohmura, Masanobu Iba-
raki, Fumiaki Sasaki, Yuichiro Sato, Takato Inomata, Kanata Anbo, 
and Toshibumi Kinoshita declare that they have no conflict of interest.

Ethical approval The study protocol was approved by the ethics com-
mittee of our institution and the need to obtain informed consent was 
waived based on the retrospective design.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 



173Japanese Journal of Radiology (2024) 42:165–173 

1 3

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Berkhemer OA, Fransen PSS, Beumer D, van den Berg LA, 
Lingsma HF, Yoo AJ, et al. MR CLEAN Investigators, A rand-
omized trial of intraarterial treatment for acute ischemic stroke. 
N Engl J Med. 2015;372:11–20.

 2. Campbell BC, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, 
Yassi N, et al. EXTEND-IA Investigators, Endovascular therapy 
for ischemic stroke with perfusion-imaging selection. N Engl J 
Med. 2015;372:1009–18.

 3. Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thorn-
ton J, et al. ESCAPE Trial Investigators, Randomized assessment 
of rapid endovascular treatment of ischemic stroke. N Engl J Med. 
2015;372:1019–30.

 4. Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, 
Rovira A, et al. REVASCAT Trial Investigators, Thrombectomy 
within 8 hours after symptom onset in ischemic stroke. N Engl J 
Med. 2015;372:2296–306.

 5. Saver JL, Goyal M, Bonafe A, Diener HC, Levy EI, Pereira VM, 
et al. SWIFT PRIME Investigators, Stent-retriever thrombectomy 
after intravenous t-PA vs. t-PA alone in stroke. N Engl J Med. 
2015;372:2285–95.

 6. Schaefer PW, Grant PE, Gonzalez RG. Diffusion-weighted MR 
imaging of the brain. Radiology. 2000;217:331–45.

 7. Graser A, Johnson TR, Chandarana H, Macari M. Dual energy 
CT: preliminary observations and potential clinical applications 
in the abdomen. Eur Radiol. 2009;19:13–23.

 8. Primak AN, Giraldo JCR, Eusemann CD, Schmidt B, Kantor B, 
Fletcher JG, et al. Dual-source dual-energy CT with additional 
tin filtration: dose and image quality evaluation in phantoms and 
in vivo. AJR Am J Roentgenol. 2018;195:1164–74.

 9. Noguchi K, Itoh T, Naruto N, Takashima S, Tanaka K, Kuroda 
S. A novel imaging technique (X-map) to identify acute ischemic 
lesions using noncontrast dual-energy computed tomography. J 
Stroke Cerebrovasc Dis. 2017;26:34–41.

 10. Naruto N, Itoh T, Noguchi K. Dual energy computed tomography 
for the head. Jpn J Radiol. 2018;36:69–80.

 11. Itoh T, Noguchi K. Evaluation of the quantitative performance of 
non-enhanced dual-energy CT X-map in detecting acute ischemic 
brain stroke: a model observer study. Phys Med. 2022;104:85–92.

 12. Presotto L, Iaccarino L, Sala A, Vanoli EG, Muscio C, Nigri A, 
et al. Low-dose CT for the spatial normalization of PET images: 
a validation procedure for amyloid-PET semi-quantification. Neu-
roimage Clin. 2018;20:153–60.

 13. Kawano H, Hirano T, Nakajima M, Inatomi Y, Yonehara T, 
Uchino M. Modified ASPECTS for DWI including deep white 
matter lesions predicts subsequent intracranial hemorrhage. J Neu-
rol. 2012;259:2045–52.

 14. Tomura N, Uemura K, Inugami A, Fujita H, Higano S, Shishido 
F. Early CT finding in cerebral infarction: obscuration of the len-
tiform nucleus. Radiology. 1988;168:463–7.

 15. Truwit CL, Barkovich AJ, Gean-Marton A, Hibri N, Norman D. 
Loss of the insular ribbon: another early CT sign of acute middle 
cerebral artery infarction. Radiology. 1990;176:801–6.

 16. Unger E, Littlefield J, Gado M. Water content and water structure 
in CT and MR signal changes: possible influence in detection of 
early stroke. AJNR Am J Neuroradiol. 1988;9:687–91.

 17. Dzialowski I, Weber J, Doerfler A, Forsting M, von Kummer R. 
Brain tissue water uptake after middle cerebral artery occlusion 
assessed with CT. J Neuroimaging. 2004;14:42–8.

