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Abstract
Purpose  To determine whether spectral detector CT (SDCT) with a plain non-enhanced monochromatic CT, a water-weighted 
image after iodine removal, an iodine map, and Mono energetic images changes the diagnosis and classification of intracranial 
hemorrhage based on single energy CT after endovascular treatment (EVT) for ischemic stroke.
Methods  Two readers evaluated single energy and SD CT data collected from 63 patients within one week after EVT. They 
diagnosed ICH or contrast staining, and graded ICH according to the Heidelberg and Safe Implementation of Thrombolysis 
in Stroke–Monitoring Study (SITS-MOST) classification. Differences in diagnosis between single energy and SD CT were 
tested with Pearson’s chi-squared test. Diagnostic values of single energy CT were calculated. Interrater agreement was 
based on Cohen’s Kappa.
Results  When spectral data were added to single energy CT, the diagnosis of ICH changed in 8 CT scans (13%): in 4, the 
diagnosis of ICH was rejected and in 4, initially undetected ICH was diagnosed. In an additional 3 patients, the ICH grade 
was modified. CT alone had 88% sensitivity, 87% specificity, 88% positive diagnostic value, 87% negative diagnostic value, 
and 87% overall accuracy for ICH compared to SDCT. Interreader agreement on the presence of ICH was 0.84 (95% CI 
0.51–0.86) for spectral CT and 0.84 (95% CI 0.73–0.97) for single energy CT.
Conclusion  SD CT after endovascular treatment contributes to the distinction between intracranial hemorrhage and contrast 
staining.

Keywords  Stroke · Endovascular treatment · Computed tomography · Spectral computed tomography · Intracerebral 
hemorrhage (ICH)

Introduction

Endovascular treatment (EVT) is the standard of care for 
acute ischemic stroke with large vessel occlusion in the ante-
rior circulation [1, 2]. Postprocedural computed tomogra-
phy (CT) imaging can cause diagnostic difficulties, since 
hyperattenuation may represent either contrast extravasation 

from the endovascular procedure, so called contrast stain-
ing, or intracranial hemorrhage (ICH) [3, 4]. Hyperdense 
lesions on post-treatment CT are reported in up to 60% of 
the patients after EVT for large vessel occlusive stroke [3, 
5, 6] and symptomatic hemorrhagic transformation of the 
infarcted area is reported in 6% [2, 7]. The interpretation 
of hyperdense CT lesions may be relevant for decisions on 
antithrombotic management and general treatment decisions 
based on a patient’s presumed prognosis [5]. Magnetic Reso-
nance Imaging (MRI) does not offer a fixed solution in dis-
criminating between iodine contrast and blood. It can lead 
to false positive hemorrhage due to the T1 time shortening 
effects from contrast administered during the endovascular 
procedure [8]. Furthermore, the availability of MRI in acute 
stroke imaging is limited [9].

Dual energy CT techniques have been proposed as a solu-
tion for discrimination of contrast enhancement and blood 
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after EVT [10–13]. In these techniques, multiple x-ray pho-
ton energy spectra are used to distinguish materials with 
different attenuation properties at different energies, such 
as blood and iodine contrast agents [14]. The data obtained 
by these techniques can be used to reconstruct several imag-
ing maps, such as virtual non-contrast images and effec-
tive atomic number maps. Roughly, the techniques can 
be divided in two groups: detector-based techniques and 
source-based techniques. Detector based techniques use 
dual-layered detector arrays to create dual-energy projec-
tion data from a conventional 120 or 140 kVp scan [15]. This 
is a so-called retrospective technique and therefore no pre-
selection is needed. Source based techniques are prospec-
tive techniques that need to be selected before the patient is 
scanned [15, 16]. Examples of prospective techniques are 
dual-source scanning or single source twin beam.

Dual energy CT based on prospective techniques have 
been shown to modify the diagnosis of post-EVT ICH in 
around one third of the patients [10]. However, there are no 
reports on spectral detector based CT (SDCT) performance 
in this context [17].

We studied to what extent SDCT influences the diagnosis 
and classification of ICH in patients who received EVT for 
anterior circulation ischemic stroke.

Methods

Design and patient selection

We performed a retrospective analysis of CT data collected 
in the Rijnstate Hospital in Arnhem, The Netherlands. We 
included CT data from patients after EVT for ischemic 
stroke that underwent SDCT within 1 week after EVT in 
the period June 1, 2019 to February 1, 2021. We included 
CT data that were collected in the context of current care, 
because of neurological deterioration of a patient, and CT 
data that were collected during routine follow-up in study 
contexts (MRCLEAN MED [ISRCTN76741621], MR 
CLEAN NOiv [ISRCTN80619088], MR CLEAN Late stud-
ies [ISRCTN19922220]). If one patient received two spectral 
scans within one week, only the first scan was included in 
this study. All CT data were anonymized before analysis.

