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Abstract
Purpose  This systematic review and meta-analysis aimed to investigate the diagnostic accuracy of dual-energy CT (DECT) 
in distinguishing intracerebral hemorrhage (ICH) from contrast staining after procedures and to assess the associated radia-
tion dose in comparison with conventional CT.
Methods  A systematic search was conducted up to December 2024. Eligible studies included those applying DECT for 
cerebrovascular conditions with retrievable technical and diagnostic performance data. Pooled estimates of sensitivity, 
specificity, and radiation dose parameters were calculated using a random-effects model.
Results  A total of 68 studies, including 5530 patients, met the inclusion criteria. Among them, 34/68 (50%) focused on lesion 
detection, 18/68 (26%) on technical aspects, and 16/68 (24%) on prediction. A meta-analysis of 10 studies demonstrated a 
pooled sensitivity of 96.1% (95% CI 83.8%–99.1%) and specificity of 97.8% (95% CI 91.4%–99.5%) for differentiating ICH 
from contrast staining. Additionally, a radiation dose meta-analysis of 13 studies provided pooled estimates of computed 
tomography dose index volume (CTDIvol) at 28.83 mGy (95% CI 20.60–37.07 mGy) and dose-length product (DLP) at 
517.66 mGy × cm (95% CI 400.19–635.13 mGy × cm), comparable to conventional single-energy CT.
Conclusion  DECT demonstrates excellent diagnostic accuracy in differentiating ICH from contrast staining, with radiation 
exposure comparable to conventional CT. The large variability in voltage and doses among different protocols reflects the 
relative immaturity of DECT and the need for multicentric harmonization and standardization. Given its high diagnostic 
accuracy and comparable radiation exposure to single-energy CT, where technically available, DECT should always be 
considered in the specific scenario of differentiating ICH from contrast staining.
Clinical relevance statement  DECT provides high diagnostic accuracy without increasing radiation exposure, enabling 
confident post-treatment differentiation between hemorrhage and contrast staining to guide timely therapeutic decisions.

Keywords  Stroke · Intracerebral hemorrhage · Dual-energy · Contrast media · Diagnostic accuracy

Introduction

Computed tomography (CT) is crucial for diagnosing acute 
cerebrovascular disease, particularly strokes, which remain 
a leading cause of mortality and morbidity worldwide [1]. 
Stroke, either ischemic or hemorrhagic, leads to irreversible 
brain damage.

Acute stroke CT protocols typically include non-contrast 
CT [2], CT angiography, and perfusion imaging [3–5], which 
can be, respectively, used to differentiate between ischemic 
and hemorrhagic stroke, in ischemic stroke to identify large 
vessel occlusion and to assess eligibility for mechanical or 
pharmacological thrombolysis [2]. Non-contrast CT is the 
first-line imaging modality for suspected strokes due to its 
speed, availability, and ability to exclude hemorrhage while 
sometimes identifying early ischemic changes [6]. CT angi-
ography and CT perfusion provide fundamental information 
about vascular status and salvageable brain tissue [5].

In recent years, dual-energy computed tomography 
(DECT) has gained attention for its potential applications 
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in acute cerebrovascular disease. DECT has demonstrated 
utility in predicting outcomes such as acute cerebral infarc-
tion, intracerebral hemorrhage (ICH), and other complica-
tions in patients undergoing various stroke treatments [7, 
8]. Beyond acute settings, DECT has also been applied to 
evaluate cerebral arteries in patients with transient ischemic 
attacks (TIA) and chronic cerebrovascular conditions.

A notable advantage of DECT is its ability to distin-
guish between hemorrhagic transformation and contrast 
staining after procedures. By generating iodine maps 
(IMs) and virtual non-contrast (VNC) images, DECT can 
identify regions of hyper-attenuation due to contrast rather 
than blood, providing critical diagnostic clarity in the 
post-treatment setting. In fact, iodine overlay maps reveal 
the presence of contrast, while VNC images confirm the 
absence of hyper-attenuation when it is attributable to con-
trast, thereby ruling out hemorrhage (Fig. 1). Thus, DECT 
offers promising benefits in the diagnostic evaluation of 
cerebrovascular diseases. Although previous systematic 
reviews and meta-analyses have investigated the role of 
DECT in acute cerebrovascular disease, these studies were 
either limited in scope, focused primarily on small subsets 
of patients or provided aggregate findings without sepa-
rately quantifying diagnostic performance for the critical 
differentiation between ICH and contrast staining. Moreo-
ver, many of these earlier reviews did not address radiation 

dose implications or technical acquisition parameters in a 
systematic way. In recent years, several additional studies 
have been published, reflecting technological advances 
in DECT scanners and post-processing algorithms. An 
updated and comprehensive synthesis is therefore needed. 
The present systematic review and meta-analysis aims to 
fill this gap by (i) providing updated pooled estimates of 
DECT diagnostic accuracy specifically for distinguish-
ing ICH from contrast staining; (ii) analyzing radiation 
dose parameters in comparison with conventional CT; and 
(iii) summarizing technical protocols and post-processing 
approaches across studies. This broader scope allows for a 
more complete appraisal of DECT’s current clinical utility 
and future potential in cerebrovascular imaging.

