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Stroke is the third leading cause of death worldwide and the most common 
cause of long term disability with an approximate incidence of 795.000 per 
year in America and 41.000 in the Netherlands 1, 2. Around 20% of all stroke 
patients die within one year after the stroke event 2. Two important types of 
stroke can be distinguished: hemorrhagic stroke, occurring in 13% of patients 
(3% subarachnoid and 10% intracerebral), and ischemic stroke, accounting for 
87% of strokes 2, 3. 

Recanalization of the occluded artery is the main aim of treatment in ischemic 
stroke 4. Intravenous thrombolysis with recombinant tissue-type plasminogen 
activator (IV-rtPA) is the most important first-line treatment. However, recanal-
ization is achieved in only 50% of occluded arteries 5.   
Being able to predict in which patients IV-rtPA will be successful may facilitate 
the choice for other treatment options such as mechanical thrombectomy 
or intra-arterial thrombolysis. The composition of thrombi may influence the 
efficacy of rtPA 6-9. Improved knowledge about thrombus composition and its 
relation with radiologic imaging characteristics could help to predict the suc-
cess of rtPA and individualize treatment. 
On arrival at the emergency department CT-imaging plays a critical first-
line role in evaluating patients with symptoms of an acute stroke. After a 
non-contrast CT (NCCT) has excluded hemorrhage, CT-Perfusion (CTP) and 
CT-angiography (CTA) are well-established scan series to identify and deter-
mine the extent and potential reversibility of ischemia, the site and extent of 
vessel occlusion, and for early identification of the stroke subtype 10-12. With the 
growing use of CTP and CTA as diagnostic studies in many institutions, it is im-
portant to optimise these techniques in order to achieve a balance between 
the best possible image quality with the least possible radiation dose.   
The first part of this thesis explores the histopathological and CT-imaging 
characteristics of cerebral thrombi in acute stroke patients. The second part 
focuses on techniques to optimize CTP- and CTA-imaging.

Part 1: 
Ct-imaging in aCute isChemiC stroke: 
thrombus CharaCterization

Different causes of ischemic stroke can be distinguished. Cardioembolism is 
the origin of stroke in about 18-30%, large artery atherosclerosis in 13-36%, 
and small artery occlusion in 14-27% 13-15. Although only a relative small source 
of overall stroke (2%), dissection of an artery is responsible for approximately 
15% of stroke in younger patients 16, 17. 
According to the current guidelines all patients without contra-indications, 
admitted within 4.5 hours after stroke onset, are treated with IV-rTPA. The main 
complication of IV-rtPA is intracerebral hemorrhage and as this risk increases 
with time, IV-rtPA should be applied as soon as possible 18, 19. Other treatment 
options such as mechanical thrombectomy or intra-arterial thrombolysis can 
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be considered in patients who do not achieve timely recanalization with IV-
rtPA, or who are not eligible for IV-rtPA because of the time-restriction or other 
contraindications. Intra-arterial thrombolysis allows for direct delivery to the 
thrombus but is restricted to a six-hour window 20. Mechanical thrombecto-
my establishes recanalization through thrombus extraction, providing a pos-
sibility to extend the treatment time window to 8 hours 21, although recent 
randomized controlled trials have not yet proven the benefit  22, 23 . Although 
the overall recanalization rates for intra-arterial thrombolysis (around 65%) 
and for mechanical thrombectomy (around 87%) are high 5, 20, 22, 24 , there is an 
increased risk of hemorrhage 22.  
In patients who are eligible for IV-rtPA, there are no straightforward tools to 
predict whether this treatment will be successful. To understand and predict 
the pathways of thrombus lysability better, both pathologic studies and ra-
diologic imaging are important. The traditional thought is that “red thrombi”, 
containing a mixture of mainly red blood cells (RBC) and fibrin, originate from 
low flow regions such as in cardioembolism thrombi; while “white thrombi”, 
containing mainly platelets and fibrin, arise in regions of fast moving blood, as 
to be expected in large artery atherosclerosis thrombi 25, 26. This thrombus con-
sistency may influence the efficacy of IV-rtPA as RBC-rich thrombi may be more 
sensitive to IV-rtPA as compared to platelet-rich thrombi 6-9. Furthermore, RBCs 
in thrombi increase the attenuation on NCCT, whereas platelets, atheroma-
tous and cellular debris are known to decrease the HU-values 27-29. Measuring 
thrombus attenuation on NCCT could therefore be a rapid non-invasive tool 
for predicting thrombus composition, stroke subtype and recanalization rate. 
More knowledge about histopathological and CT-imaging characteristics of 
thrombi may help to gain insight in the etiopathogenesis of stroke and to 
individualize treatment. 

Chapter 2 describes the relation between the presence of hyperdense vessel 
signs and the attenuation of intracranial thrombi on NCCT and different stroke 
subtypes. 
Chapter 3 presents the relationship between the histopathologic composi-
tion of thrombi and stroke subtypes as well as thrombus attenuation on NCCT.
Chapter 4 discusses whether thrombus density is related to the likelihood of 
recanalization after IV-rtPA and whether persistent occlusions can be predict-
ed by HU-measurements of thrombi on NCCT.

Part 2: 
Ct-imaging in aCute isChemiC stroke: 
teChnique oPtimization

CTP and CTA are valuable additions to NCCT in the evaluation of acute is-
chemic stroke patients, with the possibility of twenty-four/seven availability, 
low costs, and rapid assessment in most clinical facilities 10, 30. CTP is a func-
tional CT-imaging technique that provides information about hemodynamics 
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of the brain parenchyma. In ischemic stroke it can be used to determine the 
extent of irreversibly damaged brain parenchyma (infarct core) and ischem-
ic but potentially salvageable tissue (penumbra) 31. Several quantitative per-
fusion parameters are used for perfusion measurements, including Cerebral 
Blood Flow (CBF), Cerebral Blood Volume (CBV), Mean Transit Time (MTT), and 
Time to Peak (TTP) 31. Typically, on CTP the whole ischemic area of brain paren-
chyma is defined as the area with prolonged MTT or decreased CBF, and CBV 
is used to differentiate the infarct core (decreased CBV) from the penumbra 
(normal or increased CBV) 32.
 
The accuracy of CTP for detecting ischemic stroke lesions has been the sub-
ject of several studies but a systematic review comparing all these studies has 
not yet been performed. 
Furthermore, CTP has some limitations with regard to radiation dose, brain 
coverage, and the validity of quantitative perfusion parameters. Increased di-
agnostic information gained by adding CTP is at the expense of increased 
ionising radiation dose. A combination of NCCT, CTP and CTA will triplicate 
the radiation dose in comparison to NCCT alone 33. With the on-going replace-
ment of current CTP brain coverage, up to 6 cm in z-direction, by full-brain 
CTP in many institutions the radiation exposure of the CTP will increase even 
further 33, 34. One of the most promising new techniques to reduce radiation 
exposure is the recently introduced iterative reconstruction (IR) algorithm 35-37. 
IR optimises CT data with a noise- and artefact-reducing model and has the 
possibility to significantly reduce radiation dose while maintaining the image 
quality compared to the standard reconstruction method filtered back projec-
tion (FBP) 36, 37.
Another problem concerning the validity of CTP is the number of operator-de-
pendent steps that are necessary to calculate the CBV, CBF, MTT and TTP. One 
important step is the selection of the Arterial Input Function (AIF) and Venous 
Output Function (VOF) 38, 39 with an inter-observer variability between 10% 
and 27% 40. The selection of different vessels as the AIF and VOF can result in 
different estimations of quantitative perfusion parameters and subsequently 
diverging predictions of the final infarct volume and the infarct-penumbra in-
dex 41-43. 
CTA of the head (circle of Willis) and neck (carotid and vertebral arteries) in 
acute ischemic stroke patients can help to assess the extent and cause of ar-
terial occlusion, the collateral circulation, and the grade of extracranial ves-
sel stenosis 44, 45. The extent of the arterial occlusion and the collateral circu-
lation are important factors in predicting infarct size and stroke outcome 46, 

47. Accurate measurement of the carotid artery stenosis grade is essential as it 
can influence treatment in both acute and later phase. A disadvantage of the 
standard reconstruction method FBP to create CTA images is the increased 
amount of noise when radiation dose is reduced. Recently introduced IR algo-
rithms could potentially replace standard FBP to improve CTA image quality 
while maintaining the same radiation dose.
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Chapter 5 presents a systematic review to determine the accuracy of CTP for 
the detection of ischemic stroke.
Chapter 6 describes the possibility to reduce radiation dose in CTP imaging 
with the use of IR algorithms.
Chapter 7 reports the accuracy and reproducibility of CTP by assessment of 
the optimal artery for the AIF and re-evaluating the necessity of the VOF.
Chapter 8 investigates image quality of head and neck CTA reconstructed 
with standard FBP reconstruction and two different IR algorithms.
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AbstrAct

Introduction
More insights in the etiopathogenesis of thrombi could be helpful in the treat-
ment of patients with acute ischemic stroke. the aim of our study was to de-
termine the relationship between presence of a hyperdense vessel sign and 
thrombus density with different stroke subtypes.

Methods
We included 123 patients with acute ischemic anterior circulation stroke and a 
visible occlusion on Ct-angiography caused by cardioembolism (n=53), large 
artery atherosclerosis (n=55) or dissection (n=15). Presence or absence of a 
hyperdense vessel sign was assessed and thrombus density was measured 
in hounsfield Units (hU) on non-contrast 1 mm thin slices Ct. Subsequently, 
occurrence of hyperdense vessel sign and thrombus density (absolute hU and 
rhU (=hU thrombus / hU contralateral) were related with stroke subtypes. 

Results
the presence of hyperdense vessel signs differed significantly among sub-
types and was found in 45%, 64% and 93% of patients with cardioembolism, 
large artery atherosclerosis and dissection, respectively (p=0.003). the mean 
hU and rhU (+ 95%CI) of the thrombi in all vessels were respectively 56.1 (53.2-
59.0) and 1.39 (1.33-1.45) in cardioembolism, 64.6 (62.2-66.9) and 1.59 (1.54-
1.64) in large artery atherosclerosis and 76.4 (73.0-79.8) and 1.88 (1.79-1.97) 
in dissection (p<0.0001). We found the same significant ranking order in the 
density of thrombi with hyperdense vessel signs (mean hU and rhU (+ 95%CI) 
respectively): cardioembolism 61.3 (57.4-65.3) and 1.49 (57.4-65.3); large artery 
atherosclerosis 67.3 (64.9-69.7) and 1.65 (1.58-1.71); dissection 76.4 (72.6-80.1) 
and 1.89 (1.79-1.99, p<0.0001). 

Conclusion
Presence of a hyperdense vessel sign and thrombus density are related to 
stroke subtype.

CHAPTER_02.indd   20 11-02-14   16:43



Relationship between thRombus attenuation and diffeRent stRoke subtypes

21

chAptEr

2

InTRoduCTIon

acute ischemic stroke is the third leading cause of death and the leading 
cause of long term disability worldwide 1,2. about three-quarters of ischemic 
strokes are caused by arterial thrombo-embolism 3. Ischemic stroke of arterial 
origin is caused by cardioembolism in 18-30%, by large artery atherosclerosis 
in 13-36% and by small artery occlusion in 14-27% 4-6. Dissection of a vertebral 
or carotid artery is a relatively infrequent cause of ischemic stroke and respon-
sible for approximately 15% of stroke in younger patients 7.
Intravenous thrombolysis with recombinant tissue-type plasminogen activa-
tor (rtPa) should be considered in the acute stage of ischemic stroke, but re-
sults in timely recanalization in only 50% of occluded arteries 8. the reasons for 
this treatment failure are still not fully understood. Being able to predict which 
type of thrombus is likely to be resolved by rtPa may be helpful for choosing 
other recanalization strategies such as mechanical thrombectomy or intra-ar-
terial thrombolysis. Currently there are no straightforward tools to predict in 
which patients rtPa will be helpful in lysing the thrombus. Improved knowl-
edge about the rtPa-vulnerability of a thrombus may facilitate the choice of 
treatment. 
thrombus subtype (cardioembolic, atherosclerotic or dissection) and 
consistency may influence the efficacy of thrombolysis with rtPa 9-15. thrombi 
have complex and variable architecture with fibrin, erythrocytes, leukocytes 
and platelets as most important components 16. Platelet rich thrombi have 
lower attenuation on non-contrast Ct than erythrocyte rich thrombi 17-19. the 
erythrocyte component of the thrombus has been shown to correspond to 
the presence of a hyperdense vessel sign in a pathological study 20. 

the aim of the current study is to investigate the relation between the pres-
ence of hyperdense vessel signs and the attenuation of intra-cranial thrombi 
on non-contrast Ct with the different stroke subtypes to gain insights in the 
etiopathogenesis of the thrombus. 

MeThodS

We reviewed the records of a prospectively included series of patients who 
participated in a large prospective multicenter observational cohort study be-
tween May 2009 and November 2012. Inclusion criteria for this study are: age 
≥ 18 years, onset of stroke symptoms < 9 hours, NIhSS ≥ 2 and informed con-
sent for follow-up from patient or family. exclusion criteria are: known renal 
failure; contrast allergy and patients who had already received therapy before 
neuroimaging. all patients undergo non-contrast Ct, Ct-perfusion (CtP) and 
Ct-angiography (Cta) on admission with similar protocols. 
For this substudy we only included patients with a visible middle cerebral 
artery (MCa) or intracranial internal carotid artery (ICa) occlusion on Cta and 
a diagnosis of acute ischemic anterior stroke due to cardioembolism, large 
artery atherosclerosis or dissection. Large artery atherosclerosis was defined 
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as imaging findings of either significant (>50%) stenosis or occlusion of a 
major cerebropetal artery on Cta ipsilateral to the symptomatic hemisphere, 
presumed to be due to atherosclerosis according to the trial of Org 10172 
in acute Stroke treatment (tOaSt) criteria 21 if other diagnostic studies had 
excluded potential sources of cardiac embolism. Stroke was defined as 
cardioembolic if at least one cardiac source for an embolus had been identified 
in the absence of significant ipsilateral stenosis (>50%) and atherosclerosis 21. 
Criteria for diagnosing dissection at Cta were a narrowed eccentric lumen 
surrounded by crescent-shaped mural thickening or a tapered occlusion with 
an associated increase in external vessel diameter 22,23. Further inclusion criteria 
were: imaging performed with Ct-scanners from the same vendor with non-
contrast Ct 1 mm thin-slices available for evaluation. We excluded patients 
in which it was not possible to determine the cause of stroke with enough 
certainty, e.g. if atherosclerosis was present in combination with a possible 
cardiac cause such as atrial fibrillation (figure 1). 

Figure 1  Flowchart of total enrolment of patients.
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the following baseline data were collected for all patients: demographic 
features, cardiovascular risk factors (hypertension, diabetes, hyperlipidemia, 
smoking, stroke or transient ischemic attack (tIa) in history), location of the 
thrombus, onset time to imaging and baseline NIhSS on admission (table 1). 

Scan parameters of the non-contrast Ct were: 120 kVp, 300 mas, and 1 mm 
reconstructed slice thickness. For Cta 60-80 ml of contrast agent (300mg I/ml) 
were injected into the antecubital vein (18-gauge needle) at a rate of 6 mL/s 
followed by a 40-mL saline flush at a rate of 6 mL/s. the scan parameters for 
the Cta were: 120 kVp, 150 mas, 1 mm reconstructed slice thickness.
For evaluation of the presence or absence of a hyperdense vessel sign each 
non-contrast Ct-scan was evaluated separately by two observers of which at 
least one had experience for 5 or more years in neurovascular imaging. the 
observers were blinded for all radiologic, neurologic and clinical data, except 
for side of symptoms. In case of disagreement consensus was reached with a 
third reader. the definition for hyperdense vessel sign was derived from earlier 
publications 24-28 as the appearance of an unilateral hyperattenuating cerebral 
artery on non-contrast Ct. If a hyperdense vessel sign was present, the 
attenuation of the thrombus was measured on non-contrast Ct in hounsfield 
Units (hU) by a third observer. all hyperdense vessel signs were confirmed 
to be caused by thrombi on Cta. If no hyperdense vessel sign was detected 
on non-contrast Ct, we used Cta information to identify the location of a 
thrombus and subsequently performed the attenuation measurements in the 
corresponding location on non-contrast Ct.
In all patients the attenuation of the corresponding contralateral vessel 
(without thrombus) was also measured to investigate the variance in 
attenuation in non-occluded vessels. Per patient a standardised small round 
region of interest was drawn three separate times within the thrombus and 
mean hU-values were used for analysis to improve reproducibility. the same 
measurements were performed in the corresponding contralateral vessel.
Subsequently, the thrombus hU was corrected for hematocrit, by calculating 
the rhU (=hU thrombus / hU contralateral vessel). Length of the hyperdense 
arteries were also measured on the 1 mm non-contrast images. With use 
of a rotation center images were orientated along the exact course of the 
hyperdense artery so that the length could be measured accurately.   
Statistical analyses were performed to investigate differences in clinical data 
between patients with a different stroke subtype using Chi-square for nominal 
variables and One-Way aNOVa for continuous data. For the three subtypes 
of stroke the proportion of patients with a hyperdense vessel sign, the mean 
thrombus length and the mean hU and rhU-values (with 95%confidence in-
tervals (CI)) of the thrombus and of the contralateral vessel were calculated 
and values were respectively compared by X2-test (comparing all subtypes) 
and analysis of covariance (aNCOVa, general linear model) to adjust mean 
hU and rhU-values for age, sex and potential confounders (the presence of 
hypertension, diabetes and hyperlipidemia and time from symptom onset to 
imaging). a p-value of <0.05 was considered statistical significant. to investi-
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gate the interobserver agreement of the presence of hyperdense artery signs 
and the intraobserver reliability of the hU-measurements respectively Cohen’s 
kappa and intraclass correlation coefficients (ICCs) were used. 

results

We included 123 patients with a stroke that was caused by cardioembolism 
(n=53), large artery atherosclerosis (n=55) or dissection (n=15). the included 
patients consisted of 50 women (41%) and had an average age of 68 years 
(±13) (table 1). 

Table 1  Patient characteristics in different stroke subtypes 

Characteristics
Stroke subtype

P-value
Cardioembolism Large Artery Atherosclerosis Dissection

Patient numbers, n 53 55 15

Demographics

    Age, mean years (± SD) 68 (13) 72 (11) 52 (11) 0.001

    Female, n (%) 27 (51) 20 (36) 3 (20) 0.07

Risk factorsa, n (%)

    Hypertension 27 (51) 31 (56) 4 (27) 0.12

    Diabetes 4 (8) 7 (13) 0 0.28

    Hyperlipidemia 14 (28) 19 (35) 1 (7) 0.10

    Smoking 16 (33) 11 (22) 3 (21) 0.37

    Stroke or TIA in history 11 (21) 6 (11) 1 (7) 0.23

Baseline NIHSSb, mean (± SD) 11 (7) 12 (6) 13 (5) 0.50

Time to Imagingc, minutes (± SD) 102 (72) 112 (76) 111 (93) 0.81

Location thrombusd, n (%)

    MCA - M1 22 (42) 27 (49) 7 (47) 0.73

    MCA - M2 30 (57) 21 (38) 3 (20) 0.02

    Intracranial ICA 1 (2) 7 (13) 5 (33) 0.002

a Hypertension: according to WHO criteria; blood pressure: systolic ≥ 140 mmHg and/ or diastolic  ≥ 90 mmHg
  Diabetes: according to WHO criteria; fasting plasma glucose ≥ 7.0mmol/l or 2hr plasma glucose ≥ 11.1mmol/l
  Hyperlipidemia: abnormally elevated levels of any or all lipids and/or lipoproteins in the blood 
  Smoking: includes both daily and non-daily tobacco smoking 
b Baseline NIHSS: NIH Stroke Scale on admission
c Time to imaging: time between onset of stroke symptoms and first CT-scan
d MCA: middle cerebral artery; M1: M1 segment; M2: M2 segment; ICA: internal carotid artery
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a hyperdense vessel sign was found in 24 patients (45%) with cardioembo-
lism, in 35 patients (64%) with large artery atherosclerosis and in all but one 
patient (n=14, 93%) with a dissection (X2, p=0.003) (table 2). 

Table 2 Thrombus characteristics in different stroke subtypes 

Characteristics

Stroke subtype
P-valueCardioembolism Large Artery Atherosclerosis Dissection

Hyperdense Vessel, n (%, 95%CI) 24 (45, 31-59) 35 (64, 51-77) 14 (93, 79-100) 0.003

Attenuation thrombus, mean (95%CI)

   All thrombi
      Absolute HU 56.1 (53.2-59.0) 64.6 (62.2-66.9) 76.4 (73.0-79.8) <0.001

      rHU 1.39 (1.33-1.45) 1.59 (1.54-1.64) 1.88 (1.79-1.97) <0.001

   Thrombi with hyperdense vessel 
      Absolute HU 61.3 (57.4-65.3) 67.3 (64.9-69.7) 76.4 (72.6-80.1) <0.001

      rHU 1.49 (1.40-1.59) 1.65 (1.58-1.71) 1.89 (1.79-1.99) <0.001

   Thrombi without hyperdense      
   vessel
      Absolute HU 51.9 (48.2-55.5) 59.8 (55.6-64.0) 77.0 (n.a) 0.002

      rHU 1.31 (1.24-1.37) 1.50 (1.41-1.59) 1.75 (n.a) <0.001

Contralateral vessel 40.4 (39.0-41.8) 40.8 (39.4-42.2) 40.9 (38.7-43.1) 0.91

Hyperdense artery length, mean (± 95% CI) 8.7 (6.1-11.3) 12.2 (8.7-15.7) 13.9 (8.2-19.6) 0.15

the interobserver agreement for the presence of a hyperdense vessel sign was 
excellent (k=0.93).
Mean hU and rhU-values of all thrombi (with and without hyperdense ves-
sel) on non-contrast Ct were significantly different between all subtypes 
(aNCOVa-test, p<0.0001) and were lowest in the cardioembolism subtype 
(56.1 95%CI 53.2-59.0 and 1.39 (95%CI 1.33-1.45), respectively), higher in the 
large artery atherosclerosis subtype (64.6, 95%CI 62.2-66.9 and 1.59 (95%CI 
1.54-1.64), respectively), and highest in the dissection subtype (76.4, 95%CI 
73.0-79.8 and 1.88 (95%CI 1.79-1.97, respectively) (table 2, figure 2 and 3). the 
intraobserver reliability for the hU-measurements was excellent (ICC=0.82). 
Considering only the hU and rhU-value of thrombi in hyperdense vessels, 
we also found a significant difference between all subtypes (mean hU-value 
and mean rhU-value): cardioembolism 61.3 (95%CI 57.4-65.3) and 1.49 (95%CI 
57.4-65.3); large artery atherosclerosis 67.3 (95%CI 64.9-69.7) and 1.65 (95%CI 
1.58-1.71); dissection 76.4 (95%CI 73.0-79.8) and 1.89 (95%CI 1.79-1.99), table 2, 
aNCOVa-test, both p<0.0001). the mean hU and rhU-values were significant-
ly higher in hyperdense vessels (mean hU 67.0, 95%CI 64.9-69.2 and mean rhU 
1.64, 95%CI 1.59-1.70) than in non-hyperdense vessels (mean hU 55.5, 95%CI 
52.6-58.5 and mean rhU 1.39, 95%CI 1.33-1.45, student’s t-test, both p<0.0001).
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Figure 2 Boxplot of attenuation thrombus (in HU) in different stroke subtypes 
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hU-value of contralateral (non-occluded) vessels was comparable for cardi-
oembolism (mean 40.4, 95%CI 39.0-41.8), large artery atherosclerosis (mean 
40.8, 95%CI 39.4-42.2) and dissection (mean 40.9, 95%CI 38.7-43.1) (table 2, 
aNCOVa-test, p=0.912). 
there were no significant differences in length of the hyperdense arteries be-
tween different stroke subtypes (table 2, aNCOVa-test, p=0.15).