Image acquisition and analysis

Scans were obtained using the IQon spectral scanner (Philips 
Healthcare). This scanner consists of a dual layered detector 
to create dual energy data from a conventional 120 keV scan. 
CT examinations were performed with a routine protocol 
with CTDIvol16cm of 31.8 mGy·cm. Routine thin slices 
(0.9 mm) and reconstructed axial and coronal 3-mm conven-
tional polyenergetic (120 kV) CT images, as well a virtual 

monoenergetic (or MonoE) 40 keV were transferred to the 
Picture Archiving and Communication Systems (PACS) sys-
tem. The conventional CT images were reconstructed using 
the iterative model reconstruction (IMR) technique (Philips 
Healthcare). Spectral postprocessing was performed using 
dedicated software (IntelliSpace Portal, Philips Healthcare). 
A virtual non-contrast scan (VNC), iodine removed map, 
and iodine map were generated. On the VNC scan, iodine 
pixels are identified and replaced by HU values meeting 
HU values in the absence of contrast enhancement. On the 
iodine removed map, these iodine pixels are replaced by 
black pixels. On the iodine map, pixel values represent the 
iodine concentration of the displayed tissue in mg/cc. Water-
like tissues are identified and suppressed. These image maps 
enhance visualization and distribution of iodine-enhanced 
tissue.

All CT images and maps were visually assessed by two 
experienced neuroradiologists. They analyzed the presence 
or absence of postprocedural hemorrhage on subsequent sin-
gle energy CT and spectral CT, and classified the identified 
hemorrhages.

First, hyperattenuation was classified as either hemor-
rhage or contrast staining based on appearance on single 
energy CT. Second, the lesion was assessed on spectral 
CT. The readers combined information of the VNC, iodine 
map, and iodine removed map to determine the nature of 
the lesion. Readers were blinded to clinical information and 
radiology reports. Disagreement was resolved through con-
sensus during a joint reading session involving both readers.

We used the Heidelberg classification (Hemorrhagic 
infarction type 1 and type 2 [HI 1 and 2], parenchymal 
hematoma type 1 and type 2 [PH1 and 2], subarachnoidal 
hemorrhage [SAH], intraventricular hemorrhage [IVH], and 
subdural hemorrhage [SDH]) for diagnosing and grading of 
ICH [18]. For the sub classification of hemorrhages occur-
ring remotely from infarcted tissue, the Safe Implementa-
tion of Thrombolysis in Stroke–Monitoring Study (SITS-
MOST) was followed (PHr1 and PHr2). The ICH grades 
were divided into 5 categories: no ICH, HI1 and/or HI2, 
SAH and/ or IVH, PH1 and/or PHr1, and PH2 and/or PHr2 
(see Table 1 for definitions).

Statistical analysis

Data are presented in a descriptive way as median and interquar-
tile range (IQR) or frequency and percentage (%). Difference in 
proportions was tested with the Pearson’s chi-squared test. Sen-
sitivity, specificity, positive diagnostic value, negative diagnostic 
value, and overall accuracy of single CT diagnosis of ICH were 
calculated with 95% confidence intervals with SDCT as a refer-
ence. Unweighted and categorized quadratic weighted Cohen κ 
values were used to assess the level of interreader agreement. All 
analyses were performed with SPSS 26 for Macintosh.
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Results

Two-hundred-fifty-three endovascular procedures were 
performed in our center between June 1, 2019 and Feb-
ruary 1, 2020. Postprocedural spectral CT within one 
week after the thrombectomy procedure was collected 
in 63 patients. Characteristics of this group are shown 
in Table 2. There was a slight female predominance and 
most patients had an occlusion in the proximal part of the 
middle cerebral artery. Most scans were collected because 
of clinical deterioration.