Materials and methods

No ethics committee approval was needed to perform this 
systematic review. We registered our systematic review 
and meta-analysis on Prospero (CRD42021238825, https://​
www.​crd.​york.​ac.​uk/​prosp​ero/​displ​ay_​record.​php?​Recor​
dID=​238825), and it was reported according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [9] and PRISMA for Diagnostic Test 
Accuracy [10].

Fig. 1   After a percutaneous coronary intervention, an 85 y-o woman 
presented mild left hemiparesis. Virtual MonoEnergetic (VME, 80 
and 140  kV scans) image shows diffuse subarachnoid hyperdensity 
over the right hemisphere. Virtual non-contrast/contrast media (VNC/
CM) image at the same level shows that hyperdensity (32.7 HU) is 

due to contrast extravasation (CM: 23.3 HU) and not to subarach-
noid hemorrhage (VNC: 9.6 HU). Imaging by IRCCS Policlinico 
San Donato, Milan, Italy, by Siemens Somatom Definition Flash 256 
slices scanner and Syngo CT dual-energy tool

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=238825
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=238825
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=238825
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Fig. 2   Flowchart depicting the study selection process, according to the Preferred Reporting Item for Systematic Reviews and Meta-Analyses 
(PRISMA) [9]
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Study design

In December 2024, a systematic search was conducted on 
MEDLINE (PubMed) and EMBASE (Elsevier), for stud-
ies reporting the use of DECT for clinical applications of 
the brain. The search was limited to original studies writ-
ten in English, published either on paper or online on peer-
reviewed journals, with an available abstract. We used exten-
sive search terms to include all possible applicable studies. 
In addition, the included articles’ references were manually 
searched for possibly relevant research. Full search strategies 
are reported in Supplementary Material.

Three researchers (L.A., M.Z., and A.P., with, respec-
tively, 4, 3, and 3 years of experience in neuroimaging) per-
formed in consensus an initial screening of the retrieved arti-
cles, excluding reviews, case reports, and studies that only 
comprised automatic computer analyses. A consensus-based 
approach was adopted to ensure methodological consistency 
and minimize individual bias through direct discussion and 
agreement at each step. Full text was downloaded for all 
studies included at this first selection, and a second screen-
ing was performed. Finally, references of included articles 
and reviews were manually searched to check for further 
eligible studies.

We included a study if: 1) DECT was used on humans; 
2) DECT was used for cerebrovascular-related pathologies; 
3) DECT technical data were retrievable, or if these data 
were derivable from the presented tables or supplementary 
materials. Exclusion criteria were: 1) studies with patients 
not referred to a DECT or results not provided and 2) studies 
in vitro or on animal models.

Data extraction

For all articles included in the final selection, data extrac-
tion was performed by the same researchers who conducted 
the selection process. In cases of disagreement among the 
reviewers, arbitration was resolved through consensus. For 
each study, the extracted data included (when available) 
the year of publication, continent and country of publica-
tion, study design (prospective or retrospective), number of 
patients, number and percentage of male patients, patients’ 
mean age, DECT system, detector rows, DECT method, low 
and high kVp, high and low mAs, contrast agent type, iodine 
concentration, dose and flow rate, radiation dose, and post-
processing methods used for DECT. Additionally, informa-
tion on the main study endpoint, the use of perfusion tech-
niques, and relevant technical details were extracted. Each 
included study was further divided into subgroups based on 
the number of different post-processing methods employed 
for DECT. Finally, if available, key outcome measures such 
as true positives, false positives, true negatives, and false 
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Table 2   Radiation dose metrics 
extracted from the studies, 
including computed tomography 
dose index volume (CTDIvol) 
and dose-length product (DLP), 
along with their respective 
standard deviations (SD) or 
ranges, when available

Study ID CTDIvol (mGy) SD or range 
CTDIvol (mGy)

DLP (mGy*cm) SD or 
range DLP 
(mGy*cm)

Cui 2024
Robbe 2024
Coorens 2023
Dai 2023
Grkovski 2023 43.6 3.7
Huijberts 2023 37
Jiang 2023
Pinckaers 2023 37
Chrzan 2022 60
Dodig 2022 25 418.5
Grkovski 2022 43.7 3.4
Kauw 2022
Ma 2022
Renu 2022
Chen 2021
Fransson 2021
Riederer 2021 44.7
Liu 2021
van den Broek 2021 63.7 60.7–67.2 1060 981.0–1151.5
van Ommen 2021 6
Wang 2021
Wolman 2021
Almqvist 2020 57
Byrne 2020
Cai 2020
Liu 2020
Ma 2020
Murias 2020
Ståhl 2020 48.2
van Ommen 2020 59.8
Wiggins 2020
Zaouak 2020
Almqvist 2019 57
An 2019
Bodanapally 2019
Ebashi 2019
Tan 2019 28.2 8.7
Yun 2019 15.4 1.1 280.2 27.08
Zaouak 2019 21.72 400
Bodanapally 2018
Bonatti 2018
Grams 2018
Mocanu 2018 13 4–24 459 127–959
Taguchi 2018 80.08
Bodanapally 2017 31.45 2.95 609.62 76.79
Leithner 2017
Naruto 2018
Scholtz 2017 41 0 770.6 90.2
Winklhofer 2017 18.3 2.96
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negatives were retrieved. These data were used to calculate 
sensitivity, specificity, and diagnostic accuracy, facilitating 
the performance of a diagnostic test accuracy meta-analysis.