CHAPTER_02.indd   26 11-02-14   16:43



Relationship between thRombus attenuation and diffeRent stRoke subtypes

27

chAptEr

2

Figure 3 Percentage of different stroke subtypes divided by HU-quartiles  
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Discussion

this study shows the significant relation between the presence of a hyperdense 
vessel sign and the thrombus attenuation on 1 mm thin slice non-contrast 
Ct with different stroke subtypes. Cardioembolic thrombi showed the least 
hyperdense vessel signs and the lowest attenuation, followed by thrombi due 
to large artery atherosclerosis while thrombi due to dissections nearly always 
showed a hyperdense vessel sign and had the highest thrombus attenuation. 
the thrombus attenuation and presence of hyperdense vessel sign is thought 
to be related to the constituents and composition of the thrombus. the 
attenuation of the thrombus has a linear correlation with the concentration 
of hemoglobin while platelets and atheromatous or cellular debris are known 
to decrease the attenuation of the thrombus on Ct 9,17,18,19,28. Most studies on 
this topic, however, are experimental or animal studies. the increased use of 
mechanical thrombectomy devices allows correlation between thrombus 
density and thrombus composition. One recent study, based on mechanical 
retrieved thrombi of 50 patients with MCa occlusion, related Ct and MrI 
early vessels sign (hyperdense vessel sign and blooming artefact respectively) 
to histological clot composition. In 20 patients the presence or absence of 
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hyperdense vessel signs on Ct were related to the thrombus composition. 
they showed that the presence of a hyperdense vessel sign was related to 
red blood cell dominance in the thrombus, describing that 100% of red blood 
cell dominant, versus 67% of mixed and only 20% of fibrin-dominant thrombi 
showed a hyperdense vessel sign 20.
the relationship between thrombus density and stroke subtype is still unclear. 
a recently published study relating thrombus attenuation measured on 3 
mm non-contrast Ct slices to stroke subtype and recanalization found, in 
accordance to our findings, significantly more hyperdense vessel signs in large 
artery atherosclerosis thrombi compared to cardioembolism thrombi 15. In 
contrast to our finding they described a higher relative thrombus attenuation) 
in cardioembolism thrombi compared to large artery atherosclerosis. We 
measured the thrombus attenuation three times on 1 mm thin slices, therefore 
we do not think that our results are biased by measurement errors or partial 
volume effects. 
the traditional assumption is that the so called “red clots” contain mainly a 
mixture of platelets and erythrocytes and originate from low flow regions, as 
would be expected in cardioembolism thrombi 29,13. In contrast, white clots, 
containing mainly platelets and high amount of fibrin, were thought to arise 
in regions of fast moving blood, as in large artery atherosclerosis thrombi 
29. however, histopathology information about thrombi leading to cerebral 
stroke is limited and therefore interpretations have mainly been derived 
from coronary studies. thrombi causing myocardial infarction are all thought 
to originate from a localised occlusion due to the atherosclerotic process. 
although traditionally erythrocytes were thought to be of no importance in 
this process, more recently the role of erythrocytes in atherosclerosis has been 
described as major 30,31. Several investigators have revealed that erythrocytes 
originating from intraplaque hemorrhage are not only a driving force in the 
progression of atherosclerosis 32,33 but also causes instability with rupture 
and re-hemorrhage in the ulcerated atherosclerotic plaques, promoting the 
transition from a stable to an unstable lesion causing coronary occlusions 32,34,35. 
the role of erythrocytes in the pathogenesis of coronary artery disease was 
confirmed in carotid artery disease by a large pathological study performed 
on carotids plaques which confirmed that fresh plaque haemorrhage had 
occurred in all patients who suffered a recent cerebral stroke 36.
Concerning the composition of cardioembolic thrombi the only study 37 
investigating the histopathology of cardioembolisms found the opposite 
to the assumption that cardioembolic thrombi are erythrocyte-rich. they 
concluded that all cardiac thrombi consisted mainly out of fibrin, platelets and 
debris. Furthermore, an important difference between cardiac in situ thrombus 
and embolized thrombi was found; embolized thrombi showed twice as 
much platelet-rich domains (40% of total) compared to non-embolized atrial 
thrombi (20%). 
Dissections typically begin with a tear on the innermost intimal layer or the 
middle layer of the blood vessel wall. this allows blood to enter the vascular 
wall under arterial pressure, resulting in an acute intramural hematoma with 
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consequent luminal stenosis or thromboembolic event 38,39. as this hematoma 
consists mostly out of erythrocytes, dissection thrombi are likely to have high 
amounts of erythrocytes.
to our knowledge only three histopathological studies (number of patients 5, 
25 and 50 respectively) were performed on thrombi retrieved from cerebral 
arteries of patients having acute stroke 20,40,41. the investigators showed no 
relation between stroke etiology and thrombus composition. 
the three relative small histopathological studies on cerebral thrombi 
disprove the traditional assumption and the literature discussed above 
strengthens our speculated mechanism that cerebral thrombi originating 
from atherosclerosis are erythrocyte-rich and of high density while cerebral 
clots from cardioembolism are fibrin and platelets rich and will have low 
density on NCCt. however, large histopathological studies of cerebral thrombi 
are needed to validate this assumption. 
recanalization is associated with good clinical outcome 42,43 and thrombus 
composition influences the rate of recanalization 44-46. In this context, stroke 
subtypes may represent a surrogate marker of clot composition and therefore 
might reflect differences in the response to rtPa in terms of recanalization 
47. Some investigators describe that cardioembolic thrombi are more likely 
to recanalize after treatment than large artery atherosclerosis thrombi 13,14 
however, more recent or larger studies found either no relation between 
etiology and recanalization 47,48 or outcome 49 or even described a worse 
outcome in cardioembolic stroke compared to the other stroke subtypes 
50 therefore the relationship between the etiology of stroke and the rate of 
recanalization remains uncertain.
the success of IV- and Ia-thrombolysis seems to be related more strongly 
to the hU-value of thrombi. recent studies found that high hU-values can 
predict full recanalization after rtPa because erythrocyte rich thrombi are 
described to be more vulnerable to rtPa 15,18,46. Moftakhar et al. found that 
the hU-values are not only related to rtPa vulnerability but also related to the 
success rate of mechanical thrombectomy. Our results show that presence 
of a hyperdense vessel sign and thrombus attenuation are both related to 
stroke subtype with cardioembolic thrombi having least hyperdense vessel 
signs and lowest attenuation, followed by large artery atherosclerosis and 
dissections. therefore it seems plausible to assume that in our population 
the cardioembolic subtype will have a lower recanalization rate compared to 
large artery atherosclerosis. however, as the purpose of our study was to gain 
more insights in the etiopathogenesis of stroke, we did not investigate the 
recanalization rate and therefore we cannot conclude about the relationships 
between the recanalization rate and subtype of stroke or hU-values of thrombi 
in our population.
although our study does not have histological confirmation of thrombus 
composition we did find significant differences in hyperdense vessel signs 
and thrombus attenuation in different stroke subtypes. Since the presence 
of hyperdense vessel sign and attenuation are related to the hemoglobin 
component our findings suggest that dissection subtype contains the highest 
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proportion of erythrocytes, followed by large artery atherosclerosis, and that 
cardioembolism contains the least proportion of erythrocytes. Based on 
previous recent articles and the findings in our current study the traditional 
etiopathogenetic assumption of red clots arising from cardiac origin and 
white clots forming from atherosclerotic arterial origin seems to be invalid. 
Future studies, combining thrombus attenuation and presence of hyperdense 
vessel sign on imaging with stroke subtype and histological investigation 
of thrombus composition may further elucidate the etiopathogenesis of 
thrombus composition.
this study has some aspects that merit consideration. First, it is not always 
possible to determine the cause of stroke with certainty, e.g. if atherosclerosis is 
present in combination with a possible cardiac cause such as atrial fibrillation. 
these patients were excluded from this study. the possibility of still having 
misclassified some of our included patients in different stroke subtypes would 
have biased our results towards less strong results, therefore overestimation 
of our findings could not have been introduced by misclassification. Second, 
we only investigated patients with the dissection subtype if the thrombus 
extended to intracranial level. therefore, different results might be found in 
dissection patients with extracranial thrombus only. 
In conclusion, our study shows that the presence of a hyperdense vessel sign 
and thrombus attenuation are both related to stroke subtype. Cardioembolic 
thrombi showed the least hyperdense vessel signs and the lowest attenua-
tion, followed by thrombi due to large artery atherosclerosis while thrombi 
due to dissections nearly always showed a hyperdense vessel sign and had 
the highest thrombus attenuation. 
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AbstrAct

Introduction
We related composition of cerebral thrombi to stroke subtype and attenuation 
on non-contrast Ct (NCCt) to gain more insight in etiopathogenesis and to 
validate thrombus attenuation as a new imaging biomarker for acute stroke. 

Methods
We histopathologically investigated 22 thrombi retrieved after mechanical 
thrombectomy in acute stroke patients. First, thrombi were classified as fresh, 
lytic or organized. Second, percentages of red blood cells (rBCs), platelets and 
fibrin and number of red, white (respectively rBCs or platelets outnumbering 
other components with ≥15%) or mixed thrombi were compared between 
large artery atherosclerosis (Laa), cardioembolism, dissection and unknown 
subtype. third, correlation between attenuation and rBCs, platelets and fibrin 
was calculated using pearson’s correlation coefficients (r). 

Results
thrombi were fresh in 73% (n=16), lytic in 18% (n=4) and organized in 9% 
(n=2). the stroke cause was Laa in eight (36%), cardioembolism in six (27%), 
dissection in three (14%), and unknown in five (23%) patients.
Laa thrombi showed the highest percentage rBCs (median 50 (range 35-
90)), followed by dissection (35 (20-40), p=0.05), cardioembolism (35 (5-45), 
p=0.013) and unknown subtype (25 (2-40), p=0.006). No differences in plate-
lets (p=0.16) and fibrin (p=0.52) between subtypes were found.
Laa thrombi were classified as red or mixed (both n=4), cardioembolisms as 
mixed (n=5) or white (n=1) and dissection as mixed (n=3). 
there was a moderate positive correlation between attenuation and rBCs 
(r=0.401, p=0.049), and weak negative correlations with platelets (r=-0.368, 
p=0.09) and fibrin (r=-0.073, p=0.75).

Conclusions
the majority of cerebral thrombi is fresh. there are no differences in age of 
thrombi between subtypes. Laa thrombi have highest percentages rBCs, car-
dioembolism and unknown subtype lowest. No relationship exists between 
subtype and platelets or fibrin percentages. We found a correlation between 
the rBC-component and thrombus attenuation, which improves validation of 
thrombus attenuation on NCCt as an imaging biomarker for stroke manage-
ment.

CHAPTER_03.indd   36 11-02-14   16:43



HistopatHologic composition of cerebral tHrombi of acute stroke patients is 
correlated witH stroke subtype and tHrombus attenuation

37

chapter

3

IntroductIon 

thromboembolism is the cause of ischemic stroke in the majority of acute 
stroke patients 1. these thrombi originate mainly from large artery atheroscle-
rosis (Laa) and cardioembolisms, and more infrequently from dissection 2-4 .
the use of mechanical thrombectomy devices allows retrieval of cerebral 
thrombi from the intracranial vessels and subsequent histopathologic analy-
sis. the first histopathologic studies showed that the architecture of cerebral 
thrombi is variable with different main components such as fibrin, red blood 
cells (rBC) and platelets 5-7. the composition of thrombi may influence the 
efficacy of thrombolysis with recombinant tissue plasminogen activator (rtpa) 
since rBC-rich or red thrombi are described to be more vulnerable for current 
thrombolysis compared to platelet-rich or white thrombi 8-10. 
Furthermore, the age of thrombi could also play a role in success rate of throm-
bolysis, which is only about 50% with current IV-rtpa therapy. recanalization 
depends on the time from stroke onset to intravenous (IV) rtpa-treatment, 
hence it may be more effective in fresh than old thrombi 11. 
On non-contrast Ct (NCCt) platelet-rich thrombi have lower attenuation than 
rBC-rich thrombi since the attenuation has a linear correlation with the con-
centration of hemoglobin 9, 12-14. recent studies found that the attenuation is 
also related to stroke subtype 15, 16 and could be helpful in predicting the rate 
of recanalization after rtpa 17, 18. 
Improved knowledge about thrombus age and composition and its relation 
with stroke subtypes and attenuation could help to gain more insight in the 
etiopathogenesis of stroke. the aims of this study were to relate the age and 
histopathologic composition of thrombi to the stroke subtype and to throm-
bus attenuation on NCCt.

Methods

Patient population
We histopathologically investigated thrombi retrieved after mechanical 
thrombectomy of acute stroke patients admitted to the University Medical 
Center Utrecht or the St. antonius hospital Nieuwegein, between December 
2010 and april 2013. Inclusion criteria were: age ≥ 18 years, National Institutes 
of health Stroke Scale (NIhSS) ≥ 2, acute stroke patients with an intracrani-
al thrombus on Ct-angiography (Cta) eligible for thrombectomy, retrieval 
of thrombus material available for histopathologic analysis. exclusion criteria 
were the collection of thrombus material that was unsuitable for histopatho-
logic analyses and a poor quality NCCt that was unsuitable for thrombus den-
sity measurements.
the following baseline data were collected: demographic features, cardiovas-
cular risk factors (hypertension, diabetes mellitus, smoking), NIhSS on admis-
sion, location of the thrombus, and onset time to Ct-imaging, to IV-rtpa treat-
ment and thrombus retrieval. 
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 Laa was defined as imaging findings of either significant (>50%) stenosis or 
occlusion of a major cervical (carotid or vertebral) artery or intracranial artery 
on Cta ipsilateral to the symptomatic hemisphere, presumed to be due to 
atherosclerosis according to the trial of Org 10172 in acute Stroke treatment 
(tOaSt) criteria 19 if other diagnostic studies had excluded potential sourc-
es of cardiac embolism. Cardioembolism was defined as at least one cardiac 
source for an embolus identified in the absence of significant ipsilateral steno-
sis (>50%) of ipsilateral large extracrianal arteries or atherosclerosis. Criteria for 
diagnosing dissection as the cause of stroke were a narrowed eccentric lumen 
surrounded by crescent-shaped mural thickening or tapered occlusion with 
associated increase in external vessel diameter on Cta 20, 21. 

Ethics statement
the medical ethics committee of the University Medical Center Utrecht ap-
proved the study. If patients had the capacity to consent, written informed 
consent was obtained from themselves. If this was not the case, written in-
formed consent was obtained from their nearest relative(s).

Treatment prior to thrombectomy
Based on clinical and imaging information IV-rtpa was administered to patients 
when considered eligible by a team of experienced neuroradiologists and 
neurologists. If IV-rtpa failed or could not be administrated due to contra-indi-
cations, the administration of intra-arterial (Ia) rtpa followed by thrombecto-
my or thrombectomy alone was done, in all cases under systemic heparin. the 
heparin was given IV at a dose of 2500 IU.  

Thrombectomy Procedure
Informed consent was obtained prior to the procedure. Mechanical thrombec-
tomy was performed in accordance with local guidelines. all patients had 
heparin administered during the percutaneous intervention. the occlusion 
was reached using a guiding catheter through the femoral artery. the throm-
bus was removed by a Merci retriever, a trevo retriever or a Solitair stent and 
thrombus material was collected in a formalin equipped bottle. 

Histopathologic Procedure
Specimens were embedded in paraffin and 4 consecutive 5-µm thick slic-
es were cut. all thrombi were stained with hamatoxylin and eosin, Mallory’s 
phosphotungstic acid-hematoxilin (identifying fibrin), glycophorin a (identify-
ing rBCs) and CD31 (identifying platelets) immunostains. 
Subsequently, thrombi were histopathologic analysed by an experienced vas-
cular pathologist (a.V.) together with two other investigators (J.N. and L.v.D.) 
on all 4 slices. histological analysis was conducted in a blinded fashion with-
out any knowledge of patient and stroke characteristics. First, all thrombi were 
classified as fresh (<1 day), lytic (1-5 days) or organized (>5 days), based on 
previously published definitions of thrombus age 22. thrombi were classified 
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according to the age of the largest part of the thrombus. Second, percentag-
es of rBCs, platelets and fibrin were quantitatively determined in consensus. 
Subsequently, thrombi were classified as red if rBCs outnumbered platelets 
and fibrin by at least 15% and as white if platelets outnumbered rBCs and fibrin 
with at least 15% difference. If this was not the case, thrombi were classified as 
mixed. Furthermore, we also investigated the presence of other components 
(white blood cells, atheromatous material, calcification) in the thrombi.

Scan protocol and attenuation measurements 
all imaging studies were performed using 64- or 256-slice MDCt–scanner 
(philips, philips healthcare, Best, the Netherlands). Ct parameters of the NCCt 
were: 120 kVp, 300 mas, and 3-mm reconstructed slice thickness. For the Cta 
65-70 ml of contrast agent (300mg Iopromide/mL) was injected into the ante-
cubital vein (18-gauge needle) at a rate of 6 mL/s followed by a 40-mL saline 
flush at the same rate. 
the attenuation of the thrombus was measured on 3-mm NCCt in hounsfield 
Units (hU) by two independent observers, both blinded for any data except 
localization of the thrombus on Cta. Within the thrombus a standardised 
small round region of interest was drawn three separate times and mean hU-
values were used for analysis. the same measurements were performed in 
the corresponding contralateral vessel and by calculating the relative hU (hU 
thrombus / hU contralateral) we corrected for hematocrit. If the thrombus was 
situated in the basilar artery, a more proximal non-thrombosed portion of the 
basilar artery was used for the control measurements. If the proximal end was 
not open, the supraclinoid ICa was used (n=3).

Statistical Analyses 
Baseline characteristics were summarised as means (with standard deviation 
(SD)), medians (with range) or frequency counts and proportions. 
First, the percentages of rBCs, platelets and fibrin were compared between 
the subtypes of stroke by the Kruskal-Wallis test. Significant group differences 
were further analysed by the Mann-Whitney U test to determine individual 
differences. 
Intraclass correlation coefficients (ICCs) were used to evaluate the interobserv-
er variation in hU-measurements of the thrombus. We considered ICC values 
<0.20 as poor, 0.21-0.40 as fair, 0.41-0.60 as moderate, 0.61-0.80 as good, and 
0.81-1.00 as excellent. the correlation between attenuation and percentages 
of rBCs, platelets and fibrin was calculated using pearson’s correlation with a 
coefficient (r) of 0.90–1 as very strong; 0.70–0.89 as strong; 0.40–0.69 as mod-
erate; 0.20–0.39 as weak and 0.01–0.19 as a negligible relationship. Statistical 
analysis was performed using SpSS (version 20.0, SpSS Inc., Chicago). results 
were considered statistically significant if p-values were <0.05.
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results

a total of 22 thrombi were retrieved from 22 patients with an average age of 
60 years (± 13) and 50% female (Table 1). No patients had to be excluded. the 
median time from onset to thrombus retrieval of was 287 minutes (125-455). 
the mean NIhSS was 14, with a minimum of 5 and a maximum of 35. In 17 pa-
tients (77%) IV-rtpa was administrated with a median time of 88 minutes from 
onset. Only 2 patients (9%) were on chronic anticoagulation medication and 3 
patients (14%) received Ia-rtpa prior to mechanical thrombectomy. the cause 
of stroke was classified as Laa in eight (36%), cardioembolism in six (27%), 
dissection in three (14%), and as unknown in five (23%) patients.

Table 1 Patient characteristics

Age in years, mean (±SD) 60 (± 13)

Sex (female), n (%) 11 (50)

Subtype, n (%)

   Large artery atherosclerosis  8 (36)

   Cardioembolism 6 (27)

   Dissection 3 (14)

   Unknown 5 (23)

Cardiovascular risk factors, n (%)

   Current smoking 10 (45)

   Hypertension 9 (41)

   Diabetes Mellitus 1 (5)

Chronic anti-coagulation use, n (%) 2, (9)

Baseline NIHSS, median (range) 14 (5-35)

Intravenous thrombolysis (rtPA), n (%) 17 (77)

Intra-arterial thrombolysis (rtPA), n (%) 3 (14)

Location thrombus, n (%)

   Middle Cerebral Artery 14 (64)

   Basilar Artery 7 (32)

   Internal Carotid Artery 1 (5)

Onset time to CT in minutes, median (range) 107 (20-386)

Onset time to retrieval in minutes, median (range) 287 (125-455)

Onset time to IV-rtPA in minutes, median (range)* 88 (35-290)

* based on 17 patients received IV-rtPA. SD: standard deviation, NIHSS: National Institutes of Health Stroke Scale, rtPA: recombinant tissue 
plasminogen activator, CT: Computed Tomography

thrombi were fresh in 73% (n=16), as lytic in 18% (n=4) and as organized in 9% 
(n=2). No significant differences were found in the age of thrombi between 
the different subtypes (p=0.54). all lytic and organized thrombi also revealed 
a component of the thrombus that was fresh. all thrombi that were fresh did 
not have any organized parts and only a very few fresh thrombi showed min-
imal lytic parts.
the median (range) percentages of components across all thrombi were 40% 
(2-90%) rBCs, 40% (5-80%) platelets, and 20% (5-65%) fibrin (Figure 1). 
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Figure 1 Histopathologic composition of all thrombi
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the median percentages of rBCs differed significantly between the different 
stroke subtypes as a group (p=0.010) while there were no significant differ-
ences in the median percentages of platelets (p=0.16) and fibrin (p=0.52) be-
tween the different subtypes (table 2 and figure 2). 