Contrast staining vs. hemorrhage

Contrast staining of the brain parenchym typically 
appeared as areas of hyperdensity, mostly confined to the 
grey matter (cortex and deep grey matter such as basal 
ganglia) (Fig. 1). Contrary to hemorrhagic lesions, no 
space occupying effect was seen. Contrast staining was 
misdiagnosed on single energy CT in four patients. Three 
of these patients were judged to have contrast staining 
on single energy CT, where on SDCT (small) additional 
hemorrhages were detected. One patient was judged to 
have a PH1 bleeding on single energy CT, where the 
hyperattenuation was judged to be contrast staining after 
assessment of SDCT data. In one patient classified as “no 
ICH” on single energy CT a small hemorrhagic lesion 
was detected by SDCT. This small hemorrhagic lesion 
was clearly visible on the MonoE images and VNC scan 
(Fig. 2).

Diagnostic values

Based on single energy CT, ICH was diagnosed in 32 
patients. Based on spectral CT, this diagnosis changed in 
8 patients (P < 0.001). In 4 patients, the diagnosis of ICH 
was rejected after assessment of SDCT and in 4 patients 
additional hemorrhage was detected. The grading of ICH 
changed in 3 patients. Distributions of intracranial hem-
orrhage, contrast staining only, intracranial hemorrhage 
grade, and intracranial hemorrhage on DECT are shown 
in Table 3.

Plain CT alone had a 88% (95% CI 71–96%) sensitivity, 
87% (95% CI 70–96%) specificity, 88% (95% CI 74–95%) 
positive diagnostic value, 87% (95% CI 73–94%) nega-
tive diagnostic value, and 87% (95% CI 77–94%) overall 
accuracy for the dichotomous classification of any ICH 
vs no ICH.

Table 1   Classification of intracranial hemorrhage

Abbreviations: HI1, hemorrhagic transformation type 1; HI2, hemorrhagic transformation type 2; PH1, parenchymal hemorrhage type 1; PHr1, 
parenchymal hemorrhage remote type 1; PH2, parenchymal hemorrhage type 2; PHr2, parenchymal hemorrhage remote type 2; IVH, intraven-
tricular hemorrhage; SAH, subarachnoidal hemorrhage

Class Definition

HI1 Scattered small petechiae along the margins of the infarct, no space-occupying effect
HI2 Confluent petechiae within the infarcted area, no space-occupying effect
PH1 Local, intra-ischemic, confluent hematoma in ≤ 30% of the infarcted area, no or mild space-occupying effect
PHr1 Small to medium-sized hematoma located remote from the infarct(s), with mild space-occupying effect
PH2 Local or intra-ischemic confluent hematoma > 30% of the infarcted area, with substantial space-occupying effect
PHr2 Large confluent hematoma in an area remote from the actual infarct(s), with substantial space-occupying effect
IVH Intraventricular hemorrhage
SAH Subarachnoidal hemorrhage

Table 2   Patient characteristics

Abbreviations: IQR, interquartile range; NIHSS, National Institute of 
Health Stroke Scale; ICA-T, internal carotid artery terminus segment; 
M(segment), middle cerebral artery; A(segment), anterior cerebral 
artery; EVT, endovascular treatment; SDCT, spectral detector CT

Age, years (IQR) 77 (66–83)
Male, n (%) 28 (44%)
NIHSS baseline, median (IQR) 14 (7–19)
IVT, n (%) 36 (57%)
Transfer from other center, n (%) 30 (48%)
Occlusion segment, n (%)
  ICA-T 3 (5%)
  M1 32 (51%)
  M2 26 (41%)
  A2 1 (2%)

Basilar artery 1 (2%)
Scan indication, n (%)
  Clinical deterioration 35 (56%)
  Study context 27 (43%)
  Inconclusive single energy CT 1 (2%)

Time EVT – first SDCT scan, hours (IQR) 21 (5–28)
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Fig. 1   Example of contrast 
staining. (a) On single energy 
CT, an area of hyperattenuation 
is shown in the basal ganglia 
area (white arrow). There are no 
signs of space occupying effect, 
i.e. no compression on the right 
ventricle or midline shift. How-
ever, based on single energy CT 
additional hemorrhage cannot 
be ruled out completely. Even-
tually, this hyperattenuation was 
classified as contrast staining on 
single energy CT. (b) Virtual 
non-contrast (VNC) showing 
a small hyperdensity in the 
basal ganglia area, which may 
represent limited hemorrhagic 
transformation of the infarcted 
area (H1). When combining the 
VNC with the iodine removal 
map (c) and iodine map (d) 
there is iodine removal in this 
area. This combination of single 
energy CT and all spectral 
reconstructions is typical for 
contrast staining with very 
limited hemorrhage

Fig. 2   Example of newly 
detected intracranial hemor-
rhage (H1). On single energy 
CT, the focal hyperattenuation 
is barely appreciated (a), how-
ever on MonoE (b) and virtual 
non-contrast images (c) a clear 
focal hyperattenuation is visible 
(white arrow). This patient 
was judged to have a petechial 
hemorrhage (H1)
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Interreader agreement

Interreader agreement of any ICH vs. no ICH was 0.84 
(95% CI 0.73–0.97) for single energy CT and 0.84 (95% CI 
0.51–0.86) for SDCT. Details of interreader reliability are 
presented in Table 4.