Quality assessment

Another researcher (M.B.) with 4 years’ experience in neu-
roimaging reviewed the quality of the included articles, 
using the QualSyst tool [11], using the checklist for qualita-
tive studies, and QUADAS 2 tool [12] for only the diagnostic 
test accuracy (DTA) articles included.

Diagnostic performance measures and statistical 
analysis

For the meta-analysis, only studies reporting complete 
diagnostic contingency data (true positives, false positives, 
true negatives, and false negatives) or sufficient informa-
tion to derive these parameters were included. Studies 
reporting only qualitative or descriptive results aggregate 
performance metrics without raw data, or primarily techni-
cal evaluations without diagnostic accuracy endpoints were 
excluded from the quantitative synthesis and summarized 
narratively. Pooled sensitivity and specificity were computed 
using data on the numbers of true-positive, false-negative, 
true-negative, and false-positive findings. The sensitivity 
and specificity of DECT in distinguishing ICH from contrast 

staining were calculated for each study included in the DTA 
analysis using a bivariate random-effects model to estimate 
pooled data. The summary receiver operating characteristic 
(sROC) curve was used to calculate the area under the curve 
(AUC), providing a comprehensive measure of diagnostic 
performance. Sensitivity and specificity are presented along 
with their corresponding 95% confidence intervals (CIs) in 
a forest plot, generated using Meta-DiSc 2.0 [13–18]. For 
studies reporting 100% sensitivity or specificity (zero-cell 
studies), a continuity correction of 0.5 was applied to all 
cells of the 2 × 2 table before pooling, in line with recom-
mendations for bivariate random-effects DTA meta-analyses.

The meta-analysis to obtain estimated pooled computed 
tomography dose index volume (CTDIvol) and dose-length 
product (DLP) was conducted according to the random-
effects model, using the DerSimonian–Laird method [19]. 
Heterogeneity was assessed using Cochran’s Q and the I2 
statistic, which quantifies the proportion of total variation 
due to heterogeneity rather than chance. An I2 value between 
50 and 75% indicates substantial heterogeneity, while val-
ues above 75% suggest considerable heterogeneity [20, 21]. 
Because the included studies encompassed diverse DECT 
protocols (non-contrast, angiographic, and perfusion imag-
ing), pooled CTDIvol and DLP estimates were calculated 
inclusively to reflect overall radiation exposure in cerebro-
vascular DECT applications. This approach prioritized 

Table 2   (continued) Study ID CTDIvol (mGy) SD or range 
CTDIvol (mGy)

DLP (mGy*cm) SD or 
range DLP 
(mGy*cm)

Bonatti 2016 19.3 0.02 372 37
Djurdjevic 2016
Hixson 2016
Noguchi 2016 80.08
Wang 2016 6.53 0.23 120 11.67
Yang 2016 20
Gariani 2015 61.84
Grams 2015
Guo 2015
Renú 2015
Watanabe 2014
Morhard 2013 24.3
Shinohara 2013
Tijssen 2013 37 568
Phan 2012 66
Gupta 2010
Zhang 2010 20.6 0.1 398.6 19
Ferda 2009 11.1
Watanabe 2008
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comprehensive representation of current clinical practice 
over protocol-specific stratification, which would have lim-
ited comparability across studies.

Results

Search outcomes

Starting from 732 records identified through search query 
and four identified through other sources such as references 

from included works, 520 were excluded from title and 
abstract, while the remaining 216 were downloaded for indi-
vidual assessment. Finally, a total of 68 articles matched the 
inclusion criteria [8, 22–88]. A flowchart of study selection 
is shown in Fig. 2.

Included articles were published between 2008 and 2024. 
Study design was retrospective in 55/68 (81%) papers and 
prospective in 13/68 papers (19%). The most represented 
countries in the included studies are from China (15/68, 
22%), USA (14/68, 21%), and the Netherlands (5/68, 7%). 
Study population ranged from 6 to 424 patients, for a total 

Fig. 3   Forest plots summarizing the sensitivity and specificity of the included studies. The top panel depicts sensitivity, and the bottom panel 
shows specificity. Each study is represented by a square, with the size proportional to its weight in the analysis
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of 5530 enrolled patients. Patients’ ages ranged from 38 to 
76 years.