Table 2 Thrombus components: relation with stroke subtypes and correlation with attenuation on non-contrast CT

Component
Stroke subtype

Correlation with attenuation
LAA CE DIS UNK P-value

RBC mean (range)
50%

(35-90%)
35% 

(5-45%)
35%

 (20-40%)
25% 

(2-40%)
0.010  r (p-value) 0.401 (0.049)

Platelets mean (range)
30% 

(5-45%)
30% 

(20-80%)
45% 

(45-50%)
50% 

(25-80%)
0.16 r (p-value) -0.368 (0.09)

Fibrin mean (range)
20% 

(5-30%)
35% 

(10-65%)
20%

 (10-35%)
20% 

(15-50)
0.52 r (p-value) -0.073 (0.75)

LAA: large artery atherosclerosis, CE: cardioembolism, DIS: dissection, UNK: unknown, RBC: Red blood cell

Comparing the individual stroke subtypes; thrombi originating from Laa 
showed the highest percentage of rBCs (median 50% (35-90%)), which was 
not significantly different from the dissection subtype (median 35% (20-40%), 
p=0.05) but was significantly higher than thrombi from cardioembolisms 
(median 35% (5-45%), p=0.013) and unknown subtype (median 25% (2-40%), 
p=0.006). the median percentages of rBCs in thrombi from dissection and 
cardioembolisms (p=0.82), dissection and unknown subtype (p=0.33) and 
cardioembolism and unknown (p=0.39) were comparable (Figure 2). White 
blood cells were present in most thrombi but in very small amounts only, in 
one thrombus a small volume of atheromatous material was seen and calcifi-
cation was not visible in any thrombus.
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Figure 2 Boxplots of percentage red blood cells, platelets and fibrin of thrombi by subtype of stroke   
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thrombi were defined as red (rBC-rich) in 4 (18%), as white (platelet-rich) in 4 
(18%) and as mixed in 14 (64%) cases (figure 3). thrombi from Laa were classified 
as red in half of the cases (n=4) and as mixed in the other half. Cardioembolic 
thrombi were defined 5 times (83%) as mixed and once as white (17%). all 
3 dissection thrombi were classified as mixed, while the unknown subtype 
contained 3 white (60%) and 2 mixed thrombi (40%). No white thrombi were 
found in Laa and none of the cardioembolic, dissection, or unknown subtype 
thrombi were classified as red. thrombi in patients with Laa had a significant-
ly higher proportion of red thrombi than in cardioembolisms (p=0.04), and 
significantly less white thrombi than the unknown subtype (p=0.012) while 
differences between all other subtypes in number of red and white thrombi 
were insignificant (p>0.06). 
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Figure 3 The number of red, white and mixed thrombi by subtypes
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the interobserver reliability for the hU-measurements was excellent 
(ICC=0.98). there was a moderate linear correlation between the attenuation 
and percentage of rBCs (r=0.401, p=0.049), a weak negative linear correlation 
between attenuation and platelets (r=-0.368, p=0.09) and a negligible nega-
tive linear correlation for fibrin (r=-0.073 p=0.75, table 2). 

dIscussIon

We found that most cerebral thrombi were fresh and that thrombi originating 
from Laa had the highest percentage of rBCs and were the only stroke sub-
type with red thrombi. there was a moderate correlation between the per-
centage of rBCs and the attenuation on NCCt. 
traditional teaching emphasizes that fresh red thrombi, containing mixtures 
of fibrin and rBCs, originate from low flow-regions while white thrombi, ex-
isting mainly out of platelets and fibrin, arise in regions of fast moving blood 
23, 24. In cerebral stroke, thrombi from Laa are thought to originate from re-
gions of fast moving blood, while most cardioembolic thrombi are assumed 
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to develop from low flow-regions, such as the left atrial appendage. however, 
histopathology examination of cerebral stroke thrombi is limited and inter-
pretations about the pathophysiology of cerebral thrombi have mainly been 
derived from coronary circulation studies. 
thrombi causing myocardial infarction originate from a local coronary artery 
occlusion due to the  atherosclerotic process. In this process rBCs were former-
ly described to be of little importance 25. however, more recently the influence 
of rBCs in coronary atherosclerosis has been described as major, especially in 
the transition from a stable to an unstable lesion causing occlusions 26-29. It is 
therefore more likely that thrombi originating from (unstable) atherosclerotic 
plaques have a high rBC-component, especially in cerebral thrombi where 
the majority of atherosclerotic thrombi are due to acute thromboembolic 
events immediately after intraplaque hemorrhage 30-32. 
In regard to the composition of cardioembolic thrombi, only one study in-
vestigated the histopathology of in vivo derived cardioembolic thrombi from 
patients with atrial fibrillation by either extraction from atrial thrombi during 
cardiac valve surgery (11 patients) or by removal of embolized cardioembol-
ic thrombi from ilio-femoral and subclavian-brachial arteries during vascular 
surgery (11 patients) 33. they found that all cardiac thrombi consisted mainly 
out of fibrin, platelets and debris. Furthermore, an important difference be-
tween cardiac in situ thrombus and embolized thrombi was found; embolized 
thrombi showed twice as much platelet-rich domains (40% of total) compared 
to non-embolized atrial thrombus material (20%). 
Our findings are not in line with the traditional assumption. We observed 
that thrombus from Laa contain the highest amount of rBCs and that all red 
thrombi originate from Laa and none from cardioembolisms. 
Our findings are, however, to a great extent in line with the previous histo-
pathologic studies investigating cerebral thrombi, which also found that the 
traditional assumption is not valid for stroke patients. to our knowledge only 
three histopathologic studies were performed on thrombi retrieved from 
cerebral arteries of patients having acute stroke 5-7. the first two studies, per-
forming histological analyses of thrombi retrieved from intracranial vessels 
in respectively 5 and 25 patients with ischemic stroke, showed no relation 
between thrombus composition and stroke subtype 6, 7. these investigators 
found similar cell components of thrombi derived from either arterial or car-
diac sources and also demonstrated that atherosclerotic thrombi contain sig-
nificant amounts of rBCs. the most recent histopathologic study measured 
the percentages rBCs, white blood cells and fibrin in 50 patients and related 
thrombus composition to stroke subtype 5. they found a broad histopatho-
logic distribution of thrombus composition, although white blood cells were 
consistently marginal and platelets were not investigated. they also men-
tioned that no relation between thrombus histopathology and stroke sub-
type was found. however, any other details about this relationship were not 
provided. In our study results we do not report percentages of white blood 
cells or other thrombus components because they were not or only in small 
amounts present. 
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Other than only one brief report on a thrombus from a single patient with a 
dissection, in which the histological examination was described as “serpen-
tine” (fibrin:platelet bands interspersed with accumulations of nucleated cells 
and rBC-rich accumulations) 6, there are no studies available about the histol-
ogy of strokes caused by dissection. 
to our knowledge this is the first study investigating the age of thrombi in 
acute cerebral stroke patients. While the traditional assumption emphasizes 
that fresh thrombi originate mainly from cardioembolisms, we found no differ-
ences in age of thrombi between the stroke subtypes. Furthermore, we found 
a higher percentage of fresh thrombi compared to studies of myocardial in-
farction patients, in which at least half of the cardiac thrombi were days or 
weeks old 22. this discrepancy increases the thought that the pathogenesis of 
cardiac and cerebral thrombi may be different. We also found that all lytic and 
organised thrombi also contained a component that was fresh (less than one 
day old). Fresh thrombus may occur around the local plaque rupture or an 
organised thrombus can embolize to the brain, incompletely occlude a brain 
artery, and then acquire fresh thrombus elements which may ultimately lead 
to complete vessel thrombosis. 
as mentioned, thrombus attenuation could be related to the constituents and 
composition of the thrombus. the concentration of hemoglobin is one of the 
determining factors as it has a linear correlation with the attenuation while 
platelets and atheromatous or cellular debris are known to decrease the at-
tenuation of the thrombus on Ct 9, 12-14, 34-36. Studies on this topic, however, are 
experimental, animal studies, or investigations of the venous sinus thrombus. 
Other than a recent histopathological study briefly mentioning that they did 
not find a significant relation between attenuation and composition 5, little is 
know about the relation between the attenuation of thrombi on NCCt and the 
histological composition of retrieved cerebral thrombi. We are the first study 
describing a correlation between the histopathological rBC-component of 
thrombi and the attenuation on NCCt. this correlation could be stronger in 
reality as attenuation was measured before IV-rtpa administration while most 
thrombi were histopathologically investigated after thrombolysis which could 
have influenced thrombus composition. as rBCs are more vulnerable for rtpa 
compared to platelets it is likely that the especially rBCs were influenced be-
fore histopathological examination.
there are some aspects that merit consideration. First, only a relative small 
number of thrombi were investigated, consequently making it hard to draw 
strong conclusions. Second, no clear definition of “red” and “white” thrombi 
exists which is probably due to the fact that just a few studies have patholog-
ically assessed cerebral thrombi in vivo. Most histopathologic studies based 
the division in red or white thrombi on “macroscopic evaluation” without any 
thresholds 5, 6, 37-40. to increase the objectivity and reproducibility, we introduced 
a cut-off value to distinguish between red and white thrombi. third, the ma-
jority of the histopathologically investigated thrombi were resistant to IV-rtpa 
and we could not investigate thrombi with successful recanalization on IV-
rtpa, this may bias the percentage of thrombus composition but not the cor-
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relation between histopathology and thrombus attenuation. Fourth, besides 
the administration of IV-rtpa, the mechanism and timing of the procedures 
also varied and could have influenced the thrombus composition. therefore 
we cannot assess the predictive value of thrombus composition, but this was 
not the purpose of the study. Fifth, attenuation measurement were performed 
on 3-mm slices, the thinnest slices available for evaluation. partial volume ef-
fects may have influenced our attenuation results since some thrombi could 
be smaller than 3 mm or not completely included in one slice. however, this 
would have probably only led to less differences between subtypes and thus 
resulting in an underestimation of the results.Due to these considerations 
larger histopathologic studies of prospectively collected cerebral thrombi are 
needed to validate our findings. Ideally, the attenuation measurements will 
be performed on thin slices and the predictive value of clot composition for 
recanalization after treatment will be determined.

conclusIons 

In our study with relatively small numbers important findings were seen: we 
found that the majority of cerebral thrombi is fresh and that there are no dif-
ferences in age of thrombi between the stroke subtypes. thrombi originat-
ing from large artery atherosclerosis have the highest percentages of red 
blood cells followed by thrombi due to dissection, while cardioembolic and 
unknown stroke subtype thrombi have the least red blood cells. a moderate 
correlation was found between the red blood cell-component and attenua-
tion on non-contrast Ct, improving the validation of thrombus attenuation on 
non-contrast Ct as an imaging biomarker for acute ischemic stroke manage-
ment. these findings will have to be validated in a larger study.
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AbstrAct

Background
In stroke erythrocyte-rich thrombi are more sensitive to IV-rtpa and have 
higher density on non-contrast Ct (NCCt). We investigated the relationship 
between thrombus density and recanalization and whether persistent occlu-
sions can be predicted by hU-measurements.

Methods
In 88 IV-rtpa treated patients with intracranial ICa or MCa occluding thrombus 
and follow-up imaging, thrombus and contralateral vessel attenuation 
measurements were performed on thin-slice NCCt. Mean absolute and relative 
hounsfield Units (hU) were compared between patients with persistent 
occlusion (modified tICI-system grade 0/1/2a) and recanalization (grade 2b/3). 
Univariate and multivariate (adjusted for stroke subtype, clot burden score, 
occlusion site and time to thrombolysis) odds ratios for persistent occlusion 
were calculated. additional prognostic value for persistent occlusion was 
estimated by adding hU-measurements to the aUC of known determinants 
and calculating optimal cut-off values. 

Results
patients with persistent occlusion (n=19) had significant lower mean hU (ab-
solute 52.2 ± 9.5, relative 1.29 ± 0.20) compared to recanalization (absolute 
63.1 ± 10.7, relative 1.54 ± 0.23, both p<0.0001). Odds ratios for persistent oc-
clusion were 3.1 (95%CI 1.6-6.0) univariate and 3.1 (95%CI 1.7-5.7) multivariate 
per 10 absolute hU-decrease and 3.2 (95%CI 1.6-6.5) univariate and 4.1 (95%CI 
1.8-9.1) multivariate per 0.20 relative hU-decrease. attenuation measurements 
significantly increased aUC (0.67) of the known determinants to 0.84 (absolute 
hU) and 0.86 (rhU). Cut-off values of <56.5 absolute hU and <1.38 relative hU 
showed optimal predictive values for persistent occlusion.

thrombus density is related to recanalization rate. Lower absolute and relative 
hU are independently related to persistent occlusion and hU-measurements 
significantly increase discriminative performances of known recanalization 
determinants.

CHAPTER_04.indd   50 11-02-14   16:43



Predictive value of thrombus attenuation on thin-slice non-contrast ct for 
Persistent occlusion after intravenous thrombolysis

51

chapter

4

IntroductIon

In patients with acute ischemic stroke successful recanalization favours 
good clinical outcome and is the aim of acute stroke treatment 1. Because 
earlier treatment is associated with better outcomes appropriate treatment 
should be applied as soon as possible 2. however, intravenous thrombolysis 
with recombinant tissue plasminogen activator (IV-rtpa) results in timely 
recanalization in about 50% of occluded arteries only 3. In patients with 
persistent occlusion after IV-rtpa other recanalization strategies such as intra-
arterial thrombolysis or mechanical thrombectomy can be considered if 
initiated in time, although this is not evidence based. the success of IV-rtpa 
to achieve recanalization may be related to the composition of the thrombus. 
an erythrocyte-rich thrombus may be more sensitive to thrombolysis as 
compared to platelet rich thrombi 4, 5.

thin-slice non-contrast Ct (NCCt) allows accurate detection of thrombi and 
can be used to determine the thrombus density 6-9. erythrocytes increase 
the thrombus density, measured in hounsfield Units (hU), whereas platelets, 
atheromatous and cellular debris are known to decrease the hU-value 5, 9-11. 
the measurement of thrombus attenuation on NCCt could therefore be a 
rapid non-invasive tool for predicting persistent occlusions after IV-rtpa and 
may play a role in initiating additional intra-arterial treatment if recanalization 
is expected to be unsuccessful.
the aims of our study were to investigate whether thrombus density is related 
to the likelihood of recanalization after IV-rtpa and whether persistent occlu-
sion can be predicted by hU-measurements of thrombi on thin-slice NCCt 
independent of the known determinants of recanalization subtype of stroke, 
clot burden score, time to thrombolysis and site of occlusion. 

Methods

Patients
We reviewed the records of prospectively included patients who participated 
in a large multicenter observational cohort study (DUtch acute Stroke trial, 
DUSt) between May 2009 and December 2012. Inclusion criteria for DUSt 
are: age ≥ 18 years, onset of stroke symptoms < 9 hours, National Institutes of 
health Stroke Scale (NIhSS) ≥ 2 and informed consent (including permission 
for follow-up imaging) on admission from patient or family. For this substudy 
additional inclusion criteria were: scanned on admission with thin-slice NCCt 
and Cta, an occlusion of the intracranial ICa or MCa (segment M1 or M2) on 
admission Cta and treated with IV-rtpa only and follow-up Cta or Mra avail-
able. all patients received IV-rtpa (alteplase) within 4.5 hours after symptom 
onset using a bolus of 0.09 mg/kg, followed by 1-hour infusion of 0.81 mg/kg.
exclusion criteria are: known renal failure or contrast allergy and patients who 
had already received therapy before neuroimaging. all patients underwent 
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NCCt, Ct-perfusion (Ctp) and Ct-angiography (Cta) on admission with similar 
protocols.
the following clinical data were collected for all patients; demographic 
features, cardiovascular risk factors (hypertension, diabetes, hyperlipidemia, 
severe carotid disease, atrial fibrillation), onset time to thrombolysis, NIhSS 
on admission, presence of a dense vessel, clot burden score and final stroke 
diagnosis with large artery atherosclerosis, cardioembolism and unknown 
subtype according to the trial of Org 10172 in acute Stroke treatment (tOaSt) 
criteria 12 and dissection defined as a narrowed eccentric lumen surrounded 
by crescent-shaped mural thickening or tapered occlusion with associated 
increase in external vessel diameter on Cta 13, 14. 

Imaging
all included patients were scanned with NCCt and Cta on admission and Cta 
(n=82) or Mra (n=6) on follow-up. Follow-up imaging was performed between 
one and five days after admission. In this multicenter study Ct imaging studies 
were performed on a philips 256-slice, philips 64-slice, toshiba 64-slice or 
toshiba 320-slice Ct scanner. For this substudy only the admission NCCt and 
Cta and the follow-up Cta or Mra were used. Scan parameters of the NCCt 
were: 120 kVp, 300 mas, and 1 mm and 5 mm reconstructed slice thickness 
and for the Cta: 120 kVp, 150 mas, 1 mm reconstructed slice thickness. 

One neuroradiologist and one experienced radiology resident blinded for all 
the clinical data except side of symptoms reviewed the NCCt and the Cta for 
presence and the location of an intracranial thrombus. thrombus location and 
extent on Cta were also classified according to the clot burden score 15. On 
the 1 mm NCCt attenuation measurements of the thrombus were performed, 
blinded to all data, except for location of thrombus on Cta. additionally, the 
attenuation of the corresponding contralateral vessel (without thrombus) was 
measured. per patient a small round region of interest was drawn three separate 
times within the thrombus and contralateral vessel, and mean hU-values were 
used for analysis to improve reproducibility. Because some variation in hU-
measurements could be introduced by patient variation in haematocrit level 
and by the different vendors of Ct scanners we additionally calculated the 
relative hU of the thrombus (attenuation thrombus/ attenuation contralateral 
vessel). 
to assess the recanalization rate the modified thrombolysis in Cerebral 
Infarction (mtICI)-system was used with mtICI grade 0 (no perfusion), 1 
(perfusion past the initial obstruction, but limited distal branch filling with 
little or slow distal perfusion), 2a (partial perfusion of less than half of the 
vascular distribution of the occluded artery (e.g., filling and perfusion trough 
one M2 division)) representing a persistent occlusion and mtICI grade 2b 
(partial perfusion of half or greater of the vascular distribution of the occluded 
artery (e.g., filling and perfusion through 2 or more M2 divisions)) and Grade 
3 (full perfusion with filling of all distal branches) representing successful 
recanalization 16, 17.
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Analysis
We used descriptive statistics for demographics, cardiovascular risk factors, 
stroke subtype, thrombus location, NIhSS at admission, onset time to throm-
bolysis, proportion of hyperdense vessels and clot burden score to compare 
patients with a successful recanalization and patients with a persistent occlu-
sion. these baseline characteristics were summarised as means (with standard 
deviation (SD)) or frequency counts and proportions. to estimate the relation 
between thrombus hU-values and recanalization, differences in means of the 
absolute hU-values of the thrombus and contralateral vessel as well as relative 
hU-values in patients with persistent occlusion and successful recanalization 
were calculated and compared with the student’s t-test. 
We performed univariate and multivariate binary logistic regression and calcu-
lated odds ratios for persistent occlusion with corresponding 95% confidence 
interval for absolute hU-values (per 10 hU-decrease) and relative hU-values 
(per 0.20 relative hU-decrease). In the multivariate analyses we  included four 
additional determinants: subtype of stroke, clot burden score, time to throm-
bolysis and site of  occlusion. these factors have been described as the most 
important determinants of recanalization 1, 15, 18-22.

receiver Operating Characteristic (rOC) curves were used to determine the 
additional prognostic value for persistent occlusion by comparing multivari-
ate models for both the absolute hU and relative hU-values. a first model con-
tained the aforementioned determinants (subtype of stroke, time to throm-
bolysis, clot burden score and site of occlusion). additional models contained 
the same determinants plus the absolute or relative hU-values. an area under 
the rOC curve (aUC) of more than 0.80 is considered a test with good discrim-
inative performance 23. the aUC of the first model was compared with the 
aUCs of the second models using the method as described by Delong et al. 
24, which correct for correlation between two aUCs based on the same pop-
ulation. absolute hU and relative hU cut-off values for persistent occlusions 
with the optimal test characteristics (sensitivity, specificity, positive predictive 
value and negative predictive value) were calculated. Statistical analysis were 
performed by using SpSS, version 19.0; SpSS Inc., Chicago, III. results were con-
sidered statistically significant when p-values were <0.05 and when the 95% 
confidence interval of the odds ratios did not include 1.

results 

a total of 88 patients were included. table 1 summarizes the baseline 
characteristics of all patients, the mean age was 66.6 years and 43% were 
female. Of all patients 69 (78%) had a successful recanalization while 19 
patients showed a persistent occlusion. 
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Table 1 Baseline characteristics of patients with successful recanalizations and persistent occlusions

Variable
Total 

(n=88)
Successful 

recanalization (n=69)

Persistent
occlusion 

(n=19)

Demographics

   Mean age, years (SD) 66.6 (13.1) 66.6 (12.3) 66.7 (16.1)

   Female, n (%) 38 (43) 32 (46) 6 (32)

Cardiovascular risk factors, n (%)

   Hypertension 37 (43) 27 (39) 10 (56)

   Diabetes 4 (5) 3 (4) 1 (5)

   Hyperlipidemia 25 (30) 22 (33) 3 (16)

   Atrial fibrillation 8 (9) 6 (9) 2 (11)

   Carotid disease¤ 27 (31) 23 (33) 4 (21)

Stroke Subtype, n (%)

   Large artery atherosclerosis 29 (33) 21 (30) 8 (42)

   Cardioembolism 28 (32) 22 (32) 6 (32)

   Dissection 6 (7) 6 (9) 0

   Unknown 25 (28) 20 (29) 5 (26)

Site of occlusion, n (%)

   ICA 5 (6) 4 (6) 1 (5)

   M1 proximal 9 (10) 7 (10) 2 (11)

   M1 distal 35 (40) 30 (44) 5 (26)

   M2 39 (44) 28 (41) 11 (58)

NIHSS at admission, mean (SD) 12.2 (6.4) 12.8 (6.5) 10.2 (5.8)

Onset Time to rtPA (minutes), mean (SD) 103.8 (42.0) 104.2 (45.6) 102.5 (26.4)

Hyperdense vessel signs, n (%) 39 (44) 32 (46) 7 (37)

Clot Burden Score,  mean (SD) 7.2 (1.9) 7.0 (2.0) 7.8 (1.5)

ICA: internal carotid artery; M1: MCA-M1 segment; M2: MCA-M2 segment 
¤=Carotid disease was defined as atherosclerosis with a lumen diameter stenosis of ≥50%

table 2 displays the differences in mean thrombus hU-values (absolute and 
relative) and hU-values of the contralateral vessel between patients with 
persistent occlusion and successful recanalization. patients with persistent 
occlusion (mean ± SD: absolute hU 52.2 ± 9.5 and relative hU 1.29 ± 0.20) had 
significant lower thrombus attenuation compared to patients with successful 
recanalization (mean absolute hU 63.1 ± 10.7 and mean relative hU 1.54 ± 
0.23, both p<0.0001, table 2). hU-values of the contralateral vessel did not 
differ between the groups.
the odds ratios of thrombus density for persistent occlusion in the univariate 
analyses were 3.1 (95%CI 1.6-6.0) per 10 absolute hU-decrease and 3.2 (95%CI 
1.6-6.5) per 0.20 relative hU-decrease. In the multivariate analyses adjusted for 
subtype of stroke, clot burden score, time to thrombolysis and site of occlusion 
both the absolute hU-value (Or 3.1, 95%CI 1.7-5.7) and relative hU (Or 4.1, 
95%CI 1.8-9.1) were independently related to persistent occlusion (table 2). 
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Table 2 Relation of thrombus density with rate of recanalization