Discussion

SDCT changed the single energy CT diagnosis of postpro-
cedural intracranial hemorrhage in 8 of 63 scans (13%) in 
patients after EVT for ischemic stroke. These results are in 
line with other studies assessing the value of prospective 
dual energy CT techniques in post procedural imaging [10]. 
To the best of our knowledge, this is the first study to evalu-
ate the additional value of SDCT after EVT for ischemic 
stroke.

Dual energy CT techniques

At present, several approaches to dual energy CT scanning 
are commercially available. Most used are scanners that 
consist of one or two tubes (such as rapid voltage switching 
and dual source CT) and scanners that use layered detectors 
(such as SDCT) [14]. Dual-source scanners consist of two 
source and detector combinations (Siemens AG), and use 
two simultaneously working X-ray tubes at different energy 
levels to create dual energy data. Single-source dual energy 
scanners with rapid kilovoltage switching (GE Healthcare) 
consist of a single tube and detector combination and use 
one tube that continuously alternates voltage during the 
scan. In TwinBeam dual energy CT (Siemens AG), spectral 
separation is also achieved at the level of the source. How-
ever, in contrary to fast peak kilovoltage switching, the beam 
is prefiltered and is split into high- and low-energy beams. 
The spectral detector dual energy CT scanner consists of 
one tube and detector. Contrary to the aforementioned tech-
niques, the dual energy data is created on the detector side. 
The top layer absorbs the low energy photons, while the 
high energy photons pass through to the bottom layer [19].

With the spectral technique, there is no need for preselec-
tion in terms of alteration of scan parameters. Thus, work 
flow is unaffected. Also, there is no additional radiation dose 
and all spectral CT data can be analyzed retrospectively [20]. 
In addition, as opposed to prospective dual energy CT tech-
niques [21], motion artifacts do not affect the spectral data 
reconstructions with SDCT, since spectral data are collected 
at the exact same time.

Spectral CT may also be superior to single energy CT in 
delineating the ischemic area after mechanical thrombec-
tomy and has potential value in improving diagnostics out-
side the field of neuroradiology [22–24].

Contrast staining and leakage

Contrast staining represents areas of blood–brain barrier 
disruption causing increased microvascular permeability 

Table 3   ICH grade comparing single energy CT and SDCT after con-
sensus

The HI1/HI2, PH1/PHr1, and PH2/PHr2 groups are with or without 
additional SAH and/or IVH. SAHs are with or without additional 
IVH
Abbreviations: SDCT, spectral detector CT; ICH, intracranial hem-
orrhage; HI1, hemorrhagic transformation type 1; HI2, hemorrhagic 
transformation type 2; PH1, parenchymal hemorrhage type 1; PHr1, 
parenchymal hemorrhage remote type 1; PH2, parenchymal hemor-
rhage type 2; PHr2, parenchymal hemorrhage remote type 2; IVH, 
intraventricular hemorrhage; SAH, subarachnoidal hemorrhage

Single energy CT, N = 63 (%) SDCT, N = 63

No ICH 31 (49%) No ICH 27 (43%)
HI1/HI2 4 (6%)

HI1/HI2 5 (8%) No ICH 0 (0%)
HI1/HI2 5 (8%)

SAH only 13 (21%) No ICH 3 (5%)
SAH 10 (16%)

PH1/PHr1 9 (14%) No ICH 1 (2%)
SAH 1 (2%)
H1/H2 1 (2%)
PH1/PHr1 6 (10%)

PH2/PHr2 5 (8%) No ICH 0 (0%)
PH 2/PHr 2 4 (6%)
SAH 1 (2%)

Total 63 63

Table 4   Interreader agreement

ICH was categorized as no ICH (1), SAH/IVH (1), H1/H2 (2), PH1/
PHr1(3) and PH2/PHr2(4).
The HI1/HI2, PH1/PHr1, and PH2 groups are with or without addi-
tional SAH and/or IVH. SAHs are with or without additional IVH
Abbreviations: ICH, intracranial hemorrhage; SDCT, spectra detector 
CT; CI, confidence interval