Studies included in the analysis reported a range of end-
points related to the clinical applications of DECT, includ-
ing diagnostic accuracy for acute ischemic stroke, prognos-
tic markers such as iodine concentration as an indicator of 
blood–brain barrier disruption, and evaluation of post-treat-
ment complications following endovascular therapy or intra-
venous thrombolysis, including cerebral arterial air emboli, 
hemorrhagic transformation, and contrast extravasation. 
Additional endpoints focused on image quality and com-
parisons of DECT reconstructions, such as VNC images, 
IMs, and virtual monoenergetic (VM) imaging, with stand-
ard imaging techniques, assessing quality, artifact reduction, 
clinical applicability, and technical feasibility.

Half of the studies (34/68, 50%) focused on the role of 
DECT in lesion detection, followed by studies on techni-
cal aspects (18/68, 26%) and on prediction of hemorrhagic 
transformation in ischemic stroke (16/68, 24%). Among 

analyzed studies, 23/68 (34%) specifically addressed the 
differentiation between contrast staining and ICH.

DECT technology and acquisition parameters

DECT technology was dual-source in 58/68 (85%) articles, 
fast kVp-switching in 6/68 (9%) articles, spectral detector 
in 2/68 (3%) articles, and single-source in 2/68 (3%). The 
most used DECT systems included scanners from Siemens 
in 58/68 (85%) articles, while General Electric in 6/68 (9%) 
articles and Philips in 4/68 (6%) articles.

Acquisition protocols varied among studies, incorpo-
rating combinations of low-energy and high-energy tube 
voltage (kVp), with the most frequent combination of 80 
low-kVp and 140 high-kVp used in 34/68 (50%) articles, 
with a tube current extremely variable (minimum 35–maxi-
mum 800 mAs) tailored to the clinical application and study 
context.

Fig. 4   Summary receiver operating characteristic (SROC) curve dis-
playing the diagnostic performance of the included studies. Each cir-
cle represents an individual study, with the size proportional to the 

study’s weight in the analysis. The solid line represents the fitted 
ROC curve, while the dotted line shows the confidence ellipse around 
the summary point, indicating the overall sensitivity and specificity
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Information on iodinated contrast agents was reported in 
22/68 (32%) of studies, with details on concentration (300 
mgI/mL adopted in 7/22 articles) and dosage (mainly fixed 
amount ranging from 40 to 100 mL).

Post-processing techniques included VNC images 
reported in 37/68 (54%) articles, IMs in 28/68 (41%), and 
virtual monochromatic or monoenergetic images in 16/68 

(24%), while other advanced methods were less frequently 
reported (18/68, 26%, mainly bone removal application or 
X-maps).

Technical data from the included studies are reported in 
Tables 1, 2 and 3.

Fig. 5   Forest plot showing the mean differences in CT dose index 
volume (CTDIvol) across multiple studies in a meta-analysis. Each 
study is represented by a green square, with the size proportional to 

its weight in the analysis. Horizontal lines indicate the 95% confi-
dence intervals (CIs). The diamond at the bottom represents the over-
all pooled estimate with its 95% CI

Fig. 6   Forest plot showing the mean differences in dose-length prod-
uct (DLP) across multiple studies in a meta-analysis. Each study is 
represented by a green square, with the size proportional to its weight 

in the analysis. Horizontal lines indicate the 95% confidence intervals 
(CIs). The diamond at the bottom represents the overall pooled esti-
mate with its 95% CI



La radiologia medica	

Table 3   Post-processing 
techniques used in the included 
studies, categorized by 
topic (Detection, Technical, 
Prediction)

Study ID Topic Virtual 
non-contrast 
(VNC)

Iodine 
maps 
(IM)

Virtual monochromatic images 
or virtual monoenergetic images 
(VMIs)

Others

Cui 2024 Detection X
Robbe 2024 Technical
Coorens 2023 Technical X
Dai 2023 Prediction X X
Grkovski 2023 Technical X
Huijberts 2023 Prediction X
Jiang 2023 Technical
Pinckaers 2023 Prediction X X
Chrzan 2022 Technical X
Dodig 2022 Detection X
Grkovski 2022 Technical X
Kauw 2022 Detection X
Ma 2022 Prediction X
Renu 2022 Prediction X
Chen 2021 Technical X
Fransson 2021 Detection X X
Riederer 2021 Detection X X
Liu 2021 Prediction X X
van den Broek 2021 Detection X
van Ommen 2021 Technical X
Wang 2021 Prediction X X
Wolman 2021 Detection X
Almqvist 2020 Detection
Byrne 2020 Prediction X X
Cai 2020 Prediction X X
Liu 2020 Technical X X X
Ma 2020 Prediction X X
Ståhl 2020 Detection X
van Ommen 2020 Detection X
Wiggins 2020 Detection X
Zaouak 2020 Detection X X
Almqvist 2019 Detection X X X
An 2019 Prediction X X
Bodanapally 2019 Prediction X X X
Ebashi 2019 Detection X X
Murias 2020 Technical
Tan 2019 Prediction
Yun 2019 Technical X
Zaouak 2019 Detection X X
Bodanapally 2018 Technical
Bonatti 2018 Prediction X X X
Grams 2018 Detection X X
Mocanu 2018 Technical X
Taguchi 2018 Technical X
Bodanapally 2017 Detection X X X
Leithner 2017 Technical X
Naruto 2018 Detection X X
Scholtz 2017 Technical X
Winklhofer 2017 Detection X
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Meta‑analysis of the diagnostic accuracy of DECT 
in ICH vs contrast staining