Thrombus Density Total
(n=88)

Successful 
recanalization

(n=69)

Persistent occlusion 
(n=19)

P-value
Odds Ratios (95 %CI)

Uni-variate Multi-variate±

Absolute HU, mean (95 %CI)

   Thrombus attenuation 60.7 (58.3-63.1) 63.1 (60.5-65.7) 52.2 (47.6-56.8) <0.001 3.1 (1.6-6.0) 3.1 (1.7-5.7)

   Contralateral vessel 41.0 (40.0-42.0) 41.2 (39.9-42.4) 40.4 (39.0-41.9) 0.56

Relative HU¤, mean 
(95 %CI) 1.49 (1.43-1.54) 1.54 (1.48-1.60) 1.29 (1.19-1.39) <0.001 3.2 (1.6-6.5) 4.1 (1.8-9.1)

P-values of difference between thrombus attenuation with successful recanalizations and persistent occlusions and results of univariate and multivariate logistic regression in 
odds ratios for persistent occlusions per 10 absolute HU- and 0.20 relative HU-decrease are shown. 
¤=Relative HU of the thrombus was calculated as thrombus attenuation  divided by attenuation of contralateral vessel ±=Adjusted for subtype of stroke, clot burden score, 
time to thrombolysis and site of occlusion.

the aUC of the first model with determinants subtype of stroke, time to 
thrombolysis, clot burden score and site of occlusion was 0.67 (95CI% 0.55-
0.80). the aUC of these four predictors combined with the hU-values was 
0.84 (95CI% 0.74-0.94) with absolute hU-values and 0.86 (95CI% 0.77-0.95) 
with relative hU-values, a significant increase in aUC for both hU-values (both 
p<0.001).
the optimal predictive cut-off values for a persistent occlusion were an 
absolute hU of <56.5 (sensitivity 71.0%, specificity 73.7%, positive predictive 
value 90.7%, negative predictive value 41.2%) and a relative hU of <1.38 
(sensitivity 70.0%, specificity 73.7%, positive predictive value 90.6%, negative 
predictive value 40.0%). 

dIscussIon

this study shows that thrombus density in acute ischemic stroke patients 
is related to the likelihood of recanalization and that hU-measurements on 
NCCt can help to predict persistent occlusion after IV-rtpa treatment. Lower 
absolute and relative hU-values are associated with a greater likelihood of a 
persistent occlusion after IV-rtpa.
Our study is in good agreement with the four previous studies investigating 
the hU-measurements and rate of recanalization 8, 9, 25, 26. In these studies 
the investigators also found that high hU-values of thrombi on NCCt are 
associated with successful recanalization after IV-rtpa. although Nam et 
al. did not find a significant relation between the hU-values and successful 
recanalization on thin-slices in a population of 100 patients: higher thrombus 
hU was significantly associated with a greater degree of thrombus resolution 
(18% resolution increase per 10 hU) 8. In a study of 34 patients Kim et al. 
investigated 8 IV-rtpa treated patients and found a corrected hU (mean hU 
of contralateral vessel x relative hU) of 55.0 on 0.6 mm slices in thrombi of 
patients in which recanalization was achieved and 48.4 in thrombi that 
showed persistent occlusion 9. puig et al. described mean absolute hU-values 
of respectively 49.3 and 42.1 and relative hU-values of respectively 1.57 and 
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1.11 of recanalized and persistent thrombi on 3 mm thick slices in 45 IV-rtpa 
treated patients. they found a similar cut-off value of relative hU <1.382 to 
predict persistent occlusion 25. Moftakhar et al. found a mean relative hU of 
1.58 in thrombi of IV-rtpa treated patients (n=45) with successful recanalization 
and 1.39 with a persistent occlusion. Measurements were performed on 2.5 
mm slices and cut-off values were not calculated 26. they also found that 
high hU-values of thrombi are associated with successful recanalization after 
mechanical thrombectomy, although this relationship has been questioned 
more recently 27. Overall we found similar relative hU-values and somewhat 
higher absolute thrombus density in both recanalized thrombi and persistent 
occlusions compared to other articles in which either absolute or relative hU 
was calculated. the higher absolute hU values might be explained by the 
fact that we used 1 mm thin slices and thus incorporated less partial volume 
effects compared to the other articles. 

Our study is the first in which both the absolute and relative hU were measured 
and cut-off values were calculated on 1 mm slice thickness in a large group 
of patients. Furthermore, we are the first to show that hU-measurements are 
independently associated with the likelihood of recanalization and significantly 
increase discriminative performance over known predictors for recanalization.
the attenuation of thrombi on NCCt has a linear correlation with the amount 
of haemoglobin. Since lysability seems to increase with increasing haematocrit 
levels, thrombi with lower hU are likely to consist out of components that 
are more resistant to fibrinolytic agents than thrombi with higher hU 4, 5, 11. 
Our study shows that hU-measurements of thrombi on thin-slices can help to 
identify patients who are likely or unlikely to respond to IV-rtpa. In our study 
we found a higher rate of recanalization (78%) than the other four previous 
studies in which it varied from 33-71%. this might be explained by the timing 
of our follow-up scans (1-4 days) which was relatively late compared to two 
studies in which follow-up imaging was done immediately (the two other 
studies do not mention the time of follow-up imaging). as the occurrence 
of spontaneous recanalization is known to increase within time 1, part of the 
recanalizations might be described to spontaneous recanalization and not 
due to IV-rtpa. Furthermore, although every patient, independent of clinical 
development, is prospectively being asked on admission to allow follow-
up angiography, in practice not every patient included in the main study 
undergoes follow-up imaging. a number of patients deceases before follow-
up takes place. the percentage of patients that decease within the first days 
after an ischemic stroke is in the order of 12% 28. as this group is likely to have 
persistent occlusions after IV-rtpa, the absence of follow-up imaging in these 
patients could also partly explain the high percentage of full recanalizations 
on follow-up.
however, as the clinical outcome is significantly better in patients who 
show recanalization on late follow-up compared to patients with persistent 
occlusion at the same time, our findings are clinically important 29. 
the most important determinants which have been described as being related 
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to recanalization are the stroke subtype, extent of the occlusion (clot burden 
score), site of occlusion and time to thrombolysis, all of which we included in 
our multivariate analyses.
Niesten et al. recently found that thrombus density on thin-slice NCCt could be 
related to stroke subtype 30. Moreover, some studies found that cardioembolic 
thrombi have a higher likelihood to recanalize after treatment than large 
artery atherosclerosis thrombi 31, 32 although other studies found no relation 
between stroke aetiology and recanalization 33, 34. riedel et al. described 
thrombus volume as an important predictor for successful recanalization 35 
while other investigators did not find a significant relationship 8, 9. however, 
the clot burden score 1, 15, 18 and the site of occlusion 19-21, which are both 
related to the thrombus volume 36, 37, have more often been described as being 
associated with recanalization rate. IV-rtpa may be more effective in fresh than 
old thrombi and a recent study found that early recanalization depends on 
time from stroke onset to IV-rtpa treatment 22. although some investigators 
describe the presence of a dense vessel sign as a predictor for severe brain 
ischemia, its value in predicting the efficacy of IV-rtpa and its impact on 
functional outcome is controversial 38-40. therefore we did not include the 
presence of a dense vessel sign in our multivariate analyses.
although in our population differences in the above mentioned determinants 
between patients with a persistent occlusion and with a successful 
recanalization were small on average, we adjusted our analyses for these 
important predictors to investigate the independent relationship between 
thrombus attenuation and the rate of recanalization. 

In conclusion, thrombus density on thin-slice NCCt is related to the likelihood 
of recanalization in patients treated with IV-rtpa. Lower absolute hU and relative 
hU are independently related to persistent occlusion and hU-measurements 
significantly increase discriminative performance in a multivariate model with 
other known predictors for recanalization. Cut-off values of <56.5 absolute 
hU and relative hU of <1.38 showed the most optimal predictive values for 
persistent occlusion and may help to select IV-rtpa treated stroke patients 
who may benefit from (additional) intra-arterial treatment.
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AbstrAct

Background
the aim of the current study was to determine the sensitivity and specificity of 
Ct-perfusion for the detection of ischemic stroke by performing a systematic 
review and meta-analysis of published reports.

Methods
We searched Pubmed, embase and the Cochrane library using the terms “per-
fusion computed tomography”, “ischemic stroke” and synonyms. We included 
studies that: 1) reported original data; 2) studied the diagnostic value of Ct-
perfusion for detecting ischemic stroke 3) used MrI-DWI or follow-up MrI or 
follow-up Ct as the reference standard; 4) included at least 10 patients who 
were suspected of ischemic stroke; and 5) reported the number of true pos-
itives, true negatives, false positives and false negatives for the diagnosis of 
ischemic stroke.

Results
Fifteen studies were finally included in the current review with a total of 1107 
patients. a pooled analysis resulted in a sensitivity of 80% (95% CI 72-86%) and 
a specificity of 95% (95% CI 86-98%). almost two-thirds of the false negatives 
were due to small lacunar infarcts; the remaining false negatives were mostly 
due to limited coverage.

Conclusion
the current systematic review shows that Ct-perfusion has a high sensitivity 
and a very high specificity for detecting infarcts. 
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IntroductIon

On arrival to the emergency department patients with symptoms of acute 
ischemic stroke are currently often evaluated with Ct-perfusion (CtP). adding 
CtP to non-contrast Ct has been shown to increase the diagnostic accuracy 
for the detection of ischemia 1. Furthermore, CtP can be used to determine the 
extent and potential reversibility of ischemia. this may be helpful in selecting 
patients who are likely to benefit from thrombolytic therapy 2-6.
although promising, CtP does not always accurately predict the presence or 
absence of ischemic stroke. an ischemic lesion may not be detected, leading 
to a false negative evaluation of the CtP images. In addition, several diseases 
such as extracranial carotid artery stenosis and proximal intracranial stenosis 
can mimic perfusion patterns seen in acute cerebral ischemia, leading to a 
false positive evaluation 7-10.
Since its introduction, the accuracy of CtP for detecting ischemic stroke has 
been the subject of several studies. to date, a systematic review comparing 
these studies has not been performed. the purpose of our study is to 
systematically review published reports to determine the sensitivity and 
specificity of CtP for the detection of ischemic stroke.

Methods

Search strategy
We searched Pubmed, embase and the Cochrane library using the terms 
“perfusion computed tomography”, “ischemic stroke” and synonyms (the 
complete search syntax is provided in supplemental table 1). all papers 
published until May 5, 2012 were included. titles and abstracts of the obtained 
articles were screened for relevance. the full text of articles that were eligible 
for inclusion based on the title and abstract were read and assessed for 
inclusion independently by two authors (J.M.B. and J.M.N.). Disagreements 
were resolved by consensus. the bibliographies of the included articles were 
screened to find additional eligible reports. 

Inclusion and exclusion criteria
We included studies that: 1) reported original data; 2) studied the diagnostic 
value of CtP for detecting ischemic stroke; 3) used MrI-DWI, follow-up MrI 
or follow-up Ct as the reference standard; 4) included at least 10 patients 
who were suspected of ischemic stroke; and 5) reported the number of true 
positives, true negatives, false positives and false negatives for the diagnosis 
of ischemic stroke. all study designs (prospective and retrospective) were 
included. Studies that used duplicate data were excluded. If a study supplied 
insufficient data to meet the inclusion criteria, an effort was made to contact 
the study authors to request additional information; if there was no response, 
the study was excluded.
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Data extraction
Data was extracted from all included articles by two authors (J.M.B. and 
J.M.N.) Disagreements were resolved by consensus. extracted data included 
study population characteristics, technical information regarding the CtP 
acquisition, the proportion of patients with ischemic stroke as determined by 
the reference standard and the accuracy of CtP (number of true and false 
positives and true and false negatives) for the diagnosis of ischemic stroke. 
the methodological quality of each study was assessed using the QUaDaS 
criteria, with a maximum score of 13 points (supplemental table 2) 11. Specific 
guidance for scoring the items was developed acknowledging the specific 
characteristics of the current review. 

Statistical and Data Analysis
We used a bivariate, random effects model to meta-analyze the pairs of 
sensitivity and specificity calculated from each study in order to obtain 
summary estimates with corresponding 95% confidence intervals. the 
bivariate approach simultaneously models the logit transformed sensitivity 
and specificity from studies, thereby incorporating any correlation that might 
exist between these measures. the model uses a random effects approach 
for both sensitivity and specificity, allowing for heterogeneity beyond chance 
due to clinical and methodological differences between studies. Forest plots 
of sensitivity and specificity with their corresponding 95% confidence intervals 
(CI) using the Wilson method were generated. 
Covariates were added to the bivariate model to examine whether sensitivity 
and/or specificity were different depending on specific study characteristics. 
these subgroup analyses were performed on: 1) only studies with a prospective 
design (8 studies); 2) only studies in which patients were scanned within six 
hours of the onset of symptoms (8 studies) and 3) including only patients in 
which the false negative findings were not due to limited brain coverage (536 
patients).
the non-linear mixed models procedure (PrOC NLMIXeD) of SaS (version 
9.2, SaS Institute, Cary, N.C., USa) was used to estimate the parameters of the 
bivariate models. Other analyses were performed with StatXact (version 6.0, 
Cytel Software Corporation,Cambridge, Mass., USa). In the subgroup analyses, 
P-values below 0.05 were considered statistically significant.  

results

Our search yielded 1768 unique results. after screening title and abstract, 60 
papers were selected for full text screening. the bibliographies of the included 
articles did not result in the inclusion of additional studies, thereby validating 
the applied search string. after screening the full text of these 60 articles, 15 
articles 1, 12-25 were finally included in the current study. a flow chart of the 
inclusion of studies is provided in figure 1. 
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Figure 1  Flowchart of the search strategy and the selection of reports. The search was conducted on May 5, 2012

Study characteristics
the patient characteristics, the proportion of patients with a final diagnosis of 
stroke, and the QUaDaS score of the included studies are summarised in table 
1. the 15 included studies totalled 1107 patients with a median of 42 patients 
per study (range 12 to 422). eight studies had a prospective design and 5 
studies a retrospective design (not specified in 2 studies). None of the studies 
excluded patients with a lacunar syndrome. the maximum time between 
the onset of clinical symptoms and CtP acquisition ranged from 3 hours to 
24 hours; mean time from symptom onset (provided by 9 out of 15 studies) 
ranged from 2.3 to 5.5 hours. two studies excluded patients who received 
thrombolytic therapy; for the remaining studies the proportion of treated 
patients ranged from 17% to 59% (not specified in 4 studies). the proportion 
of patients with a final diagnosis of ischemic stroke ranged from 37% to 100% 
(median 76%). the quality of the included studies as assessed by the QUaDaS 
tool varied considerably (median QUaDaS score 11; range 5-13).
Data regarding the acquisition, postprocessing and review methods of CtP 
are summarised in table 2. Brain coverage ranged from 5-10 mm to 80 mm 
(median 20 mm) and the slice thickness was either 5 mm or 10 mm in all 
studies (not specified in 1 study). temporal resolution varied from 500 ms to 
5000 ms (median 1000 ms). Four studies used postprocessing software that 
was based on the maximum-slope model compared to 11 studies that used 
deconvolution-based software. the CtP color maps were reviewed by ‘visual 
assessment’ in 13 studies; two studies used thresholds for defining infarcted 
tissue. 
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Table 1 Characteristics of included studies 

Study Year
Study

design
Patients, n

NIHSS,
mean (SD)

Time to CTP, 
maximum 
(mean) †

Patients 
thrombolysed, 

n (%)

Reference 
standard

Time to 
reference 

standard‡

Stroke,
n (%)

QUADAS score

Eckert 2010 P 107 8.3 (NS) 6 (NS) 51 (48) FU MR or CT  2-5 days 76 (71) 11

Lin 2009 R 100 12 (4-28)§ 3 (NS) 25 (25) DWI < 7 days 65 (65) 11

Rai 2008 R 422 NS 15 (3.9) 0 (0)| | DWI < 7 days 157 (37) 12

Youn 2008 R 58 NS 24 (3.4) 14 (24) DWI < 27 hours 51 (88) 12

Langer 2007 P 50 6 (0-28)§ 8 (NS) NS FU CT > 48 hours 38 (76) 8

Suzuki 2005 NS 118 NS 10 (NS) 20 (17) FU MR or CT NS 110 (93) 5

Wintermark 2005 R 46 NS 12 (5.5) 0 (0)| | FU MR or CT 2-18 days 26 (57) 13

Esteban 2004 R 42 NS 6 (NS) NS FU MR or CT 1-2 days 29 (69) 10

Kloska 2004 P 41 10.5(NS)# 8 (3.1) NS FU MR or CT 1-11 days 38 (93) 11

Schramm 2004 P 22 10 (4-28)§ 6 (2.3) 13 (59) FU CT 5 days 13 (59) 11

Eastwood 2003 P 15 12.6 (5.9) 8 (3.1) 3 (20) DWI <11 hours 14 (93) 11

Roberts 2001 NS 12 NS 6 (NS) NS FU MR or CT > 1 day 9 (75) 7

Rother 2000 P 22 13.2 (5.2) 6 (2.4) 6 (27) FU CT NS 20 (91) 9

Reichenbach 1999 P 20 NS 6 (2.8) 7 (35) FU MR or CT NS 20 (100) 7

Koenig 1998 P 32 NS 6 (2.7) 10 (31) FU MR or CT NS 28 (88) 7

R: retrospective; P: prospective; NS: not stated. †Time from the onset of symptoms to CTP acquisition in hours. ‡Time from the onset of symptoms to reference standard 
acquisition. §Median with range provided instead of mean. | |Patients who were treated with thrombolysis were excluded. #Mean NIHSS provided for 44 patients, three of 
whom were excluded from the analysis because they suffered infratentorial stroke. 
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Table 2 Perfusion CT acquisition and review methods of the included studies

Study CT-scanner used 
Brain coverage 

(mm)
Slice thickness 

(mm)

Temporal 
resolution

(ms)
Software used Color maps used Review method

Eckert
Philips

40-slice
40 10 1500 Deconvolution CBV, MTT Visual assessment

Lin
Siemens
16-slice

24 12 1000 Maximum slope TTP, CBV, CBF Visual assessment

Rai
GE

Multislice#
20 10 500 Deconvolution CBV, CBF, MTT Visual assessment

Youn
Philips

64-slice
80 10 4000 Deconvolution TTP, CBV, CBF, MTT Visual assessment

Langer
GE

Multislice#
NS NS 800 Deconvolution CBV, CBF, MTT Visual assessment

Suzuki
GE

64-slice
30 10 2000 Deconvolution CBV, CBF, MTT Visual assessment

Wintermark
Philips

Multislice#
40 10 1000 Deconvolution TTP, CBV, CBF, MTT Visual assessment

Esteban
GE

16-slice
20 5-10 1000 Deconvolution CBV, CBF, MTT Visual assessment

Kloska Siemens 4-slice 20 10 1000 Maximum slope TTP, CBV, CBF Visual assessment

Schramm
Siemens

Multislice#
20 10 1000 Maximum slope TTP, CBV, CBF Visual assessment

Eastwood
GE

1-slice
5-10 5-10 500-1000 Deconvolution CBV, CBF, MTT Threshold*

Roberts
GE

Multislice#
40 10 5000 Deconvolution TTP, CBV, CBF, MTT Visual assessment

Rother
Siemens
Slip-Ring

10 10 1000-1600 Deconvolution TTP Threshold †

Reichenbach
Siemens
Slip-Ring

10 10 1000 Deconvolution TTP Visual assessment

Koenig
Siemens
Slip-Ring

10 10 1000 Maximum slope CBF Visual assessment

TTP: time to peak; CBV: cerebral blood volume; CBF: cerebral blood flow; MTT: mean transit time. *Defined thresholds: CBV <1.5 mL/100g; CBF <10 mL/100g/min; MTT >6 
seconds. †Defined threshold: TTP > 6 seconds delay. # Only information about CT vendor provided.

Diagnostic accuracy 
the sensitivity and specificity of CtP for diagnosing ischemic stroke as reported 
by the 15 included studies are shown in figure 2. a pooled analysis resulted in 
a sensitivity of 80% (95% CI 72-86%) and a specificity of 95% (95% CI 86-98%). 
the pooled sensitivity and specificity are presented in figure 3.
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Figure 2 Left: sensitivity of CTP for detecting ischemic stroke. n=number of true positives, N= number of true positives + 
number of false negatives. Right: specificity of CTP for detecting ischemic stroke. n=number of true negatives, 
N= number of true negatives + number of false positives.

Figure 3 Left: Diagnostic accuracy of the included studies for detecting ischemic stroke. The circle size represents the 
sample size of the corresponding study. Right: 95% confidence ellips around mean sensitivity and specificity, 
which is represented by the square. The triangles represent the sensitivity and specificity of each included study.
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False negatives and false positives 
thirteen studies specified the false negative findings. In these 92 false negative 
CtP findings the missed infarcts were located outside the CtP covered brain 
area in 31 patients (supplemental table 3). In 61 patients the missed infarct 
was located within the covered brain area; five of these were missed due to 
motion artefacts; 54 patients had a lacunar infarct and 2 had a territorial infarct. 
rai et al. 13 and Suzuki et al. 16 did not specify the location and type of infarct 
for all false negative findings. In all 15 studies combined false positive findings 
(i.e. perfusion deficits without an ischemic lesion on follow-up imaging) were 
reported in 13 patients. Seven of these patients were diagnosed with transient 
ischemic attack which might have resulted in a transient perfusion deficit; in 
1 patient the false positive finding was due to a chronic ischemic lesion; the 
cause was not specified in 5 patients. 

Subgroup analyses
the results of the subgroup analyses are summarized in table 3. In the first 
subgroup analysis, including only studies (n=8) with a prospective design, the 
sensitivity increased to 85% (95%CI 75-92%) and specificity increased slightly 
to 97% (95%CI 77-100%). there were no statistically significant differences 
in sensitivity (P=0.11) and specificity (P=0.73) between prospective and 
retrospective studies. In the second subgroup analysis, including only studies 
(n=8) that stated that all patients underwent CtP within 6 hours of symptom 
onset, sensitivity increased slightly to 83% (95%CI 73-90) and specificity 
decreased slightly to 94% (95%CI 76-99). the increase in sensitivity (P=0.29) 
and decrease in specificity (P=0.73) were not statistically significant. In the 
third subgroup analysis, including only the 13 studies that specified the false 
negative findings and excluding 31 false negative findings due to limited 
brain coverage, sensitivity increased to 89% (95%CI 81-94%) and specificity 
decreased to 90% (95%CI 78-96). 