Single energy CT 
κ (95% CI)

SDCT κ (95% CI)

Any ICH vs no ICH 0.84 (0.73–0.97) 0.84 (0.51–0.86)
ICH categorized unweighted 0.64 (0.50–0.78) 0.64 (0.50–0.79)
ICH categorized, weighted 0.83 (0.72–0.94) 0.77 (0.63–0.91)
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with extravasation of contrast agent into the extracellular 
space [25]. In the context of large vessel occlusion, contrast 
staining may result from ischemia or from direct damage 
to the vessel wall by thrombectomy devices [26]. Contrast 
agent leakage caused by damage of thrombectomy devices 
is mostly seen in the subarachnoid space [6]. Based on 
single energy CT, contrast staining can only be diagnosed 
if the attenuation value exceeds that expected for hemor-
rhage. However, only in the minority of cases with contrast 
enhancement such markedly elevated attenuation levels have 
been reported [27]. Furthermore, the leakage of iodine con-
trast agent may obscure hemorrhage on single energy CT 
(Fig. 3).

In a similar study performed by Almqvist et al., evaluat-
ing the influence of prospective dual energy CT using fast 
Kv switching on the diagnosis of post treatment ICH, the 
proportion of patients diagnosed with ICH was significantly 
reduced from 41 to 27% [10]. In our study, in only 6% of the 
scans the diagnosis ICH was rejected based on spectral data. 

With the growing amounts of patients receiving EVT, expe-
rience in contrast staining patterns increases for radiologist 
working in an endovascular treatment center. Based on this 
experience, many hyper-attenuation patterns were correctly 
classified as contrast staining based on single energy CT in 
our study, probably having contributed to the difference with 
the Almqvist analysis.

Newly detected hemorrhage

Conventional CT images are obtained using a heterochro-
matic x-ray spectrum. The created virtual monochromatic 
(MonoE) images display the attenuation values that would 
be expected if the patient could be imaged with an x-ray 
source of a fixed monochromatic energy value [13]. Low 
energy reconstructions show improved soft tissue contrast 
and higher energy images can reduce beam hardening arti-
facts arising from high attenuation materials such as bone 
(skull base) and metal. Several studies show that MonoE 

Fig. 3   Example of leakage of 
contrast agent and blood in the 
subarachnoid space after endo-
vascular procedure. On single 
energy CT, hyperdensity is seen 
in the subarachnoid space on the 
right side (a). On virtual non-
contrast images (b) and iodine 
removal maps (c), part of this 
hyperdensity remains visible 
and on iodine map (d), iodine is 
seen in the area. The combina-
tion of findings is characteristic 
for combined hemorrhage and 
contrast agent leakage
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images with low energy levels of 40 keV can help enhance 
lesion visualization and the detection rate of soft tissue 
lesions, for example small liver lesions, is increased [23, 
28, 29].

We noticed higher conspicuity of hemorrhagic lesions 
on MonoE and VNC images.

Limitations

There are limitations to our study. This is a single center 
study and the number of patients is relatively small. In addi-
tion, clinical follow-up data are not included in our analysis.

This is not a study validating the spectral CT data. While 
phantom studies have shown the potential of SDCT for dif-
ferentiating iodine from hemorrhage [30], without verifica-
tion with MRI or neuropathology we cannot completely rule 
out any blood extravasation on SDCT images classified as 
no ICH. Dual energy CT material decomposition is usually 
successful in neuroradiology [21]. However, high density 
blood can sometimes be visible on iodine maps. Insufficient 
iodine suppression has been described, for example in lep-
tomeningeal vessels, which led to inadequate diagnosis of 
hemorrhage in trauma settings [31]. Artifacts in CT, such as 
beam-hardening and metallic artifacts, can also affect dual 
energy analysis [21]. Finally, when using dual energy tech-
niques outside of the field of neuroradiology, for example 
iodine quantitative assessments in oncology, it must be taken 
into account that several (patient) parameters can influence 
iodine concentrations [32]. To validate spectral CT in the 
brain, further study with comparison with susceptibility 
weighted MRI is needed, as it is unlikely that these MR 
sequences will be affected by the presence of iodine contain-
ing contrast agents [33].

In our study, interreader agreement was comparable for 
SDCT and single energy CT evaluation.

We conclude that SDCT is a simple and fast method that 
contributes to differentiation between intracerebral hemor-
rhage and contrast staining. It may be a valuable addition in 
hospitals who perform EVT to help the reporting radiologist 
in diagnosing postprocedural ICH.
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