Of the 23 studies assessing the differentiation between con-
trast staining and ICH, only 10 provided complete diagnostic 
accuracy data and were included in the meta-analysis. The 
remaining studies, which lacked extractable contingency 
data or focused on technical and qualitative outcomes, were 
analyzed descriptively. For sensitivity, the pooled estimate 
was 96.1% (95% CI 83.8%–99.1%), with heterogeneity equal 
to I2 = 24.5% (Fig. 3A). For specificity, the pooled estimate 
was 97.8% (95% CI 91.4%–99.5%), with heterogeneity equal 
to I2 = 50.5% (Fig. 3B). The sROC analysis yielded an AUC 
of 0.98 (95% CI 0.96–0.99), confirming the excellent diag-
nostic accuracy of DECT for differentiating ICH from con-
trast staining, as shown in Fig. 4.

Meta‑analysis of DECT radiation dose

Data on CTDIvol were reported in 31 out of 68 articles 
(46%), with values ranging from 6 to 80 mGy. Data on DLP 
were available in 11 out of 68 articles (16%), with reported 
values ranging from 120 to 770.6  mGy × cm. Details 
of the radiation dose data are summarized in Table 2. A 

meta-analysis of CTDIvol and DLP was conducted only for 
articles that reported both the median and standard devia-
tion, using a random-effects model with the inverse vari-
ance method to account for variability across studies. For 
CTDIvol (Fig. 5), data were extracted from 13 study parts 
comprising a total of 637 subjects. The pooled estimate was 
28.83 mGy (95% CI 20.60–37.07 mGy). For DLP (Fig. 6), 
data were analyzed from 9 study parts with a total of 485 
subjects, resulting in a pooled estimate of 517.66 mGy × cm 
(95% CI 400.19–635.13 mGy × cm). Significant heterogene-
ity was observed for both CTDIvol and DLP (I2 = 100%, 
p < 0.01), indicating substantial variability in effect sizes 
across studies in terms of magnitude and/or direction.

Quality assessment

The QualSyst results, presented in Table 4, indicate that 
most articles achieved scores ranging from 14 (the mini-
mum value), obtained by Noguchi et al. [67], to 20. Fourteen 
articles received the highest possible score of 20 points.

The QUADAS-2 tool, on the other hand, indicated a low 
probability of risk of bias for the data, including in terms of 
applicability. The quality results are presented in Table 5.

Techniques include virtual non-contrast (VNC), iodine maps (IM), virtual monoenergetic images (VMI), 
and others (e.g., bone removal, X-map)

Table 3   (continued) Study ID Topic Virtual 
non-contrast 
(VNC)

Iodine 
maps 
(IM)

Virtual monochromatic images 
or virtual monoenergetic images 
(VMIs)

Others

Bonatti 2016 Detection X
Djurdjevic 2016 Prediction X X X
Hixson 2016 Detection X
Noguchi 2016 Detection X
Wang 2016 Technical X
Yang 2016 Detection X
Gariani 2015 Detection X
Grams 2015 Detection X X
Guo 2015 Detection X
Renú 2015 Prediction X X
Watanabe 2014 Detection X X X
Morhard 2013 Detection X X
Shinohara 2013 Technical X
Tijssen 2013 Detection X X X
Phan 2012 Detection X X
Gupta 2010 Detection X X
Zhang 2010 Detection X X
Ferda 2009 Detection X
Watanabe 2008 Detection X



La radiologia medica	

Ta
bl

e 
4  

Q
ua

lit
y 

as
se

ss
m

en
t o

f s
tu

di
es

 u
si

ng
 th

e 
Q

ua
lS

ys
t t

oo
l (

11
), 

ba
se

d 
on

 th
e 

ch
ec

kl
ist

 fo
r q

ua
lit

at
iv

e 
stu

di
es

St
ud

y 
ID

Q
ue

sti
on

/
ob

je
ct

iv
e 

su
ffi

ci
en

tly
 

de
sc

rib
ed

?

St
ud

y 
de

si
gn

 
ev

id
en

t a
nd

 
ap

pr
op

ria
te

?

C
on

te
xt

 fo
r 

th
e 

stu
dy

 
cl

ea
r?

C
on

ne
ct

io
n 

to
 

a 
th

eo
re

tic
al

 
fr

am
ew

or
k/

w
id

er
 b

od
y 

of
 

kn
ow

le
dg

e?

Sa
m

pl
in

g 
str

at
-

eg
y 

de
sc

rib
ed

, 
re

le
va

nt
, a

nd
 

ju
sti

fie
d?