Table 3  Pooled analyses 

Studies, n Patients, n Sensitivity, % (95% CI) Specificity, % (95%CI)

All studies 15 1107 80 (72-86) 95 (86-98)

Prospective study design 8 309 85 (75-92) 97 (77-100)

< 6 hours between symptom onset and CTP acquisition 8 357 83 (73-90) 94 (76-99)

After exclusion  FN due to limited coverage 13 536 89 (81-94) 90 (79-96)

FN: false negatives 

dIscussIon

the findings of the current systematic review show that Ct perfusion has a 
very high specificity, and a high sensitivity for the diagnosis of ischemic stroke. 
False negatives mainly occurred in case of small lacunar infarcts. Other causes 
for false negatives were limited brain coverage and motion artefacts. 
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the sensitivity of CtP varied considerably between studies, which is probably 
due to heterogeneity in patient characteristics, CtP spatial and temporal 
resolution and postprocessing methods. therefore, the point estimates for 
sensitivity and specificity from our meta-analysis should be interpreted with 
some caution. We identified several potential sources of heterogeneity. Firstly, 
the proportion of patients with lacunar infarcts varied between studies. Patients 
with lacunar infarcts should not be excluded when studying the diagnostic 
accuracy of CtP because in the acute phase lacunar syndromes cannot always 
be distinguished clinically from non-lacunar infarcts and both groups are 
likely to benefit from thrombolytic therapy 26. Secondly, the maximum time 
between symptom onset and CtP scan acquisition varied between studies. 
Larger time interval between symptom onset and CtP acquisition might be 
expected to increase sensitivity because after 6-12 hours ischemia can also be 
visible on unenhanced Ct. to assess this, a subgroup analysis was performed 
including only studies that stated that all patients underwent CtP within 6 
hours of the onset of symptoms. this time window was chosen because intra-
arterial thrombolysis in patients with anterior circulation ischemic stroke is 
recommended and generally performed within 6 hours 27-29. In this analysis 
sensitivity and specificity remained essentially the same. thirdly, the proportion 
of patients with a confirmed diagnosis of ischemic stroke ranged from 37 to 
100%, which may reflect differences in patient selection. Fourthly, coverage 
and temporal resolution of Ct perfusion imaging varied between studies. the 
oldest studies used only one CtP slice of 5-10 mm width, whereas more recent 
studies used CtP with up to 8 slices of 10 mm width. In the past few years, 
Ct scanners that allow CtP imaging of the entire brain with good temporal 
resolution have been introduced and are likely to improve the sensitivity of 
CtP. In the subgroup analysis in which 31 false negative findings due to limited 
brain coverage were excluded, sensitivity increased from 80% to 89%. however, 
many institutions still use Ct scanners without full brain coverage. Youn et 
al. 14 and roberts et al. 22 used the “toggling table” technique which results 
in a doubled volume coverage at the cost of decreased temporal resolution 
which may decrease spatial resolution if the arterial curves are undersampled. 
Fifthly, postprocessing of the raw CtP data differed between studies. eleven 
studies used deconvolution-based software to calculate the CtP color 
maps, whereas four studies used maximum-slope-based software. however, 
these two different types of software have been shown to yield comparable 
qualitative and quantitative results 30. None of the studies used tracer delay 
insensitive perfusion algorithms in their software. It has recently been shown 
that using tracer-delay sensitive methods will result in an overestimation of 
the perfusion abnormalities in stroke patients 31. this may have contributed to 
false positive evaluation of CtP maps. however, this occurred only in a total 
of 13 patients in the studies analyzed in this review. another potential cause 
of false positive findings is transient ischemia that might have resulted in a 
perfusion deficit that did not correspond with an ischemic lesion on follow-
up. Sixthly, 8 studies had a prospective design, 5 studies had a retrospective 
design and 2 studies did not specify their design. We performed a subgroup 
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analysis including only the 8 prospective studies which showed a slight, but 
statistically insignificant increase in sensitivity (80% to 85%) and specificity 
(95% to 97%). therefore, the impact of differences in study design of the 
included studies on diagnostic accuracy appears to be small. Finally, the CtP 
color maps review methods varied between studies. In 13 studies the CtP 
color maps were subjectively reviewed by “visual assessment”, whereas two 
studies applied thresholds. Currently, no consensus exists regarding optimal 
thresholds to distinguish infarct core and penumbra from well-perfused 
brain tissue 32. the 2 studies using thresholds showed similar sensitivity and 
specificity compared to the other 13 studies. Currently, most postprocessing 
software packages provide a summary map in addition to the color maps. 
this summary map estimates the size and location of the infarct core and 
penumbra and enables quick interpretation by neurologists and radiologists 
in both academic and non-academic centers. the summary map results from 
software-dependent thresholds of quantitative perfusion values. Frequently 
used thresholds to calculate summary maps are a prolonged Mtt of more 
than 145% compared to the non-ischemic hemisphere to identify the whole 
ischemic region in combination with absolute CBV values to differentiate 
infarct core (CBV < 2.0 mL/100g) from potentially salvageable penumbra (CBV 
≥ 2.0 mL/100g) 33. however, some software packages apply other thresholds 
or use other perfusion parameters (for example CBF) to estimate the infarct 
core and penumbra. Using different thresholds or perfusion parameters to 
estimate penumbra and infarct core can result in large differences in summary 
maps 34. these findings emphasize the need for standardization of CtP analysis 
algorithms and software.

Since CtP has improved in the last decade, the reported diagnostic accuracy 
might be an underestimation of the accuracy that may be achieved using 
contemporary software and full brain coverage. New postprocessing 
techniques have been developed to improve the detection of lacunar infarcts 
35 and full coverage has been shown to improve the detection of ischemic 
lesions 36. Since the current review, based on relatively older studies, shows 
that CtP has a high sensitivity and very high specificity for detecting ischemic 
stroke, diagnostic accuracy will only increase with newer software and full 
brain coverage. 

the use of CtP has some considerations that need to be addressed. Firstly, 
acute Ct stroke protocols (with CtP and Cta arch to vertex) require more time 
than NCCt alone, although only in the order of minutes 35, 37. Secondly, due to 
iodinated contrast administration around 2-3% of patients develop a contrast-
induced nephropathy, however the risk for developing long-term renal 
sequelae is negligible 36-39. thirdly, Cta and CtP increase the radiation dose 
with around 4-6 times on average compared to the dose of an unenhanced Ct 
scan of the head, depending on the scan parameters used 38-41. the results of 
our review suggest that increased brain coverage might increase the accuracy 
of CtP. however, a 14 cm full brain coverage scan with a 320-detector row Ct 
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increases the effective radiation doses with around 40% when compared to 3.2 
cm coverage with a 64-row Ct 40, 42. Several new technical modifications and 
recently introduced reduction techniques like iterative reconstruction can help 
to reduce radiation exposure 41, 43. therefore, a combination of newer scanners 
with new technical modifications and reduction techniques might lead to 
improved diagnostic accuracy at an acceptable radiation dose. CtP has been 
shown to be at least two times more sensitive than NCCt alone for detecting 
acute ischemic stroke and can facilitate in the clinical treatment decision 
making 1, 5. Diffusion weighted MrI is considered the most accurate imaging 
modality for detecting acute ischemic stroke, with a very high sensitivity 
(88 to 100%) and specificity (95 to 100%) 27. Furthermore, in multimodal Mr 
including perfusion-weighted imaging the penumbra can be estimated as 
regions of perfusion change without a corresponding diffusion abnormality 
(diffusion-perfusion mismatch) 27. advantages of the multimodal Ct approach 
over MrI include wider availability of emergency Ct imaging, rapid imaging, 
and fewer contraindications to Ct versus MrI 27. Current treatment protocols 
for the emergency management (i.e. thrombolysis and thrombectomy) of 
patients with acute ischemic stroke are not yet based on perfusion imaging 
27. a number of studies have provided support for perfusion imaging-based 
selection for the treatment of acute ischemic stroke 44-47. however, there 
is currently insufficient evidence that perfusion imaging-based treatment 
protocols result in improved clinical outcome 48.

the current systematic review shows that Ct perfusion has a high sensitivity 
and a very high specificity for detecting infarcts. Spatial resolution remains 
an important limitation of CtP since almost two-thirds of the false negatives 
were due to small lacunar infarcts. another drawback in CtP until recently has 
been the limited brain coverage. however, recently introduced Ct systems 
that are equipped with new postprocessing techniques and allow full brain 
Ct perfusion could resolve these issues, and will likely further improve the 
diagnostic accuracy of CtP.  therefore, future studies should focus on increasing 
sensitivity for the detection of lacunar infarcts by optimizing CtP techniques. 
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Supplemental table 1 Search syntax

Database Search

PubMed 1. CT perfusion and synonyms:
“Perfusion CT”[Title/Abstract] OR “CT Perfusion”[Title/Abstract] OR “perfusion computed tomography”[Title/Abstract] OR “computed tomography 
perfusion” [Title/Abstract] OR “dynamic CT”[Title/Abstract] OR “dynamic computed tomography”[Title/Abstract] OR “perfusion imaging”[Title/
Abstract] OR “perfusion parameter”[Title/Abstract] OR “perfusion parameters”[Title/Abstract] OR “cerebrovascular hemodynamics”[Title/Abstract] OR 
(CT[Title/Abstract] AND “quantitative assessment”[Title/Abstract]) OR (CT[Title/Abstract] AND “mean transit time”[Title/Abstract]) OR (CT[Title/Abstract] 
AND “time to peak”[Title/Abstract]) OR (CT[Title/Abstract] AND “cerebral blood volume”[Title/Abstract]) OR (CT[Title/Abstract] AND “cerebral blood 
flow”[Title/Abstract])) AND 

2. ischemic stroke and synonyms:
“stroke” [Title/Abstract] OR “cerebral ischaemia”[Title/Abstract] OR “cerebral ischemia” [Title/Abstract] OR “brain ischaemia” [Title/Abstract] OR “brain 
ischemia”[Title/Abstract] OR “cerebral infarction”[Title/Abstract] OR “brain infarction” [Title/Abstract] OR “brain hypoxia”[Title/Abstract] OR “cerebral 
hypoxia”[Title/Abstract] OR “cerebrovascular disease”[Title/Abstract]

3. 1 AND 2

Embase 1. CT perfusion and synonyms
“Perfusion CT”:ab:ti OR “CT perfusion”:ab:ti OR “perfusion computed tomography”:ab:ti OR “computed tomography perfusion”:ab:ti OR “dynamic 
CT”:ab:ti OR “dynamic computed tomography”:ab:ti OR “perfusion imaging”:ab:ti OR “perfusion parameter”:ab:ti OR “perfusion parameters”:ab:ti 
OR “cerebrovascular hemodynamics”:ab:ti OR (CT:ab:ti AND “quantitative assessment”:ab:ti) OR (CT:ab:ti AND “mean transit time”:ab:ti) OR (CT:ab:ti 
AND “time to peak”:ab:ti) OR (CT:ab:ti AND “cerebral blood volume”:ab:ti) OR (CT:ab:ti AND “cerebral blood flow”:ab:ti)

2. Ischemic stroke and synonyms
“stroke”:ab:ti OR “cerebral ischaemia”:ab:ti OR “cerebral ischemia”:ab:ti OR “brain ischaemia”:ab:ti OR “brain ischemia”:ab:ti OR “cerebral 
infarction”:ab:ti OR “brain infarction”:ab:ti OR “brain hypoxia”:ab:ti OR “cerebral hypoxia”:ab:ti OR “cerebrovascular disease”:ab:ti

3) 1 AND 2

Cochrane 1. CT perfusion and synonyms
“Perfusion CT”:ti,ab,kw OR “CT perfusion”:ti,ab,kw OR “perfusion computed tomography”:ti,ab,kw OR “computed tomography perfusion”:ti,ab,kw 
OR “dynamic CT”:ti,ab,kw OR “dynamic computed tomography”:ti,ab,kw OR “perfusion imaging”:ti,ab,kw OR “perfusion parameter”:ti,ab,kw 
OR “perfusion parameters”:ti,ab,kw OR “cerebrovascular hemodynamics”:ti,ab,kw OR (CT:ti,ab,kw AND “quantitative assessment”:ti,ab,kw) OR 
(CT:ti,ab,kw AND “mean transit time”:ti,ab,kw) OR (CT:ti,ab,kw AND “time to peak”:ti,ab,kw) OR (CT:ti,ab,kw AND “cerebral blood volume”:ti,ab,kw) OR 
(CT:ti,ab,kw AND “cerebral blood flow”:ti,ab,kw)

2) ischemic stroke and synonyms
“stroke”:ti,ab,kw OR “cerebral ischaemia”:ti,ab,kw OR “cerebral ischemia”:ti,ab,kw OR “brain ischaemia”:ti,ab,kw OR “brain ischemia”:ti,ab,kw 
OR “cerebral infarction”:ti,ab,kw OR “brain infarction”:ti,ab,kw OR “brain hypoxia”:ti,ab,kw OR “cerebral hypoxia”:ti,ab,kw OR “cerebrovascular 
disease”:ti,ab,kw

3) 1 AND 2
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Supplemental table 2 Methodological quality scoring 

Quality Item Positive Score

1.     Was the spectrum of patients representative of the patients who will receive 
the test in practice?

Only patients suspected of ischemic stroke were included 

2.     Were selection criteria clearly described? It was clear how patients were selected to undergo CTP scan

3.     Is the reference standard likely to enable correct classification of the target 
condition?

Follow-up MRI/CT or early MRI DWI was used as the reference standard.

4.     Is the time period between reference standard and Index test short enough 
to be reasonably sure that the target condition did not change between the 
two tests?

Time period between CTP and reference standard was short enough.

5.     Did the whole sample or a random selection of the sample receive verification 
with a reference standard?

All patients or a random selection of the patients received verification with the 
reference standard.

6.     Did patients receive the same reference standard regardless of the index test 
result?

All patients received the same reference standard regardless of the CTP result 

7.     Was the execution of the index test described insufficient detail to permit 
replication of the test

The CTP scan protocol (scanner type, acquisition mode, reconstruction method, 
brain coverage, slice thickness) and interpreter(s) were described.

8.     Was the execution of the reference standard described insufficient detail to 
permit its replication?

Sufficient details or citations were reported to permit replication of the 
reference standard.

9.     Were the index test results interpreted without knowledge of the results of 
the reference standard?

Interpretation of CTP findings was performed without knowledge of MRI DWI 
findings.

10.  Were the reference standard results interpreted without knowledge of the 
results of the index test?

Interpretation of the reference standard results was performed without 
knowledge of the CTP findings.

11.  Were the same clinical data available when test results were interpreted as 
would be available when the test is used in practice?

The observer was aware that the patient was suspected of ischemic stroke and 
of the side of symptoms when CT results were interpreted.

12.  Were uninterpretable and/or intermediate test results reported? All CTP results, including uninterpretable and/ or intermediate results, were 
reported.

13.  Were withdrawals from the study explained? It was clear what happened to all patients who entered the study.
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Supplemental table 3 Confirmed infarcts on follow-up that were not detected with perfusion CT

Study
Number of FN
(% of TP+ FN)

Specification of false negatives

Infarct outside CTP 
coverage (n)

Infarct within CTP coverage

Motion artefacts Lacunar infarcts
(n (definition used))

Territorial infarcts (n)

Eckert 23 (30) 7 None 16 (NS) None

Lin 23 (35) 10 None 13 (≤15 mm in size) None

Youn 9 (18) None None 7 (NS) 2  

Langer 6 (16) None None 6 (NS) None

Wintermark 8 (31) 1 4 3 (NS) None

Esteban 2 (7) 2 None None None

Kloska 9 (24) 5 None 4 ( <3 cc) None

Schramm 0 (0) None None None None

Eastwood 0 (0) None None None None

Roberts 1 (10) None None 1 (NS) None

Rother 2 (10) 1 None 1 (NS) None

Reichenbach 6 (40) 2 1 3 (<10 mm width) None

Koenig 3 (11) 3 None None None

Subtotal 92 31 5 54 2

Rai 79 (50) Not stated Not stated Not stated Not stated

Suzuki 35 (32) Not stated Not stated Not stated Not stated

FN: false negatives; TP: true positives; CTP: computed tomography perfusion; NS: not specified.
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AbstrAct

Background
to evaluate the accuracy and reproducibility of Ct-perfusion (Ctp) by finding 
the optimal artery for the arterial Input Function (aIF) and re-evaluating the 
necessity of the Venous Output Function (VOF).

Methods
Forty-four acute ischemic stroke patients who underwent non-enhanced Ct, 
Ctp and Ct-angiography using 256-slice MDCt were evaluated. the aCa, MCa, 
ICa and basilar artery were selected as the aIF. Subsequently the resulting 
area under the time-enhancement curve of the aIF (aUC

aIF
) and quantitative 

perfusion measurements were analysed by repeated Measures aNOVa and 
subsequently the paired t-test. to evaluate reproducibility we examined if 
the VOF could be deleted by comparing the perfusion measurements using 
versus not using the VOF (paired t-test).

Results
the aUC

aIF
 and perfusion measurements resulting from the different aIFs 

showed significant group differences (all P<0.0001). the ICa had the largest 
aUC

aIF
 and resulted in the highest Mtt and lowest CBF, while the basilar artery 

showed the lowest CBV. Not using the VOF showed significantly higher CBV and 
CBF in 66% of patients on the ipsilateral (P<0.0001 and P=0.007, respectively) 
and contralateral hemisphere (P<0.0001 and P=0.019, respectively).

Conclusion
Selecting the ICa as the aIF and continuing the use of the VOF would improve 
the accuracy of Ctp.

CHAPTER_06.indd   82 11-02-14   16:43



83

chAptEr

6

OptimizatiOn Of vascular input and Output functiOns in ct-perfusiOn 
imaging using 256-(Or mOre-)slice multidetectOr ct

IntroductIon

Ct-perfusion (Ctp) is used worldwide to assess cerebrovascular diseases 
including ischemic stroke, for the assessment of tumour vascular support and 
for guiding reperfusion therapy 1-5. Ctp offers rapid assessment, low costs and 
continuous availability in most clinical facilities 6, 7, but also has some limitations 
concerning the validity of the quantitative perfusion values. 
an important problem resulting in reduced accuracy and reproducibility is 
the selection of the arterial Input Function (aIF) and Venous Output Function 
(VOF)8, 9 with a reported variability in inter-observer agreement between 10 
and 27% 10. Since definitions of salvageable and irreversible tissue, the vascular 
support of tumours and delayed cerebral ischemia are based on absolute 
perfusion values 11 12, the pursuit of quantitative Ctp remains relevant.

the selection of an aIF and a VOF in Ctp using a deconvolution algorithm 
is necessary to create quantitative maps of CBV, CBF and Mtt 7, 13. the CBV is 
calculated as the ratio of the area under the time-enhancement curve (aUC) 
of the first passage through the tissue (aUC

tissue
)  to the aUC of the first passage 

of contrast through the artery selected as aIF(aUC
aIF

) with a hematocrit 
correction factor h to account for differences in small and large vessels (CBV 
= h x aUC

tissue
 / aUC

aIF
) 14, 15. Selection of smaller intracranial arteries as the aIF 

is hampered by partial volume effects, potentially underestimating the aUC
aIF 

15.  to correct for these partial volume effects a VOF is selected as measured 
in a venous sinus. effectively this means that the CBV is inversely related 
to the aUC

VOF
 (CBV = h x aUC

tissue
 / aUC

VOF
) . Subsequently, a noniterative 

deconvolution method is then applied to calculate the Mtt map 16. the CBF is 
then calculated according to the central volume principle (CBF=CBV / Mtt).
the selection of different vessels as the aIF and VOF can result in different 
estimations of quantitative perfusion maps and subsequently diverging 
predictions of the final infarct volume13, 17. 

the accuracy of the quantitative perfusion maps can be improved by selecting 
an artery with the least partial volume effects as the aIF. partial volume effects 
in arteries selected as the aIF result in a decreased signal-to-noise ratio and 
poorly defined time-attenuation curves. as a result, the curve becomes 
less precise, leading to an underestimation of the Mtt  and, following the 
central volume principle, also to an overestimation of the CBF 15, 17. as this 
underestimation of Mtt and overestimation of CBF lead to underestimation 
of the ischemic area, the aIF showing the lowest perfusion can be defined as 
being most valid in this particular Ctp algorithm 15. the introduction of the 
256-(or more-)MDCt systems, with larger perfusion slab coverage 18, provides 
the opportunity to select the ICas and basilar artery as the aIF. the influence 
of partial volume effects in these large and perpendicular arteries will be a lot 
smaller and the selection of these arteries could therefore result in the most 
valid quantitative perfusion values. theoretically, it may even be unnecessary 
to use the VOF any longer for partial volume correction.
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the purpose of this study was to evaluate the accuracy and reproducibility of 
quantitative perfusion by the assessment of the optimal artery for the aIF and 
re-evaluating the necessity of the VOF.

MAterIAl And Methods 

Patients
We reviewed a consecutive series of 58 patients between May 2009 and 
February 2011, who were diagnosed with an acute ischemic stroke due to 
an M1 or M2 segment occlusion in the MCa. all patients were derived from 
a large prospective multicentre observational cohort study. the study was 
approved by the institutional medical ethics committee. the diagnosis of an 
infarct due to an occlusion in the MCa was based on the final discharge di-
agnosis made by experienced stroke-neurologists, based on all clinical and 
radiological information. On admission, all patients underwent neurological 
examination, non-enhanced Ct, Ctp and Ct-angiography (Cta). Inclusion cri-
teria were: age ≥ 18 years, onset of stroke symptoms < 9 hours, NIhSS ≥ 2, and 
informed consent from patient or family, a visible occlusion in the MCa on Cta 
without a significant carotid artery stenosis (>50%) and  Ctp performed using  
256-slice MDCt. exclusion criteria were: therapy before neuroimaging and in-
sufficient quality of the Ctp to perform adequate measurements.