 18. von Kummer R, Bourquain H, Bastianello S, Bozzao L, Manelfe 
C, Meier D, et al. Early prediction of irreversible brain damage 
after ischemic stroke at CT. Radiology. 2001;219:95–100.

 19. Mohammed MF, Olivia M, Adam M, David F, Sabeena J, Faisal 
K, et al. Unenhanced dual-energy computed tomography visuali-
zation of brain edema. Invest Radiol. 2018;53:63–9.

 20. Grams AE, Djurdjevic T, Rehwald R, Schiestl T, Dazinger F, 
Steiger R, et al. Improved visualisation of early cerebral infarc-
tions after endovascular stroke therapy using dual-energy com-
puted tomography oedema maps. Eur Radiol. 2018;28:4534–41.

 21. Yoshida M, Nakaura T, Tanoue S, Takada S, Inoue T, Uetani 
H, et al. Dual-energy computed tomography for evaluating acute 
brain infarction of middle cerebral artery territories: optimization 
of voltage settings in virtual monoenergetic imaging. J Comput 
Assist Tomogr. 2019;43:460–6.

 22. Wolman DN, van Ommen F, Tong E, Kauw F, Dankbaar JW, Ben-
nink E, et al. Non-contrast dual-energy CT virtual ischemia maps 
accurately estimate ischemic core size in large-vessel occlusive 
stroke. Sci Rep. 2021;11:6745.

 23. Brooks RA, Di Chiro G, Keller MR. Explanation of cerebral 
white-gray contrast in computed tomography. J Comput Assist 
Tomogr. 1980;4:489–91.

 24. Kawano H, Hirano T, Inatomi Y, Terasaki T, Yonehara T, Uchino 
M. Presence of deep white matter lesions on diffusion-weighted 
imaging is a negative predictor of early dramatic improvement 
after intravenous tissue plasminogen activator thrombolysis. Cer-
ebrovasc Dis. 2010;30:230–6.

 25. Barber PA, Demchuk AM, Zhang J, Buchan AM. Validity and 
reliability of a quantitative computed tomography score in predict-
ing outcome of hyperacute stroke before thrombolytic therapy. 
ASPECTS Study Group. Alberta Stroke Programme Early CT 
Score. Lancet. 2000;355:1670–4.

 26. Barber PA, Hill MD, Eliasziw M, Demchuk AM, Pexman JHW, 
Hudon ME, et al. ASPECTS Study Group, Imaging of the brain 
in acute ischemic stroke: comparison of computed tomography 
and magnetic resonance diffusion-weighted imaging. J Neurol 
Neurosurg Psychiatry. 2005;76:1528–33.

 27. Tanaka K, Matsumoto S, Furuta K, Yamada T, Nagano S, Takase 
KI, et al. Modified diffusion-weighted imaging-Alberta Stroke 
Program Early Computed Tomography Score including deep 
white matter lesions predicts symptomatic intracerebral hemor-
rhage following intravenous thrombolysis. J Thromb Thromboly-
sis. 2000;50:174–80.

 28. Poirot MG, Bergmans RHJ, Thomson BR, Jolink FC, Moum 
SJ, Gonzalez RG, et  al. Physics-informed deep learning for 
dual-energy computed tomography image processing. Sci Rep. 
2019;9:17709.

 29. Lansberg MG, Thijs VN, Bammer R, Olivot JM, Marks MP, 
Wechsler LR, et al. The MRA-DWI mismatch identifies patients 
with stroke who are likely to benefit from reperfusion. Stroke. 
2008;39:2491–6.

 30. Kuhl CK, Textor J, Gieseke J, von Falkenhausen M, Gernert S, 
Urbach H, et al. Acute and subacute ischemic stroke at high-field-
strength (3.0-T) diffusion-weighted MR imaging: intraindividual 
comparative study. Radiology. 2005;234:509–16.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/

	Non-contrast dual-energy CT using X-map for acute ischemic stroke: region-specific comparison with simulated 120-kVp CT and diffusion-weighted MR images
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patients
	CT systems and protocols
	MR imaging systems and protocols
	Anatomical standardization and regions of interest analysis
	Qualitative evaluation
	Quantitative evaluation

	Results
	Qualitative evaluation
	Quantitative evaluation

	Discussion
	Conclusions
	References