D
at

a 
co

lle
ct

io
n 

m
et

ho
ds

 c
le

ar
ly

 
de

sc
rib

ed
 a

nd
 

sy
ste

m
at

ic
?

D
at

a 
an

al
y-

si
s c

le
ar

ly
 

de
sc

rib
ed

 a
nd

 
sy

ste
m

at
ic

?

U
se

 o
f 

ve
rifi

ca
tio

n 
pr

oc
ed

ur
e(

s)
 to

 
es

ta
bl

is
h 

cr
ed

-
ib

ili
ty

?

C
on

cl
us

io
ns

 
su

pp
or

te
d 

by
 

th
e 

re
su

lts
?

Re
fle

xi
v-

ity
 o

f t
he

 
ac

co
un

t?

To
ta

l

Ro
bb

e 
20

24
2

2
2

2
2

2
2

2
2

2
20

C
ui

 2
02

4
2

2
2

2
1

2
2

0
2

2
17

D
ai

 2
02

3
2

2
2

2
1

2
2

2
2

2
19

Pi
nc

ka
er

s 2
02

3
2

2
2

2
2

2
2

2
2

2
20

G
rk

ov
sk

i 2
02

3
2

2
2

2
1

2
2

1
2

2
18

Jia
ng

 2
02

3
2

2
2

2
1

2
2

1
2

1
17

C
oo

re
ns

 2
02

3
2

2
2

2
1

2
2

1
2

2
18

H
ui

jb
er

ts
 2

02
3

2
2

2
2

2
2

2
2

2
2

20
G

rk
ov

sk
i 2

02
2

2
2

2
2

1
2

2
2

2
2

19
M

a 
20

22
2

2
2

2
2

2
2

1
2

2
19

K
au

w
 2

02
2

2
2

2
2

2
2

2
2

2
2

20
D

od
ig

 2
02

2
2

2
2

2
1

2
2

1
2

2
18

Re
nu

 2
02

2
2

2
2

2
1

2
2

1
2

2
18

C
hr

za
n 

20
22

2
2

2
2

1
2

2
1

2
2

18
va

n 
O

m
m

en
 

20
21

2
2

2
1

1
2

2
1

2
2

17

va
n 

de
n 

B
ro

ek
 

20
21

2
2

2
2

1
2

2
1

2
2

18

C
he

n 
20

21
2

2
2

2
1

1
2

2
2

2
18

Fr
an

ss
on

 2
02

1
2

2
2

1
0

2
2

1
2

1
16

W
an

g 
20

21
2

2
2

2
1

2
2

2
2

2
19

W
ol

m
an

 2
02

1
2

2
2

2
1

2
2

2
2

2
19

R
ie

de
re

r 2
02

1
2

2
2

2
1

2
1

1
2

2
17

Li
u 

20
21

2
2

2
1

2
2

2
1

2
2

18
va

n 
O

m
m

en
 

20
20

2
2

2
2

1
2

2
1

2
2

18

C
ai

 2
02

0
2

2
2

1
1

2
1

1
2

2
16

M
a 

20
20

2
2

2
2

1
2

2
2

2
2

19
Li

u 
20

20
2

2
2

2
2

2
2

1
2

2
19

A
lm

qv
ist

 2
02

0
2

2
2

1
1

1
2

1
2

2
16

W
ig

gi
ns

 2
02

0
2

2
2

2
2

2
2

2
2

2
20

B
yr

ne
 2

02
0

2
2

2
2

1
2

2
2

2
2

19
St

åh
l 2

02
0

2
2

2
2

1
2

2
1

2
2

18
Za

ou
ak

 2
02

0
2

2
2

2
1

1
2

1
2

2
17



	 La radiologia medica

Ta
bl

e 
4  

(c
on

tin
ue

d)

St
ud

y 
ID

Q
ue

sti
on

/
ob

je
ct

iv
e 

su
ffi

ci
en

tly
 

de
sc

rib
ed

?

St
ud

y 
de

si
gn

 
ev

id
en

t a
nd

 
ap

pr
op

ria
te

?

C
on

te
xt

 fo
r 

th
e 

stu
dy

 
cl

ea
r?

C
on

ne
ct

io
n 

to
 

a 
th

eo
re

tic
al

 
fr

am
ew

or
k/

w
id

er
 b

od
y 

of
 

kn
ow

le
dg

e?

Sa
m

pl
in

g 
str

at
-

eg
y 

de
sc

rib
ed

, 
re

le
va

nt
, a

nd
 

ju
sti

fie
d?

D
at

a 
co

lle
ct

io
n 

m
et

ho
ds

 c
le

ar
ly

 
de

sc
rib

ed
 a

nd
 

sy
ste

m
at

ic
?

D
at

a 
an

al
y-

si
s c

le
ar

ly
 

de
sc

rib
ed

 a
nd

 
sy

ste
m

at
ic

?

U
se

 o
f 

ve
rifi

ca
tio

n 
pr

oc
ed

ur
e(

s)
 to

 
es

ta
bl

is
h 

cr
ed

-
ib

ili
ty

?