Imaging
all imaging studies were performed using 256 MDCt (philips Brilliance iCt, 
philips healthcare, Best, the Netherlands). Ct parameters of the non-en-
hanced Ct were: 120 kVp,  300 mas, and 5 mm reconstructed slice thickness. 
the collimation width was set to 128x0.625. For Ctp 40 mL of contrast agent 
(300mg I/mL) was injected into the cubital vein (18-gauge needle) at a rate of 
6 mL/s followed by a 40 mL saline flush at a rate of 6 mL/s by using a dual pow-
er injector (Stellant Dual Ct injector; Medrad europe, Beek, the Netherlands). 
Ctp data acquisition was initiated at the start of the contrast bolus injection. 
Images were acquired at a temporal sampling rate of 1 image/ 2 sec. the fol-
lowing acquisition and reconstruction parameters were used for the Ctp: 80 
kVp, 150 mas, 5 mm reconstructed slice thickness and UB image filter. the Ctp 
slab was performed 4 mm above the sella turcica, assessing twelve 5mm-thick 
sections. 
For Cta 65 mL of contrast agent (300mg I/mL) was injected into the cubital 
vein (18-gauge needle) at a rate of 6 mL/s followed by a 40 mL saline flush at 
a rate of 6 mL/s. the following parameters were used for the Cta: 120 kVp, 

150 mas, 0.45-mm reconstruction increment with a 512 x 512 matrix and the 
standard reconstruction kernel with 1 mm reconstructed slice thickness. the 
mean total effective dose for the three Ct data acquisitions was 6.09 mSv. 
perfusion data was analysed using commercially available software on an 
extended Brilliance Workstation (philips Medical Systems Nederland B.V., pC 
Best, the Netherlands). the software, which has been validated previously 19,  
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applied Gaussian curve fitting by least mean squares to obtain mathematical 
descriptions of the time-enhancement curves, describing the wash-in and the 
wash-out of the contrast material in these voxels 10, 18, 20, For perfusion meas-
urements motion correction was applied, vascular voxel elimination was done 
and the edge-preserving spatial filter was disabled to eliminate the influences 
of spatial blurring on the vessels and ensure that any partial volume effects are 
not dependent on post-processing steps. after calculation of the CBV map, 
the Mtt was calculated by using a deconvolution operation (as described by 
axel 16), and subsequently CBF was computed according to the central vol-
ume principle (CBF=CBV / Mtt).

Measurements
For evaluation of the presence of a thrombus in the MCa and significant ca-
rotid stenosis, the Cta images were evaluated separately by two observers of 
which at least one had experience for 5 or more years in neurovascular im-
aging. Discrepant readings were solved by a third reader. the observers were 
blinded for all other radiologic, neurologic and clinical data, except for side of 
symptoms. 

Optimizing accuracy 
We studied the effect of selecting the aIF in different intracranial arteries 
without an upstream occlusion on the aUC

aIF
. Small rOIs in circles of 4mm2 

were placed in the 1) aCa, 2) MCa contralateral to the thrombosed MCa, 3) 
intracranial ICa contralateral to the thrombosed MCa and 4) the basilar artery 
(Fig. 1). 
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Figure 1 Selecting different arteries as the AIF in the axial CTP

 A. Selection of the carotid internal artery (red) and the middle cerebral artery (blue) as the AIF B. Selection of the basilar artery (yellow) and the anterior cerebral artery 
(white) as the AIF. C Associated curves of the reference voxel with highest AUC (with the VOF, selected on a different slice, in darker blue).

the software then identified the one most appropriate reference voxel (i.e. 
with the highest aUC) within these rOIs. to find the optimal location for the 
aIF in the different arteries the rOIs were moved by hand along the arteries 
while examining the resulting time-attenuation curve that was displayed 
simultaneously on the monitor and the time-attenuation curve with the largest 
aUC was chosen. the aUC was measured in the resulting aIF curves using 
a Gaussian-fit to separate the first pass bolus from the recirculation. For the 
selection of the VOF we used the same technique as for the selection of the 
aIF. Second, quantitative perfusion values (CBV, CBF, Mtt) were evaluated in 
rOIs drawn manually in a single representative slice, including white matter 
and grey matter, in the MCa territory at the level of the lateral ventricles in 
the slice just above the body of the caudate nucleus, as previously described 
by Soares et al. 10the rOI in one hemisphere was mirrored to the contralateral 
hemisphere and the rOIs remained unchanged with selection of different aIF 
and VOF locations to ensure valid comparison of Ctp values. 
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Reducing operator dependent post-processing steps
to evaluate the effect of removing the VOF, we placed the VOF in the exact 
same location as the aIF (in the ICa). In patients in whom the aUC

aIF
 is larger 

than the aUC
VOF

, which can be the case in large arteries with none or little 
partial volume effects, the perfusion software automatically chooses the 
larger aUC

aIF
 as the baseline value to calculate the CBV. this effectively means 

that in those cases that the VOF is not used by the software, exactly the same 
perfusion values were seen when we placed rOI of the VOF from the superior 
sagittal sinus to the same location as the aIF in the ICa. to analyse the effect 
of removing the VOF on the perfusion values we therefore only performed 
analysis in those cases where the aUC

VOF 
was larger than the

 
aUC

aIF
. 

Analysis
Optimizing accuracy
By means of the repeated Measures aNOVa test (comparing paired data be-
tween more than two groups) we investigated if differences in the aUC

aIF
 of 

the aCa, MCa, ICa and basilar artery and the quantitative perfusion measure-
ments resulting from these different arteries were present. Significant group 
differences were further analysed by the paired t-test to determine individual 
differences between the artery showing most valid values and the other arter-
ies. the artery with the largest aUC and showing lowest perfusion was defined 
as being most valid. For all values 95%-confidence intervals are also present-
ed. the analyses for the quantitative perfusion values were performed for the 
hemisphere ipsi- as well as contralateral to the thrombus.

Reducing operator dependent post-processing steps.
By means of the paired t-test we compared the quantitative perfusion values 
resulting from the conventionally placed VOF in the venous sinus and the VOF 
placed in the ICa (i.e. deleting the VOF). For all values 95%-confidence inter-
vals are presented. analyses were performed for the hemisphere ipsi- as well 
as contralateral to the thrombus. For all analyses a P -value of <0.05 was con-
sidered statistical significant.

results

Of the total of 58 patients, 9 were excluded because they had severe carotid 
stenosis and 5 patients were excluded because the Ctp was of insufficient 
quality, resulting in a total of 44 patients. the mean age of these patients was 
71 years (ranging from 45 to 97 years), 57% were women and twenty thrombi 
(45%) were located in the right MCa.

Optimizing accuracy 
the aUC

aIF
 (in mean hus) with 95%-confidence intervals (95%CI) of all 

investigated arteries are shown in Fig. 2. Significant group differences were 
present (P<0.001). the ICa showed the largest aUC

aIF
 (mean 1156.3 hus, 95%CI 
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1036.2-1276.4) followed by the basilar artery (mean 1075.3 hus, 95%CI 973.3-
1177.3), the MCa (mean 778.1 hus, 95%CI 709.1-847.1) and the aCa (mean 
698.7 hus, 95%CI 639.0-758.3). the individual differences in aUC

aIF
 were 

statistically significant between the ICa and the aCa (P<0.0001) and the ICa 
and MCa (P<0.0001) but not between the ICa and basilar artery (P=0.138).

Figure 2 AUC
AIF

 of different cerebral arteries (in HUs with 95%CI)

the quantitative perfusion measurements resulting from selecting the 
different arteries as the aIF are shown in table 1. Significant group differences 
in CBV, CBF and Mtt were seen in both hemispheres (P<0.0001). In the 
ipsilateral hemisphere selecting the basilar artery as the aIF resulted in the 
lowest mean CBV (4.5 mL/100g), followed by the ICa (4.6 mL/100g), the MCa 
(5.0 mL/100g), and ending with the highest mean CBV value (5.1 mL/100g) in 
the aCa. the CBF showed the lowest mean value when the aIF was placed 
in the ICa (23.0 mL/100g/min), followed by the basilar artery (24.8 mL/100g/
min), the aCa (28.5 mL/100g/min), and highest in the MCa (28.7 mL/100g/
min). accordingly, the Mtt showed an inversed relation, and was longest in 
the ICa (15.3 s), shorter in the basilar artery (14.3 s), followed by the MCa (13.9 
s) and shortest for the aCa (13.8 s). table 1 shows the significant individual 
differences between the most valid perfusion values and the values resulting 
from other arteries.
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the perfusion values in the contralateral hemisphere had the same distribution 
as in the ipsilateral hemisphere; the aIF placed in the ICa (along with the 
basilar artery) resulted in the most valid perfusion values with the lowest CBV 
and CBF and longest Mtt (table 1).

Table 1 Comparison of perfusion measurements resulting from AIF in different cerebral arteries in the hemisphere ipsi- 
and contralateral to thrombus 

Artery

Mean value (95%CI)

Ipsilateral Side

CBV (mL/100g) CBF (mL/100g/min) MTT (s)

ACA 5.1 (4.5-5.6)* 28.5 (23.5-33.5)* 13.8 (11.1-16.5)*

MCA 5.0 (4.5-5.6)* 28.7 (22.8-34.5)* 13.9 (11.3-16.5)*

BAS 4.5 (4.0-5.0) 24.8 (20.3-29.3) 14.3 (11.6-17.0)*

ICA 4.6 (4.1-5.1) 23.0 (18.7-27.3) 15.3 (12.7-17.9)

Average 4.8 (4.5-5.1) 26.3 (23.8-28.7) 14.3 (13.0-15.6)

Contralateral  side

CBV (mL/100g) CBF (mL/100g/min) MTT (s)

ACA 5.7 (5.1-6.2)* 84.0 (68.7-100.2)* 4.9 (4.2-5.5)*

MCA 5.5 (5.1-6.0)* 81.7 (66.6-98.6)* 4.9 (4.3-5.6)*

BAS 5.0 (4.6-5.5) 67.3 (57.5-78.2)* 5.3 (4.5-5.9)*

ICA 5.1 (4.7-5.5) 54.9 (47.1-63.6) 6.2 (5.6-6.8)

Average 5.3 (5.1-5.6) 72.0 (65.7-78.7) 5.3 (5.0-5.6)

BAS = Basilar artery * Statistically different from most valid value (in grey)

Reducing operator dependent post-processing steps
In 15 patients (34%) the aUC

aIF
 exceeded the aUC

VOF
, these patients were 

excluded from this analysis. In 29 patients (66%) the aUC of the ICa was lower 
than the aUC of the sinus with mean hUs values of 1059.3 versus 1347.2 
respectively (paired t-test, P<0.0001). table 2 shows the differences in these 
29 patients in quantitative perfusion parameters resulting from using the VOF 
versus not using the VOF. 
Not using the VOF as correction resulted in the hemisphere ipsilateral to the 
thrombus in significantly higher mean CBV (6.0 vs. 4.9 mL/100g) and mean CBF 
(34.8 vs. 25.2 mL/100g/min) compared to the situation in which we did use 
the VOF (P<0.0001 and P=0.007, respectively). the same significant differences 
were found for CBV (6.2 vs. 5.1 mL/100g) and CBF (68.1 vs. 53.0 mL/100g/min) 
in the contralateral hemisphere (P<0.0001 and P=0.019, respectively).
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Table 2 Comparison of perfusion measurements with correction and without correcting with the VOF in the hemisphere 
ipsi- and contralateral to thrombus in patients with the AUC

VOF
 larger than the AUC

AIF
.

Correction 
with VOF?

Mean value (95%CI)

Ipsilateral Side

CBV (mL/100g) CBF (mL/100g/min) MTT (s)

Yes 4.9 (4.1-5.6) 25.2 (19.1-31.2) 13.7 (11.5-15.9)

No 6.0 (4.9-7.1) 34.8 (25.0-44.6) 13.7 (11.5-15.9)

Contralateral side

CBV (mL/100g) CBF (mL/100g/min) MTT (s)

Yes 5.1 (4.5-5.6) 53.0 (43.6-62.4) 6.4 (5.6-7.2)

No 6.2 (5.3-7.0) 68.1 (51.2-85.1) 6.4 (5.6-7.2)

dIscussIon

Our study shows that the choice which artery to select as the aIF has signifi-
cant effects on the accuracy of quantitative perfusion measurements, leading 
to significant and major differences (up to 13% for the Mtt, 25% for the CBV 
and more than 50% for CBF). Selecting the ICa as the aIF resulted in the most 
accurate perfusion values. reducing post-processing steps by deleting the 
VOF decreases the validity of perfusion values since even the largest artery 
available (ICa) is still hampered by more partial volume effects than the VOF in 
two-thirds of the patients. 
Few previous studies have investigated the effect of selecting different 
arteries as the aIF in Ctp. Most of them focus on the difference in perfusion 
measurements between an artery with or without an upstream occlusion 
and advise to use the artery without an occlusion. Some investigators advise 
to select the artery as close as possible to the rOI of the tissue 10 21, while 
other studies recommend to use the aCa20, 22 or even an extracranial vessel 
23 as aIF. Consequently no consensus has been reached as to which artery 
should be selected as the aIF24. Four studies describe the influence on 
perfusion measurements of selecting different cerebral arteries without an 
upstream occlusion as the aIF in one Ct data-acquisition 20, 25-27 three of them 
investigated only the aCa and MCa and did not include the ICa and/or basilar 
artery as the aIF in their analyses 20, 26, 27. In concordance with our results they 
found only little differences in quantitative perfusion measurements between 
the aCa and MCa as the aIF. One study compared the selection of one of 
the ICas, the MCa and the aCa as the aIF with each other and found no 
significant difference in mean CBF, CBV and Mtt. however, they only included 
three patients, did not use a 256-slice MDCt and investigated the MCa with 
occlusion 25. 
Increased z-coverage with 256-slice MDCt has been shown to provide addi-
tional diagnostic Ctp information 18. Our study shows that with the increased 
z-coverage the ICa is the most appropriate aIF compared to other intracranial 
arteries.
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Because the CBV is calculated with the aUC
VOF

 of a large venous sinus, one 
would not expect any differences in this perfusion parameter when selecting 
different arteries as aIF. however, in accordance with other studies17, 26, we did 
find significant differences. One explanation may be that if the aUC

aIF
 exceeds 

the aUC
VOF

, which was the case in 15 patients (34%), the aUC
aIF

 is automatically 
chosen as the baseline value to calculate the CBV. One possible reason for the 
fact that the aUC

aIF 
exceeded the aUC

VOF 
in these patients, is that the VOF, even 

when placed correctly, is still not partial volume free in relative thick 5-mm 
slices 15.
the major differences we revealed for the quantitative Mtt values (up to 1.5 
seconds) cannot just be explained by the different locations of the arteries 
compared to the tissue but is also due to the stronger partial volume 
effects in smaller vessels.13 as explained, these partial volume effects (with a 
corresponding decrease in signal-to-noise ratio of the first pass bolus) affect 
the accuracy of the curves of the aIFs from smaller vessel, resulting in less valid 
Mtt values.
reproducibility of Ctp can be optimized by reducing operator dependent 
post-processing steps. the selection of a venous sinus as the VOF is required 
to correct for partial volumes in the aIF. theoretically this VOF selection would 
be obsolete if the aIF was less hampered by partial volume effects than the 
VOF. this was true for one third of patients. however in 66% of patients even 
a large artery as the ICa still suffers from more partial volume effects, since in 
these patients we found a significant lower aUC of the ICa compared to the 
aUC of the venous sinus with accompanying significantly higher mean CBV 
and mean CBF in both hemispheres. as deleting the VOF will be detrimental 
for validity in these patients, we recommend continuing the use of the VOF. 
however, if the venous curve is incomplete, which can happen if time to peak 
enhancement is slower due to cardiac dysfunction, the VOF can be best re-
placed by the ICa, as this is the artery with the largest aUC.
Some limitations of our study need to be addressed and may require further 
investigation. First, absolute quantitative Ctp values vary considerably with the 
type of vendor software package and algorithm used. We used a commercially 
available time-sensitive algorithm (philips Medical Systems), while most 
systems also offer a delay-insensitive algorithm to avoid overestimation of  
Mtt and underestimation of CBF 22, 28-31. to mitigate effects of delay, we took 
care to select only vessels without upstream thrombi, excluded patients with 
a significant (>50%) carotid artery stenosis, and compared measurements 
in both the hemisphere ipsi- and contralateral to the thrombus. although 
we assume that our results are also valid for other algorithms, the effect 
that selection of different aIFs has on perfusion values when using different 
vendor software and algorithms requires further investigation. the effect of 
a downstream carotid artery stenosis on the perfusion values should also be 
explored. Second, variation in quantitative perfusion values may also cause 
variation in threshold-based infarct core/penumbra maps. this effect on infarct 
core/penumbra maps and subsequently on clinical decision making needs 
to be studied further 31. third, although the 5-mm Ctp slice thickness will 
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increase partial volume effects, we deliberately performed our measurements 
on the 5-mm thick slices as it is the most common choice in clinical protocols 
to reduce noise and enable rapid post-processing. 
In conclusion, in 256-slice MDCt selecting the ICa as the aIF and continuing 
the use of a venous sinus as the VOF will improve the accuracy of Ctp. With the 
increased Ctp coverage selection of the ICa instead of the aCa, MCa or basilar 
artery as the aIF will improve the accuracy of absolute quantitative values in 
Ctp. Deleting the VOF will be detrimental for the validity of perfusion results in 
the majority of patients. 
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AbstrAct

Purpose
to investigate whether iterative reconstruction (Ir) in cerebral Ct perfusion 
(Ctp) allows for 50% dose reduction while maintaining image quality (IQ).

Methods
a total of 48 Ctp examinations were reconstructed into a standard dose (150 
mas) with Filtered Back projection (FBp) and half-dose (75 mas) with two 
strengths of Ir (middle and high). Objective IQ (quantitative perfusion values, 
contrast-to-noise ratio (CNr), penumbra, infarct area and penumbra/infarct 
(p/I) index) and subjective IQ (diagnostic IQ on a four-point Likert-scale and 
overall IQ binomial) were compared among the reconstructions. 

Results
half-dose Ctp with high Ir level had, compared with standard dose with FBp, 
similar objective (grey matter Cerebral blood volume (CBV) 4.4 versus 4.3 
mL/100g, CNr 1.59 versus 1.64 and p/I index 0.74 versus 0.73, respectively) and 
subjective diagnostic IQ (mean Likert-scale: 1.42 versus 1.49, respectively). the 
overall IQ in half-dose with high Ir level was scored lower in 26-31%. half-dose 
with FBp and with the middle Ir level were inferior to standard dose with FBp.

Conclusion
With the use of Ir in Ctp imaging it is possible to examine patients with a 
half dose without significantly altering the objective and diagnostic IQ. the 
standard dose with FBp is still preferable in terms of subjective overall IQ in 
about one quarter of patients.
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IntroductIon

In patients with symptoms of stroke the combination of an unenhanced Ct 
followed by Ct perfusion (Ctp) and Ct angiography (Cta) is one possible 
algorithm for the assessment of stroke patients. Unenhanced Ct is performed 
to exclude haemorrhage, to detect old infarction and to evaluate classic signs 
of ischemia. Cta is used to detect and evaluate intracranial and extracranial 
vascular disease whereas Ctp has been shown to increase the diagnostic 
accuracy for the detection, localisation and assessment of potentially 
reversible ischemia 1. the increased diagnostic information gained by adding 
Cta and Ctp is, however, at the expense of increased ionising radiation dose, 
as it will on average triple the radiation dose as compared to unenhanced Ct 
alone 2. With the ongoing introduction of full-brain Ctp in many centres, the 
radiation exposure of the Ctp will increase even further 2, 3. recently iterative 
reconstruction (Ir) algorithms have been introduced with the aim to improve 
Ct image quality (IQ) with the same radiation dose. these algorithms optimize 
the data iteratively on the basis of a noise- and artefact-reducing model 
resulting in an improvement of IQ 4. It has also been demonstrated that it is 
possible to significantly reduce radiation dose while maintaining IQ in various 
Ct applications. the purpose of this study was to assess whether Ir in cerebral 
Ctp imaging enables a 50% dose reduction while maintaining IQ.

Methods

We prospectively enrolled patients with less than 24-h onset of neurological 
stroke symptoms between July 2011 and June 2012. all patients were referred 
from the emergency department of the university hospital by a neurologist 
for Ct imaging (unenhanced Ct, Ctp and Cta). Inclusion criteria were: age at 
least 18 years, and Ctp performed using 256-slice multidetector Ct (MDCt). 
exclusion criteria were: therapy before neuroimaging, haemorrhage on un-
enhanced Ct, and insufficient quality of the Ctp to perform adequate meas-
urements. the study was approved by the local institutional reviewboard. the 
need for informed consent was waived as anonymous data were obtained 
from routine care Ctp image acquisitions and patients were not exposed to 
additional radiation doses.

CTP post-processing

CTP protocol
all imaging studies were performed using 256 MDCt (philips Brilliance iCt, 
philips healthcare, Best, the Netherlands). Standard Ctp acquisition parame-
ters in our hospital were normally 80 kVp, 150 mas per image with temporal 
sampling rate of 1 image/2 s (150 mas/2 s) for the whole examination without 
an initial delay and with a rotation time of 0.33 s, 5-mm reconstructed slice 
thickness with 60-mm coverage, 512x512 image matrix, collimation width of 
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128x0.625, a 200-mm field of view, reconstruction with Filtered Back projection 
(FBp) and a smoothing (UB) image filter, with an image resolution filter of the 
source images of 1.46 mm, resulting in an effective dose of 3.0 mSv. a total 
of 40 mL of contrast agent (300 mg I/mL) injected intravenously at a rate of 6 
mL/s followed by a 40-mL saline flush at a rate of 6 mL/s. Ctp data acquisition 
was initiated at the start of the contrast bolus injection. 
For this study we compared a standard Ctp data set (3.0 mSv) with three 
half-dose Ctp datasets (50% dose reduction), all reconstructed to a temporal 
resolution of 1 image/2 s. Because of ethical reasons we could not perform 
a Ctp twice in the same patient using different Ct protocols; we therefore 
reconstructed both the standard dose Ctp and half-dose Ctp images from 
the same raw Ctp acquisition data. For this purpose, the Ctp protocol was 
temporarily changed and Ctp data were acquired at 75 mas per image with 
a temporal sampling rate of 1 image/1 s (75 mas/1 s, also with a resulting ef-
fective dose of 3.0 mSv) with the other Ctp-parameters remaining the same. 
Subsequently, the raw data of the Ctp examinations were converted by phys-
icists into a standard protocol data set reconstructed with FBp (150 mas/2 s) 
and in three data sets with 50% dose reduction (75 mas/2 s), of which one 
was reconstructed with FBp and two were reconstructed with Ir. the standard 
protocol data set (150 mas/2 s) was created by averaging FBp reconstructed 
images from two sequencing frames of the acquired 75 mas/1 s data. this cre-
ated data set was validated as being equivalent to Ctp images obtained from 
imaging with the original standard protocol in both the noise level (which 
abides by the equation 5, Fig. 1) and the shape of the at-
tenuation curve (Fig. 2). the half-dose Ctp datasets (75 mas/2 s) were created 
from the acquired 75 mas/1 s data by removing every second frame. the half-
dose raw data Ctp were reconstructed with FBp, with the highest possible Ir 
level (Irhigh) and with middle Ir level (Irmid).

CHAPTER_07.indd   98 11-02-14   16:42



Radiation dose Reduction in ceRebRal ct-peRfusion imaging using iteRative ReconstRuction

99

chAptEr

7

Figure 1 Noise levels between various computed tomography perfusion (CTP) reconstructions in background frames 
expressed as standard deviation in Hounsfield Units (HU).

Noise levels in pre-bolus CT slices were measured using ROI analyses (white matter). The 150-mAs frame had approximately √2 (1.4) times lower noise compared with the 
750mAs original data, as expected from a frame with twice the dose. The 75-mAs data reconstructed with highest IR level have a noise level comparable to 150 mAs

Figure 2 Time-attenuation curves in HU for the various CTP reconstructions. Example arterial time-attenuation curves of 
the middle cerebral artery (MCA) are shown from the same patient. 

The shape of the time-attenuation curves proved to be similar to the 75 mAs/2 s data albeit at lower noise because of the higher dose. All curves have the same shape and the 
original 75-mAs acquisition has much higher noise content per frame than the 150-mAs acquisition, as expected with half the dose 
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Perfusion Analysis
perfusion data were analysed using commercially available software 
(extended Brilliance Workstation 4.5, philips healthcare). Cerebral Blood 
Volume (CBV, in millilitres per 100g) and Mean transit time (Mtt, in seconds) 
were calculated using a deconvolution operation and Cerebral Blood 
Flow (CBF, in millilitres per 100g per minute) was derived from CBV/Mtt. 
Subsequently, penumbra and infarct maps and penumbra/infarct index (total 
penumbra area divided by total infarct + penumbra area) were obtained 
automatically, whereby Mtt > 145% compared with the contralateral side 
defined the total ischemic area, divided by CBV in the infarct core (CBV < 2.0 
mL/100g) and penumbra (CBV ≥ 2.0 mL/100g) 6. the region of Interest (rOI) 
for the selection of the arterial input function (aIF) was set in the internal 
carotid artery of the non-affected hemisphere and for the venous output 
function (VOF) in the posterior part of the superior sagittal sinus 7. In each 
patient the aIF and VOF were replicated for each reconstruction by placing 
the arterial and venous rOIs in the same vessel location. Concurrently, the 
software guaranteed the selection of the voxel with the highest area under 
the curve (aUC) within this rOI.

Image quality
First, objective IQ was assessed for the four Ctp reconstructions (standard 
dose with FBp, half-dose with FBp, half-dose Irhigh and half-dose Irmid) by 
comparing quantitative perfusion values, image noise and the penumbra/
infarct index. Second, to assess subjective IQ, the overall IQ and the diagnostic 
IQ of three different sets of Ctp reconstructions (standard dose with FBp, half-
dose Irhigh and half-dose Irmid) were investigated. 

Objective image quality 
For the four Ctp reconstruction a total of four identical circular rOIs of 100 
mm2 were placed; one rOI in the white matter (WM) and one in the grey 
matter (GM) in both hemispheres in the middle cerebral artery (MCa) territory 
at aSpeCtS level 2 (at the level of the most superior margin of the ganglionic 
structures) 8. these rOI positions were saved for each patient so that the 
placement of the rOIs was identical in the different Ctp reconstructions. 
Quantitative perfusion parameters (CBV, CBF, Mtt), the average attenuation 
(in hounsfield Units, hU) and the noise (standard deviation) were measured 
in each rOI. For the hU measurements the Ctp reconstructions were set on 
so-called temporal maximum intensity projection (tMIp). a tMIp shows, for 
each voxel, the highest attenuation in the time-attenuation curve and is the 
application used in the clinical setting. Subsequently, for the different Ctp 
reconstructions the mean quantitative perfusion parameters, the signal-to-
noise ratio and contrast-to-noise were calculated and compared. the signal-
to-noise ratio was used to measure the quality of the signal density and was 
defined as the mean attenuation (in hU) in the tMIp divided by the standard 
deviation. the contrast-to-noise ratio was defined as the difference in mean 
attenuation (in hU) between the rOI in the GM and the rOI in the WM divided 
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by the square root of the sum of their variance 9. For each Ctp reconstruction 
we compared the total area of penumbra and infarct of all slices (in square 
centimetres) and the penumbra/infarct index of the ischemic hemisphere.
  
Subjective image quality
the subjective IQ was assessed by two observers (one Neuroradiologist and 
one experienced radiology resident) for three reconstructions. the observers 
were blinded to the type of Ctp reconstruction. two different grading systems 
were used, one designed to evaluate overall IQ (binomial scale) and one 
specifically for the assessment of diagnostic IQ (four-point Likert scale).

First, overall IQ was assessed. For all patients colour maps of the three perfusion 
parameters CBF, CBV and Mtt on aSpeCtS levels 1 (at the level of basal ganglia 
and thalamus) and 2 were randomly presented pairwise (either standard with 
FBp vs. half-dose Irhigh, standard with FBp vs. half-dose Irmid or half-dose 
Irhigh vs. half-dose Irmid) to the observers. the observers scored which of 
the two Ctp reconstructions was superior, or equal if no differences were seen, 
on each of the following three points: (a) GM-WM differentiation of CBF and 
CBV maps and grading of the Mtt and ttp maps, (b) homogeneity (contrast, 
contours, coherency/dissemination) and (c) compensation for artefacts, based 
on an adapted version of abels et al.’s scoring system 2. Second, we performed 
an analysis of the diagnostic quality of the different Ctp reconstructions using 
a four-point Likert scale: 0, non-diagnostic; 1, moderate; 2, good; 3, excellent. 
a score from 0 to 3 was given by both blinded observers for each of the three 
Ctp reconstructions on the basis of how confident the observers were in 
including or excluding the presence of an ischemic lesion and, if a lesion was 
present, the differentiation between ischemic and normal tissue. 
to minimise potential sources of bias, there was a time interval of at least 6 
weeks between the assessment of the overall IQ and diagnostic IQ. 

Statistical analysis
Data were assessed for normality using the Shapiro-Wilk test. Differences in 
the objective parameters (quantitative perfusion values, attenuation, image 
noise, total area of penumbra and infarct and the penumbra/infarct index) 
among the four Ctp reconstructions were tested by means of the aNOVa 
with repeated measures test. If statistical differences among the four Ctp 
reconstructions were present, individual Ctp reconstructions were compared 
pairwise using paired t-tests with Bonferroni-correction.
Subsequently, ischemic lesion size (the total area of penumbra and infarct of all 
slices and the penumbra/infarct index) obtained with the four reconstructions 
were compared using pearson’s correlation coefficients (r) to test the 
similarity in ischemic lesion sizes among the different Ctp reconstructions 
with r indicating the strength of the relationship: 0.90–1, very strong; 0.70–
0.89, strong; 0.40–0.69, moderate; 0.20–0.39, weak and 0.01–0.19, negligible 
relationship.
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For the evaluation of subjective overall IQ, the overall proportions of cases in 
which one Ctp reconstruction was found to be superior, equal, or inferior to 
another technique was calculated and compared using the Chi-square test. 
For the evaluation of subjective diagnostic IQ the scores on the Likert scale of 
both observers and the average scores for each Ctp reconstruction technique 
were compared using the Wilcoxon signed-rank test. 
For the subjective IQ Cohen’s kappa (κ) values with correction of change 
were used to assess the interobserver agreement 10. Statistical analysis was 
performed using SpSS, version 19.0 (SpSS Inc., Chicago, IL, USa). a P value of 
less than 0.05 was considered to indicate a statistically significant difference.

results

Patients
two of the 50 patients who met the inclusion criteria were excluded because 
of movement artefacts. Of the remaining 48 patients that were included in 
this study 16 were women (33%) and the average age was 64.2 years (95% 
CI 36.2–92.2). the mean National Institutes of health Stroke Scale (NIhSS) on 
admission was 4.2 (95%CI 3.3–5.2) and the mean onset time to imaging was 
425 min (95 % CI 285–565). a total of 34 (71%) patients had cerebral ischemia: 
18 owing to a transient ischemic attack and 16 with a confirmed infarct on 
follow-up imaging. the remaining 14 patients were diagnosed with functional 
symptoms (n=5), space-occupying lesions (n=4), intoxications (n=2) or other 
neurological diseases (n=3). 

Quantitative Analyses

Perfusion parameters
table 1 shows the average values of CBV, CBF and Mtt measurements in the 
GM and WM for the four different sets of Ctp reconstructions. No significant 
differences were seen in the Mtt in both the GM and WM. the half-dose with 
FBp showed significant lower CBV compared to the three other reconstructions 
in GM (all p < 0.001), higher CBV and CBF in WM compared to the standard 
dose with FBp (p=0.044 and 0.028, respectively) and compared to half-dose 
Irmid (p=0.009 and 0.002, respectively) and higher CBF in WM compared to 
the half-dose Irhigh (p=0.002). No significant differences in CBV and CBF were 
present in either GM or WM among standard dose with FBp and half-dose 
Irhigh and Irmid with the exception of significantly lower CBF in WM at the 
half-dose Irmid compared with the standard dose with FBp (P=0.005).
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Table 1 Cerebral blood volume (CBV), cerebral blood flow (CBF), mean transit time (MTT) values for the various 
computed tomography perfusion (CTP) reconstructions

Mean (95% Confidence Interval)

Standard dose
with FBP

Half-dose IRhigh Half-dose IRmid Half-dose with FBP P-value

CBV
  Grey Matter
  White Matter

4.3 (4.0-4.6)
2.6 (2.4-2.7)

4.4 (4.0-4.7)
2.6 (2.4-2.8)

4.4 (4.1-4.7)
2.4 (2.3-2.6)

3.5 (3.2-3.9)abc

2.9 (2.6-3.3)ac

<0.001
0.022

CBF
  Grey Matter
  White Matter

59.8 (54.0-65.7)
28.4 (25.1-31.8)

57.1 (52.1-62.0)
26.3 (23.8-28.8)

57.3 (52.5-62.2)
24.7 (22.3-27.2)a

53.7 (43.4-64.1)
37.3 (30.0-44.7)abc

0.40
0.004

MTT
  Grey matter
  White matter

4.8 (4.3-5.3)
6.0 (5.4-6.6)

5.0 (4.5-5.5)
6.3 (5.7-6.9)

4.9 (4.4-5.4)
6.3 (5.8-6.8)

5.2 (4.5-5.9)
6.5 (4.6-8.3)

0.36
0.71

a Significantly different from the standard dose with FBP
b Significantly different from half-dose IRhigh
c Significantly different from half-dose IRmid

Image noise, area of penumbra and infarct and the penumbra/infarct index
table 2 shows the quantitative measurements of the mean attenuation, noise, 
the signal-to-noise ratio in the GM and WM, and the contrast-to-noise for all 
four sets of Ctp reconstructions. the attenuation ranged from 49.3 to 52.9 hU 
in GM and from 37.7 to 41.9 in WM and was significantly lower in the standard 
dose with FBp compared to Irmid (P<0.001 and P<0.001, respectively) and to 
the half-dose with FBp (P=0.005 and P<0.001, respectively). 
the noise of the half-dose with FBp in the GM and WM was higher compared 
to standard dose with FBp (P=0.019 and p<0.001, respectively), half-dose 
Irhigh (P=0.005 and P<0.001, respectively) and half-dose Irmid (P=0.151 and 
P<0.001, respectively). the noise values between all other reconstructions were 
comparable with the exception of a lower noise in the WM of the standard 
dose with FBp compared with the half-dose Irmid (P=0.007). the signal-to-
noise ratio was significantly lower in the half-dose with FBp compared to the 
half-dose Irhigh in the GM (P=0.020) and to all other reconstructions in the 
WM (all P<0.001). the contrast-to-noise ratio was significantly the lowest in 
the half-dose with FBp compared to standard dose with FBp, half-dose Irhigh 
and half-dose Irmid (P=0.018, 0.008 and 0.048, respectively). there were no 
statistically significant differences in the contrast-to-noise ratio among the 
other three sets of Ctp reconstructions (table 2). 
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Table 2 Attenuation and signal-to-noise ratio of the grey matter and white matter and contrast-to-noise ratio on tMIP 
and total area of penumbra, infarct and the penumbra/infarct 

Mean (95% Confidence Interval)

Standard dose
with FBP

Half-dose IRhigh Half-dose IRmid Half-dose with FBP P-value

Attenuation (HU)
  Grey Matter
  White Matter

49.3 (47.5-51.0)
37.7 (36.4-39.1)

50.2 (48.7-51.8)
39.1 (37.6-40.6)

52.4 (50.7-54.1)a 
40.5 (39.2-41.9)a 

52.9 (51.0-54.8)a

41.9 (40.6-43.3)a 
<0.001
<0.001

Noise (HU)
  Grey Matter
   White Matter

6.3 (5.7-6.9)
4.0 (3.7-4.4)

6.0 (5.6-6.4)
4.2 (3.9-4.6)

6.5 (6.0-7.1)
4.5 (4.2-4.8)a

7.7 (6.8-8.6)ab

5.4 (5.1-5.6)abc

0.001
<0.001

Signal-to-noise 
ratio
  Grey matter
   White matter

8.5 (7.9-9.2)
10.0 (9.4-10.0)

8.9 (8.2-9.5)
9.7 (9.2-10.3)

8.6 (7.9-9.3)
9.3 (8.8-9.8

7.5 (6.9-8.0)b

7.9 (7.5-8.3)abc

0.004
<0.001

Contrast-to-noise ratio 1.64 (1.35-1.92) 1.59 (1.32-1.87) 1.57 (1.36-1.78) 1.19 (1.03-1.35)abc 0.004

Total penumbra 
(cm2)

98 (33-164) 93 (28-157) 92 (27-157) 104 (40-169) 0.58

Total infarct (cm2) 21 (5-364) 18 (2-335) 18 (3-336) 17 (4-332) 0.41

Penumbra/
Infarct index 0.73 (0.60-86) 0.74 (0.63-0.86) 0.75 (0.65-0.85) 0.78 (0.68-0.88) 0.37

a Significantly different from the standard dose with FBP
b Significantly different from half-dose IRhigh
c Significantly different from half-dose IRmid

Comparing the mean total area of penumbra and infarct, and the penumbra/
infarct index, there were no significant differences among all reconstructions 
(table 1). the correlation of these parameters between half-dose with FBp and 
the standard dose with FBp was strong (r2= 0.82, 0.87 and 0.72, respectively, 
all P<0.01), between half-dose with FBp and half-dose Irhigh very strong to 
weak (r2= 0.81, 0.94 and 0.36, and P<0.01, <0.001 and 0.023, respectively) and 
very strong to moderate between half-dose with FBp and half-dose Irmid 
(r2= 0.81, 0.95 and 0.65, all P<0.01). the correlation was strong to very strong 
between standard with FBp versus half-dose with highest Ir level (r2=0.89, 
0.91 and 0.89, respectively, all P<0.001), very strong to moderate between 
standard with FBp versus half-dose Irmid (r2=0.89, 0.91 and 0.64, respectively, 
all P<0.01) and very strong to strong between half-dose Irhigh versus half-
dose Irmid (r2=0.99, 0.99 and 0.82, respectively, all P<0.001). 

Qualitative Analyses

Overall image quality
Figure 3 displays the visual assessment of each of the three imaging parameters 
of the overall IQ: GW/WM differentiation and grading; homogeneity; and 
compensation for artefacts. examples of the comparison are shown in Figs. 
4 and 5.the average interobserver agreement was 0.57. Comparing standard 
dose with FBp and half-dose Irhigh, the overall IQ was most often scored as 
equal for the three parameters. however, the standard dose with FBp was 
rated as being superior to half-dose Irhigh in about 25% and inferior in about 
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15% (p<0.001, Fig. 3a). When comparing the standard dose with FBp and the 
half-dose Irmid, the overall IQ was scored equal in about half of the patients. 
the standard dose with FBp was rated superior in around 40 %, and only rarely 
as inferior (P<0.001, Fig. 3b). half-dose Irhigh versus half-dose Irmid showed 
equal scores in most cases while half-dose Irhigh was rated superior more 
often than Irmid (P<0.001, Fig. 3c).

Diagnostic image quality
examples of the comparison are shown in Figs. 4 and 5. the average 
interobserver agreement was 0.88. For both observers the standard dose 
with FBp was comparable to the half-dose Irhigh (P=0.10 and P=0.26) and 
significantly superior to half-dose Irmid (P<0.001 and P=0.005). the diagnostic 
quality of the half-dose Irhigh was significantly superior to the half-dose Irmid 
for both observers (P=0.002 and P=0.034).
the average Likert scale points for the standard dose with FBp (1.49 (95%CI 
1.22–1.76)), was not significantly different (P=0.11) to half-dose Irhigh (1.42 
(95%CI 1.13–1.71)) but was significantly different (P<0.001) to half-dose Irmid 
(1.25 (95%CI 0.99–1.51)). the difference in average Likert-points between half-
dose Irhigh and Irmid was also significant (P=0.003).
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Figure 3 Comparison of subjective overall image quality among various CTP reconstructions. 

Proportions of superiority, equal assessment or inferiority of the standard dose with FBP compared with A half-dose IRhigh and B half-dose IRmid. C Proportions of 
superiority, equal assessment or inferiority of half-dose IRhigh compared with half-dose IRmid. 
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Figure 4 Example of CTP images of standard dose with FBP (A) and half-dose IRhigh (B) and IRmid (C). 

  This image was scored as superior on WM/GM differentiation and grading and compensation of artefacts for the standard CTP with FBP compared to 
half-dose IRhigh and IRmid, whereas IRhigh was scored as superior to IRmid for grading and compensation for artefacts. The average diagnostic image 
quality points were 1.5, 1.5 and 1.0 respectively. 
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Figure 5 Example of CTP images of standard dose with FBP (A) and half-dose IRhigh (B) and IRmid (C). 

  This image was scored as superior only on compensation of artefacts for the standard CTP with FBP compared with IRhigh and IRmid. The average 
diagnostic image quality points were 2.0, 2.0 and 2.0, respectively. 

dIscussIon

the main finding of this study is that in Ctp imaging it is possible to image 
patients with half of the usual dose when it is reconstructed with Ir without 
altering the objective IQ (quantitative perfusion parameters, image noise, 
penumbra and infarct) and diagnostic IQ. the overall IQ still remains higher in 
the standard dose with FBp in a quarter of patients. 
although additional Ctp imaging in acute stroke patients has several 
advantages for the diagnostic process, a major drawback is the considerable 
increase in radiation dose compared to the unenhanced Ct or MrI. this is 
particularly important in younger patients 
and in the large number of patients who turn out not to have an ischemic 
stroke but a transient ischemic attack (tIa) or a stroke mimic. Ctp of the brain 
should be performed with the lowest acceptable dose but also requires good 
IQ because the attenuation differences between WM and GM and of perfusion 
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deficits can be very small. the possibilities for achieving dose reduction in 
brain Ct are therefore limited 11.
Many parameters influence the quality of Ctp and affect the accuracy of 
perfusion values, the spatial coverage and the radiation dose 12. Strategies 
that have been proposed to lower the radiation dose are the use of 80 kVp 
instead of 120 kVp 13, lowering the tube current and increasing the temporal 
interval. Lowering the tube current resulted in a deterioration of the accuracy 
of cerebral perfusion parameters 14. Different conclusions concerning the 
maximal temporal interval have been drawn, ranging up to 1 image every 
3 s 2, 3, 12, 15, 16. therefore, the utility of reducing radiation dose by decreasing 
the temporal interval still needs further investigation 17. Up till now, dose 
reduction has been limited as the standard algorithm reconstruction FBp does 
not produce images of consistent quality if there is a substantial decrease in 
the dose.
the recently introduced Ir algorithm provides an alternative for FBp 
in decreasing the radiation dose18. Goals of these algorithms include 
improvement of IQ at a constant radiation dose and radiation dose reduction 
with similar IQ. In head Ct the use of Ir algorithms has been shown to be 
beneficial to low-dose Ct of the paranasal sinuses 19, paediatric head Ct 20 and 
adult unenhanced Ct. In the unenhanced Ct of the adult head the use of Ir 
algorithms is associated with a dose reduction of 20–30% with similar IQ 9, 11, 18, 

21. In head Cta Ir has been shown to be beneficial in measuring the diameter 
of arteries in vitro and to improve the delineation of arteries in the posterior 
fossa 22, 23. 
to our knowledge, only two scientific papers have been published about 
the use of Ir in Ctp imaging in which in-house developed iterative image 
reconstruction algorithms were tested on digital phantoms only, yielding good 
performing results 24, 25. Our study is the first clinical Ctp study investigating 
the use of a commercially available Ir of a major Ct vendor in patients.

For the reconstructions we used the Ir algorithm called iDose4 (philips 
healthcare, Best, the Netherlands). the half-dose raw data Ctp were recon-
structed with iDose4 level 5 (the highest possible level for Ctp) and iDose4 lev-
el 3 (middle level) which corresponds to a noise reduction of 37% and 23%, 
respectively, according to the manufacturer’s instructions 26. the iDose4 algo-
rithm is a recently introduced hybrid Ir algorithm by philips healthcare. this 
algorithm filters in the projection data domain as well as the image domain 
following two de-noising components: first, this algorithm identifies low in-
tensity streaks and pixel-to-pixel noise and corrects this by comparing it with 
the ideal value of a generated noise map using an iterative maximum like-
lihood-type sinogram restoration method based on poisson noise distribu-
tion. Second, local structure model fitting is performed on image data that 
iteratively decreases the image domain uncorrelated noise 17, 27. the dose 
reduction can be adjusted with different levels (so-called iDose levels) 4, 26, 28. 
these different levels of iDose4 are used to define the strength of the Ir tech-
nique in reducing image quantum mottle noise. the desired level can be set 
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independent of the radiation dose of the acquisition and allows targeting the 
application of iDose4 to a clinical target (dose reduction, IQ improvement, or 
combined dose-reduction with IQ improvement). parameter improvements 
can occur if higher iDose4 levels are used than required as compensation for 
the noise from dose reduction. the choice of the appropriate iDose4 level de-
pends on the clinical goal: dose reduction, IQ improvement or a combination 
of both 26.  
For the aim of our study we chose to construct the standard and half-dose 
data sets from one single-dose acquisition. Ideally, a comparison between 
reconstruction methods is based on a half-dose acquisition, independently 
acquired from the standard-dose acquisition but this would require unethical 
higher dose exposure. Furthermore, two separate acquisitions may differ 
because of motion and other influencing factors. alternatively, it would be 
easier to use full- versus half-rotation reconstructions. however, such an 
implementation was not possible on our scanner and therefore one data set 
was artificially constructed by combining two consecutive frames. Comparison 
showed that this had no effect on the shape of contrast in- and outflow of time-
attenuation curves and, in addition, that the noise level of the reconstructed 
data set was equal to the data acquired with the standard-dose protocol. this 
demonstrated that our methods could be used to compare equivalent Ctp 
data with different doses.
the strength of an Ir algorithm can influence both the objective and subjective 
IQ. In our study, the Ctp images reconstructed with half-dose Irhigh were 
superior to half-dose Irmid in attenuation, image noise and in the overall and 
diagnostic IQ. half-dose Irmid was inferior in both objective and subjective IQ 
compared with the standard with FBp and is therefore less suitable when Ctp 
imaging is performed with half the dose. 
the results of this study are promising, suggesting that a significant dose 
reduction in head Ctp can be achieved when using Ir, without affecting the 
objective IQ and the subjective diagnostic quality. For future use in clinical 
practice it is important that diagnostic conclusions are consistent despite 
dose reduction. as both the objective and diagnostic IQ were comparable 
despite a 50% dose reduction when using Irhigh, it is unlikely that dose 
reduction in combination with the use of Irhigh algorithms will influence 
diagnostic conclusions and therapeutic decisions. however, as the subjective 
overall IQ was still scored inferiorly in about one quarter of patients with a 50% 
dose reduction using Ir, the effect of the decreased overall IQ on the clinical 
decisions should be further examined. 
the subjective IQ assessment was performed without the half-dose with FBp 
because most objective measurements were already significantly inferior. to 
assess the subjective IQ we used an adapted version of abels’ scoring system 
because we wanted to make a distinction between the overall and diagnostic 
IQ. the assessment of overall IQ was based on three of the four parameters 
of the abels system (GM/WM differentiation or grading; homogeneity; and 
compensation of artefacts) . as we expected only minor differences between 
the reconstructions (as the aim was to maintain IQ despite dose reduction) 
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we chose a pairwise ranking, which is more sensitive for detection of small 
differences, instead of the three-point scale of the abels system. however, the 
results of this one-to-one comparison do not necessarily reflect the diagnostic 
IQ e.g. the overall IQ of two reconstructions could be scored equally despite 
both reconstructions having very low diagnostic value. Furthermore, the 
ranking of scans as inferior or superior does also not allow estimation of the 
order of magnitude of the differences. therefore we added a second scale for 
assessment of diagnostic IQ which we scored on a four-point Likert scale. 
the subjective IQ (visual assessment) of the half-dose Irhigh was scored lower 
than standard dose with FBp, although in the objective IQ (means in 100 mm2 
rOIs) only small and non-significant differences were seen. possibly slight 
differences are visually detectable but do not reach significance in 100 mm2 
rOIs.
this study has some limitations. First, the image acquisition, the Ir algorithm 
and the software package were from the same single vendor and therefore we 
cannot comment on those of other vendors. however, it has been shown that 
different Ct perfusion post-processing algorithms usually lead to the same 
clinical decision 29. Second, as mentioned, we did not investigate the possible 
differences in therapeutic decisions between the different reconstructions. as 
still in one quarter of patients the half-dose scans with Ir was scored inferior, 
they could be interpreted differently. as a result of these limitations, a final 
large study on diagnostic conclusions and therapeutic decisions, based on 
Ctp acquisitions with a standard dose and dose reduction with the use of 
different Ir algorithms needs to be performed. 
In conclusion, with the use of Ir in Ctp imaging it is possible to image patients 
with half of the dose without significantly altering the objective and diagnostic 
IQ. as the subjective overall IQ is still inferior in about a quarter of the patients, 
a smaller dose reduction than 50% may be required. this should be studied 
further.
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AbstrAct

Background
to compare image quality (IQ) of head and neck Cta reconstructed with 
standard filtered back projection (FBp), hybrid iterative reconstruction (hIr) 
and model-based iterative reconstruction (MIr) algorithms.