C
on

cl
us

io
ns

 
su

pp
or

te
d 

by
 

th
e 

re
su

lts
?

Re
fle

xi
v-

ity
 o

f t
he

 
ac

co
un

t?

To
ta

l

Za
ou

ak
 2

01
9

2
2

2
2

2
2

2
2

2
2

20
A

lm
qv

ist
 2

01
9

2
2

2
2

1
1

1
1

2
2

16
Eb

as
hi

 2
01

9
2

2
2

2
2

2
2

2
2

2
20

Y
un

 2
01

9
2

2
2

2
2

1
1

1
1

2
16

B
od

an
ap

al
ly

 
20

19
2

2
2

2
1

1
1

2
1

2
16

Ta
n 

20
19

2
2

2
2

2
2

2
1

2
2

19
A

n 
20

19
2

2
2

2
2

2
2

2
1

2
19

Ed
ua

rd
o 

M
ur

ia
s

2
2

2
2

2
2

1
2

1
2

18

M
oc

an
u 

20
18

2
2

2
2

1
1

1
1

1
2

15
G

ra
m

s 2
01

8
2

2
2

2
2

2
2

2
2

2
20

Ta
gu

ch
i 2

01
8

2
2

2
2

1
1

2
2

2
2

18
B

od
an

ap
al

ly
 

20
18

2
2

2
2

1
1

2
2

2
2

18

B
on

at
ti 

20
18

2
2

2
2

2
2

2
2

1
2

19
N

ar
ut

o 
20

18
2

2
2

2
1

1
1

1
1

2
15

Le
ith

ne
r 2

01
7

2
2

2
2

2
1

1
1

2
2

17
B

od
an

ap
al

ly
 

20
17

2
2

2
2

2
2

2
2

2
2

20

Sc
ho

ltz
 2

01
7

2
2

2
2

2
2

2
2

2
2

20
W

in
kl

ho
fe

r 
20

17
2

2
2

2
1

1
1

2
2

2
17

B
on

at
ti 

20
16

2
2

2
2

2
2

2
1

2
2

19
D

ju
rd

je
vi

c 
20

16
2

2
2

2
2

2
2

2
1

2
19

N
og

uc
hi

 2
01

6
2

2
2

1
1

1
1

1
1

2
14

Ya
ng

 2
01

6
2

2
2

2
1

1
1

1
2

2
16

W
an

g 
20

16
2

2
2

2
2

2
2

2
2

2
20

H
ix

so
n 

20
16

2
2

2
2

1
1

1
1

1
2

15
G

ar
ia

ni
 2

01
5

2
2

2
2

2
1

1
1

2
2

17
G

uo
 2

01
5

2
2

2
2

1
1

1
1

1
2

15
Re

nú
 2

01
5

2
2

2
2

2
2

2
2

2
2

20
G

ra
m

s 2
01

5
2

2
2

2
2

2
1

2
1

2
18



La radiologia medica	

Discussion

This systematic review and meta-analysis, based on an anal-
ysis of 68 studies published over the past 16 years, analyzed 
diagnostic and technical advantages of DECT, its limita-
tions, and its comparative role with conventional SECT. 
One of the most noteworthy outcomes is DECT’s diagnos-
tic accuracy in distinguishing ICH from contrast staining, 
with a pooled sensitivity and specificity of 96.1% and 97.8%, 
respectively. This is a substantial improvement over SECT, 
which often struggles with this differentiation due to over-
lapping attenuation values [89].

Ebaid et al. [90] reported pooled sensitivity and speci-
ficity for detecting ICH as 69.9% and 100%, respectively. 
Our sub-analysis, specifically focused on differentiating ICH 
from contrast staining, revealed a much higher diagnostic 
accuracy. This narrowed focus aligns more closely with 
DECT’s optimal clinical utility, as distinguishing ICH from 
contrast staining is critical for therapeutic management in 
the post-endovascular treatment setting.

In terms of DECT radiation doses, the pooled estimates 
for CTDIvol (28.83 mGy) and DLP (517.66 mGy × cm) from 
this meta-analysis are comparable to those reported in SECT 
studies, suggesting that DECT does not increase radiation 
exposure [91]. However, the high heterogeneity observed for 
DLP (I2 = 99.98%) indicates significant variability in dose 
parameters across studies, potentially influenced by differ-
ences in patient populations, scanner types, and clinical 
protocols such as the distinction between contrast-enhanced 
DECT protocols (DECT angiography or perfusion) and non-
contrast DECT. While this inclusive approach allowed us 
to capture real-world variability, protocol-specific analyses 
would likely yield narrower confidence intervals and more 
homogeneous estimates. However, such stratified pooling 
was beyond the primary objective of this review, which 
aimed to provide a global overview of radiation exposure 
in cerebrovascular DECT. Indeed, a non-significant trend 
toward dose reduction over time was identified. This trend 
aligns with technological advancements and ongoing efforts 
to optimize imaging protocols, particularly in vulnerable 
populations such as pediatric and elderly patients [92].

Given the comparable radiation dose and the significant 
diagnostic accuracy in differentiating contrast staining from 
ICH, DECT should be the preferred modality in these spe-
cific clinical scenarios. Its superior diagnostic performance 
provides critical value in post-treatment settings, where pre-
cise differentiation between contrast staining and ICH can 
directly impact patient management and outcomes. Beyond 
the specific differentiation between ICH and contrast stain-
ing, several studies included in our review also investigated 
additional cerebrovascular applications of DECT. These 
encompassed the detection of early ischemic parenchymal 
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changes through virtual non-contrast or virtual monoener-
getic reconstructions, the evaluation of blood–brain barrier 
integrity by quantifying iodine extravasation as a marker 
of disruption and the prediction of subsequent hemorrhagic 
transformation after endovascular therapy or thromboly-
sis. Although not the primary focus of our analysis, these 
applications suggest that DECT may provide useful sup-
plementary information in acute stroke care, complement-
ing its established role in differentiating hemorrhage from 
contrast staining.

Among the studies included, dual-source DECT was the 
most used technology, reported by 85% of articles, followed 
by fast kVp-switching (9%) and spectral detectors (3%). The 
most common acquisition parameters involved a low-energy 
kVp of 80 and a high-energy kVp of 140, utilized in 50% 
of studies. This combination is likely to provide an optimal 
balance between diagnostic performance, material differen-
tiation, and radiation dose.

This review revealed that DECT studies in stroke were 
predominantly focused in three clinical scenarios: stroke 
detection (50%), outcome prediction in stroke (24%), and 
technical CT aspects (26%). These applications demonstrate 
DECT’s versatility in addressing both diagnostic and prog-
nostic challenges in stroke imaging. For instance, Byrne 
et al. [49] showed that the parenchymal relative iodine con-
centration at DECT compared to the superior sagittal sinus 
can reliably predict ICH development, serving as a useful 
imaging biomarker for risk stratification after endovascular 
treatment. Additionally, early grading of blood–brain barrier 
disruption has been shown to be useful to identify patients at 
increased risk of delayed hemorrhagic transformation [77, 
93].

Despite its numerous advantages, DECT faces sev-
eral challenges that must be addressed to fully realize its 
potential.

Limitations

This review has certain limitations. First, some of the 
studies included may have shared or duplicated patient 
data, particularly among studies from the same research 
group. This overlap can impact the quality of the review 
[94, 95]. Preventing this issue would require access to 
individual patient data across studies [96]. Second, many 
studies underreported key technical details, such as con-
trast agent type, concentration, and flow rate. These 
parameters can significantly influence image quality and 
diagnostic performance, underscoring the need for more 
comprehensive reporting standards in future research. 
Third, significant heterogeneity was observed in radia-
tion dose estimates across studies, which reflects dif-
ferences in protocols, scanner technologies, and patient 
populations. Although a random-effects model was used 
to account for between-study variability, the limited 
number and heterogeneity of available studies did not 
allow for stable estimation of variance components (τ2) 
or prediction regions on the SROC. Fourth, the relatively 
low adoption of advanced DECT technologies limits 
the applicability of the results to centers equipped with 
dual-source systems. Lastly, while this review includes a 
substantial number of studies, it is mainly retrospective 
(55/68, 81%), with only 13/68 (19%) prospective, which 
may introduce biases.

Standardization of acquisition protocols and post-pro-
cessing techniques will be crucial for reducing variability 
and improving diagnostic accuracy. Additionally, explor-
ing DECT’s potential in other neurovascular conditions, 
such as chronic cerebrovascular diseases and TIAs, could 
broaden its clinical utility.

Table 5   Results from the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) (12) criteria for the evaluation of studies included 
in the systematic review and meta-analysis

SAIBFOKSIRYDUTS APPLICABILITY CONCERNS 
PATIENT 

SELECTION 
INDEX TEST REFERENCE 

STANDARD 
FLOW AND 

TIMING 
PATIENT 

SELECTION 
INDEX TEST REFERENCE 

STANDARD 

Grkovski 2023

Wang 2021

Riederer 2021

Almqvist 2020

Zaouak 2020

Almqvist 2019

Morhard 2013

Tijssen 2013

Gupta 2013

Phan 2012

 Low Risk  High Risk  Unclear Risk
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Conclusion

This systematic review underscores the potential of DECT 
in stroke imaging, offering superior diagnostic performance 
in detecting ICH versus contrast staining after endovascular 
therapies, comparable radiation doses to SECT, and inno-
vative post-processing capabilities. The large variability 
in voltage and dose among different protocols reflects the 
relative immaturity of DECT and the need of multicentric 
harmonization and standardization. Given its high diagnostic 
accuracy and comparable radiation exposure to SECT, where 
technically available, DECT should always be considered 
in the specific scenario of differentiating ICH from contrast 
staining.

This systematic review sets the foundation for potential 
applications in Photon Counting CT, further expanding its 
diagnostic capabilities in cerebrovascular imaging.
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