Methods
thirty-four Ctas were reconstructed with FBp and two different hIr- and 
MIr-levels. Objective (contrast-to-noise-ratio (CNr), automatic vessel analysis 
(aVa), stenosis grade) and subjective IQ (ranking at level of Circle of Willis, ca-
rotid bifurcation, shoulder) of the five reconstructions were compared using 
repeated-measures aNOVa and post-hoc analysis. 

Results 
CNr was highest for high MIr, followed by low MIr, high hIr, mid hIr and FBp 
(p<0.001 except low MIr versus high hIr (p>0.33)). 
aVa showed most complete carotids in both MIr-levels, followed by high hIr 
(p>0.08), mid hIr (p<0.023) and FBp (p<0.010), vertebral arteries complete-
ness was similar (p=0.40 and p=0.06). Stenosis grade showed no significant 
differences (p=0.16).
high hIr showed best subjective IQ at Circle of Willis and carotid bifurcation 
level, followed by mid hIr. at shoulder level low MIr and high hIr were ranked 
best, followed by high MIr. 

Conclusion 
Iterative reconstruction substantially improves IQ in head and neck Cta. Both 
hIr and MIr improves objective IQ and aVa performance. While MIr has best 
objective IQ, subjective IQ is superior for hIr. 
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IntroductIon

Computed tomography angiography (Cta) of the head and neck is an integral 
part of assessing acute and chronic neurovascular disease. In the acute set-
ting Cta plays an essential role in patients with acute ischemic stroke or suba-
rachnoid hemorrhage. head Cta is often performed in the setting of cerebral 
aneurysms, vascular malformations, and deep venous thrombosis. Combined 
head and neck Cta is performed in patients with symptoms of acute stroke 
to assess intracranial and extracranial vessels 1, 2. Cta of the head is part of the 
routine work-up in patients with acute subarachnoid haemorrhage to detect 
cerebral aneurysms 3. 
the standard, and most commonly used, reconstruction method for Cta is 
filtered back projection (FBp) 4. the most important disadvantage of FBp is 
the increased amount of image noise when radiation dose is reduced. recent 
developments of hardware with more computational power made it possi-
ble to replace FBp by hybrid iterative reconstruction (hIr) algorithms 5. these 
hIr algorithms allow for radiation dose reduction by decreasing noise, or im-
prove image quality with the same radiation dose 6. all major Ct vendors have 
now introduced their own hIr algorithms and, because these algorithms do 
not substantially delay Ct imaging, they have been accepted as feasible and 
standard reconstruction algorithms in clinical routine examinations 7-9. 
recently, more advanced model-based Ir algorithms (MIr) that use complex 
prediction models have also become available and have the potential to re-
duce radiation dose while maintaining image quality even further compared 
to hIr algorithms 4, 10. Initial studies revealed promising results for the use 
of a MIr called Veo (Ge healthcare) 6, 11-18 while more recently another ven-
dor introduced a MIr algorithm (IMr, Iterative Model reconstruction, philips 
healthcare) 19, 20. to our knowledge, the effects of this new Ir algorithm on 
image quality of Cta of the head and neck have not yet been assessed.
the aim of our study was to compare the objective and subjective image qual-
ity of Cta of the head and neck arteries reconstructed with standard FBp, hIr 
and MIr.

MAterIAls And Methods
 

Patients
We prospectively collected consecutive Cta-scans of 34 patients who under-
went a head Cta or a combined Cta of head and neck between February 
2013 and March 2013. Indications for the combined Cta’s were evaluation of 
cerebral ischemia (n=22). the head Ctas were performed for suspected sinus 
thrombosis (n=7) or as follow-up study of intracranial aneurysms (n=4) or arte-
riovenous malformation (n=1). this study was approved by the ethics commit-
tee of the University Medical Center Utrecht. the need for informed consent 
was waived as anonymous data were obtained from routine care Ct image 
acquisitions and patients were not exposed to additional radiation doses. 
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Imaging
all imaging studies were performed on a 256-slice Ct scanner (Brilliance iCt, 
philips healthcare, Best, the Netherlands). Cta was performed with 60 mL 
(head Cta) or 65 mL (combined Cta) of non-ionic contrast agent (Ultravist, 
300 mg Iopromide/mL) injected into the antecubital vein (18 gauge needle) at 
a rate of 6 mL/s followed by a 40 mL saline flush at a rate of 6 mL/s. 
Both Cta protocols were performed in the helical mode by using 128 x 0.625 
mm collimation and a pitch of 0.30 and images were obtained by using 120 
kVp, 150 mas and a 0.4 second rotation time. Images were reconstructed with 
a 512 x 512 matrix and a section thickness of 0.90 mm and reconstruction 
increment of 0.45 mm (head Cta) or a section thickness of 0.67 mm with re-
construction increment of 0.34 mm (combined Cta).

Image reconstruction
the raw data of each study were simultaneously reconstructed with FBp, hIr 
(iDose4, philips healthcare, Best, the Netherlands) and with a prototype ver-
sion of a MIr algorithm (IMr, philips healthcare, Best, the Netherlands)
Unlike conventional FBp, which is based on simpler mathematical assump-
tions regarding the tomographic imaging system, iDose4, which is the newest 
commercially available hIr technique introduced by philips 21, filters in both 
the raw data and the image domain. the noisiest raw data are identified and 
denoised while edges are preserved using a maximum likelihood algorithm 
that reduces noise and artefacts based on poisson statistics 22. the level of 
noise reduction can be adjusted in six different levels, reflecting a scale of how 
strongly the noise reduction is performed. In this study iDose4 levels 3 (mid 
hIr) and 6 (high hIr) were used, corresponding to noise reductions of 23% 
and 45%, respectively, according to the manufacturer’s information 23. 
recently, philips introduced a new MIr algorithm (Iterative Model 
reconstruction, IMr) that models both the Ct system geometry and the sta-
tistics of the X-rays 20. exact details are propriety and have not been published 
yet, however this algorithm is probably similar to Veo 19. MIr algorithms typi-
cally use multiple forward and backward reconstruction steps and accurately 
model the data collection process of Ct 11. the level of noise reduction can 
be adjusted in three different levels; for this study IMr level 1 (low MIr) and 3 
(high MIr) were used. 

Quantitative assessment 
to compare the objective image quality of the five different Cta reconstruc-
tions the vascular contrast and contrast-to-noise ratio (CNr) measurements as 
well as the ability to perform automatic vessel analysis were investigated.
 For vascular contrast and CNr measurements, regions of interest (rOIs) were 
placed in the Circle of Willis (CoW) at the level of the middle cerebral artery 
(MCa) and in the carotid arteries at the level of the bifurcation. to improve re-
producibility we placed five rOIs in the MCa segment 1 and segment 2 and in 
the carotid arteries and measured mean attenuation in hounsfield Units (hU) 
and standard deviation. a large rOI of 25 x 25 mm was placed as reference in a 
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homogeneous region in the centre of one occipital lobe, assuring no vascular 
contour and no surrounding structures were included in the rOI. the exact 
same positions of the rOIs were copied into all reconstructions and attenu-
ation in hU and standard deviation as a measure of noise of the rOIs were 
measured automatically for the five different reconstructions. 
Vascular contrast was calculated as the average Ct number of the vascular 
rOIs minus the average Ct number of the reference rOI. Contrast-to-noise ra-
tio was calculated by dividing the vascular contrast by the standard deviation 
of the reference rOI (i.e. image noise) and was determined separately for the 
MCa and carotid arteries.

Qualitative assessment 
to assess the ability of automatic vessel analysis, all Cta datasets were analysed 
with “advanced Vessel analysis” software with “bone removal” in a Ct worksta-
tion (extended Brilliance Workspace; philips healthcare, Best, the Netherlands). 
No manual correction was used. all four neck arteries (carotid and vertebral 
arteries) were assessed for completeness of segmentation with a four point 
score with one point for each segment that was present by one investigator. 
points were allocated for each carotid artery as follows: origin at shoulder level; 
common carotid artery and bifurcation; post bifurcation extracranial internal 
carotid artery; and intracranial level up to the top of the internal carotid artery. 
points for each vertebral artery were given for: origin; proximal half and distal 
half of the extracranial vertebral artery; and intracranial part of the vertebral 
artery including the basilar artery.
Subsequently, with the use of two calipers the degree of stenosis (if present) 
in all five reconstructions was measured in both internal carotid arteries. One 
caliper was used as a stenosis marker and one caliper as a reference marker. 
this stenosis measurement is comparable to the original NaSCet criteria 24, 25. 
to assess the subjective image quality two experienced clinical radiologists 
(observer 1 with 10 years of experience and observer 2 with 20 years of expe-
rience in neurovascular Cta) were asked to score the quality of Cta images. 
the observers were blinded for all data and the different reconstructions of 
Cta images were presented randomly. the observers were instructed to rank 
the different reconstructions from best (1 point) to worst (5 points) at the level 
of CoW in all patients, and at the level of carotid bifurcation and the shoulder 
level of the origin of the carotid and vertebral arteries if the Cta scan range 
included the neck arteries. the observers were instructed to base their ranking 
on their personal preference concerning the following image quality param-
eters: arterial enhancement (and noise), vascular contour (sharpness of the 
definition of the vascular contour) and visibility of pathology (i.e. thrombus, 
atherosclerosis or aneurysm if present).

Statistical analysis
Data were assessed for normality using Quantile-Quantile plots and histo-
grams. Differences in the objective parameters attenuation, image noise, CNr, 
means of the completeness of segmentation scores and grade of stenosis be-
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tween the five Cta reconstructions were tested by means of the analysis of 
variance (aNOVa) with repeated measures test. In case of significant differenc-
es between the five Cta reconstructions, individual Cta reconstructions were 
pairwise post-hoc compared by paired t-tests with a Bonferonni correction. 
For the subjective image quality the interobserver agreement was estimated 
with the weighted Cohen’s kappa (κ) and median rankings (range) were calcu-
lated for each reconstruction. Statistical analyses were performed using SpSS, 
version 20.0 (SpSS Inc., Chicago, USa). a p-value of <0.05 was considered to 
indicate a statistically significant difference.

results

Of the 34 included patients (average age of 59.6 ± 16.3 (standard deviation) 
years, 59% women), 22 patients underwent a combined Cta of the head and 
neck arteries and 12 patients underwent a Cta of the head only. 

Quantitative assessment 
table 1 shows the image noise, vascular contrast and the CNr for the 5 differ-
ent Cta reconstructions in the CoW and carotid arteries. the image noise was 
lowest in high MIr, followed by low MIr, high hIr, mid hIr and FBp, respective-
ly. Differences were significant between all reconstructions (p<0.001), except 
for the difference between low MIr and high hIr (p=0.99).

Table 1 Mean attenuation in Hounsfield Units (HU), image noise, and the contrast-to-noise ratio (CNR) for the various CT 
angiographic reconstructions in MCA and carotid arteries and reference region of interest 

Reconstruction
P-valueFBP Mid HIR High HIR Low MIR High MIR

Image noise (HU) 12.7 ± 2.2* 10.2 ± 1.9ade 8.2 ± 1.8abe 8.0 ± 1.5abe 5.6 ± 2.0* <0.001

Vascular territory

  Circle of Willis
      Vascular  contrast (HU)
      CNR 

214.5 ± 57.2de

20.4 ± 5.5*
210.5 ± 60.1de

24.9 ± 7.0*
209.2 ± 61.1de

27.2 ± 8.3abe

234.5 ± 66.0abc

27.2 ± 9.2abe

233.9 ± 66.5abc

41.0 ± 16.5*
<0.001
<0.001

  Carotid arteries 
      Vascular contrast (HU)
      CNR 

313.5 ± 78.0de

25.7 ± 8.5*
312.9 ±78.3de

32.0 ± 10.5*
312.3 ±78.2de

40.8 ± 3.1abe

321.1± 79.1abc

42.7 ± 12.6abe

321.0 ± 78.5abc

64.5 ± 24.6*
<0.001
<0.001

P-values of the ANOVA with repeated measures test are shown.
aSignificanty different from FBP    bSignificanty different from mid HIR    cSignificanty different from high HIR    dSignificanty different from low MIR   eSignificanty different 
from high MIR   *Significant different from all other reconstructions. Data are means ± standard deviations. MCA = middle cerebral artery; FBP = filter back projection; HIR = 
hybrid iterative reconstruction; MIR = model-based iterative reconstruction

Vascular contrast was significantly higher in both the CoW and carotid arteries 
with both levels of MIr compared to the other reconstruction methods (all 
p<0.0001). 

the CNr was highest with high MIr, followed by low MIr, high hIr, mid hIr 
and lowest in FBp in all vascular territories (Figure 1,2,3). Differences were sig-
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nificant between all reconstructions in both the MCa and carotid arteries (all 
p<0.001) except for the differences between low MIr and high hIr (p=1.00 
and p=0.33, respectively). 

Figure 1 Images of different CTA reconstructions of CoW

On average the highest level of model-based IR (MIR, image E) showed the best objective image quality while the subjective image quality of hybrid IR 
level 6 (HIR, image C) was ranked as best by both observers.  A: FBP B: Mid HIR C: High HIR D: Low MIR E: High MIR 

Figure 2 Images of different CTA reconstructions of carotid arteries

On average the highest level of model-based IR (MIR, image E) showed the best objective image quality while the subjective image quality of hybrid IR 
level 6 (HIR, image C) was ranked as best by both observers. A: FBP B: Mid HIR C: High HIR D: Low MIR E: High MIR
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Figure 3 Images of different CTA reconstructions of aortic arch

On average the highest level of model-based IR (MIR, image E) showed the best objective image quality while the subjective image quality of the 
lowest MIR level (observer 1, image D) and hybrid IR level 6 (HIR, observer 2, image C) were ranked as best. A: FBP B: Mid HIR C: High HIR D: Low MIR 
E: High MIR 

Qualitative assessment
table 2 shows the ability of automatic vessel analyses. the grade of complete-
ness for both vertebral arteries was similar between all reconstructions (p=0.40 
and p=0.06). Significant differences were found in the carotid arteries (both 
p<0.001). the high and low MIr showed the highest grade of completeness 
in these arteries, followed by high hIr, mid hIr and FBp (Figure 4). Differences 
were significant between both MIr levels and mid hIr (all p<0.023) and FBp 
(all p<0.010) in both carotid arteries and between high hIr and FBp in the 
right carotid artery (p=0.04). the grade of stenosis showed no significant dif-
ferences between the different reconstructions (p=0.16).

Table 2 Results of the advanced vessel analyses

Advanced Vessel Analyses
Reconstruction

P-value
FBP Mid HIR High HIR Low MIR High MIR

Completeness
   ICA right
   ICA left
   VA right
   VA left

Grade of stenosis 

2.5 ± 1.5cde

2.8 ± 1.3de

2.6 ± 1.4
2.6 ± 1.4

23.8 ± 18.2

2.6 ± 1.5de

2.8 ± 1.3de

2.9 ± 1.3
2.6 ± 1.3

22.5 ± 19.9

2.9 ± 1.4a

3.0 ± 1.2
2.9 ± 1.3
2.6 ± 1.3

22.6 ± 19.9

3.1 ± 1.3 ab

3.2 ± 1.1 ab

3.1 ± 1.3
2.7 ± 1.3

24.2 ± 18.8

3.1 ± 1.3 ab

3.2 ± 1.1 ab

3.1 ± 1.3
2.8 ± 1.3

26.7 ± 19.6

<0.001
<0.001

0.06
0.40

0.16

The degree of stenosis in all five reconstructions was determined in both internal carotid arteries and each neck artery was assessed for completeness of segmentation with a 
four point score.
P-values of the ANOVA with repeated measures test are shown.
aSignificanty different from FBP    bSignificanty different from mid HIR    cSignificanty different from high HIR    dSignificanty different from low MIR   eSignificanty different from 
high MIR. Data are means ± standard deviations.
ICA=Internal Carotid Artery VA= Vertebral Artery
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Figure 4 Advanced vessel analysis of different reconstructions of completeness of arteries

The completeness of arteries of the right and left carotid arteries and the right vertebral artery were found to increase in order from FBP (image A), middle hybrid IR (HIR) 
level (image B), highest HIR level (image C), lowest model-based IR (MIR, image D) to highest MIR level (image E).

Figure 5 Scoring results of both observers for the different reconstructions showing median  (± range) that 
reconstructions were scored as best (1 point) to worst (5 points). 
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the average interobserver agreement for the subjective image quality scoring 
was fair to moderate (κ =0.40). at the level of CoW and at the level of the carot-
id bifurcation both observers ranked high hIr most often as having the best 
image quality (Figure 1,2,5A and 5B), followed by low MIr (observer 1) and mid 
hIr (observer 2) as second best. 

high MIr was most often rated as worst by both observers. at shoulder level 
(i.e. the origin of the carotid and vertebral arteries) observer 1 ranked low MIr 
most often as best, followed by high hIr while observer 2 scored high hIr 
most often as best, followed by high MIr. In the far majority both observers 
scored FBp as the worst quality (Figure 3, Figure 5C).

dIscussIon

this study aimed to compare the image quality of Cta of the head and neck 
reconstructed with standard FBp, a hybrid (hIr) and a new model-based Ir 
(MIr) algorithm. Objectively, MIr significantly improved the overall image 
quality, reduced image noise and improved automated vessel analysis while 
FBp showed the lowest objective image quality. Subjectively, the highest level 
of hIr was considered superior at the level of the CoW and the carotid bifurca-
tion, and along with the lowest level of MIr for the origins of the neck arteries 
at shoulder level.
Goals for obtaining good quality of head and neck Cta include correct timing 
of the contrast bolus to ensure adequate arterial opacification from the aortic 
arch to the CoW, minimising noise increase due to photon starvation at the 
shoulder level, avoidance of venous superimposition and blooming artifacts 
from calcification and minimizing vessel wall blurring along the proximal su-
pra-aortic segments from cardiac motion 26. Several ways have been suggest-
ed to reach some of these goals including increasing the peak voltage, the 
pitch and the scan speed 26-29. however, improving the image quality is not 
guaranteed unless the equipment is used properly and research is an ongoing 
process to optimize the use of Cta techniques 30. 
to our knowledge, investigations about the use of hIr and MIr algorithms in 
Cta of the head and neck arteries are limited. the use of hIr algorithms has 
increased in head Ct imaging and have shown to result in significant improve-
ments in overall image quality and noise reduction at lower radiation levels 
without compromising diagnostic accuracy in many clinical applications 31 
including native Ct of the paediatric 32 and of the adult head with a dose re-
duction in the range of 20 to 43% 31, 33-35. 

the more recently introduced MIr algorithms have been shown to be su-
perior over standard FBp for improving the accuracy of diameter measure-
ment at Ct angiography in vitro 12 and over both FBp and hIr in reducing im-
age noise or decreasing radiation dose in abdominal 6, chest 13, 14, liver 11, 17 and 
in cervical and thoracic non-contrast Ct with a reduction of streak artifacts 36. 
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Furthermore, MIr can improve delineation of the anterior spinal artery and 
arteries of the posterior fossa in Ct angiography 15, 16. 
accurate measurement of the carotid stenosis is important as the benefit, or 
potential harm of carotid intervention (surgery or endovascular) depends on 
the degree of stenosis.
automatic vessel analysis with bone subtraction can improve the detection of 
stenosis and aneurysms compared to conventional Cta and is approximately 
1.5 times faster 25, 37. 
We found no significant differences in the estimation of the grade of steno-
sis between the five different reconstructions. however, MIr was superior in 
terms of completeness of the carotid arteries compared to hIr, which was in 
turn superior over FBp.
although high MIr showed the best objective image quality, high hIr was 
most often rated as having the best image quality at all levels of the Cta. the 
interobserver agreement of the subjective image quality was fair to moderate. 
this was due to the fact that observer 1 gave better rankings to the MIr recon-
structions than observer 2. Since MIr images have substantially reduced noise, 
these images may appear as blotchy and pixelated 7 and, apparently, lead to 
differences in the subjective ranking and personal preferences of radiologists. 
this preferences could dependent on the experience of radiologists. Less ex-
perienced (aged) radiologists (observer 1) are potentially more open minded 
to work with new techniques, while more experienced radiologists (observer 
2) are more used to and thus may prefer the older look of the images. Because 
we did not lower our Cta scan protocol, the subjective image was at least 
already high enough for clinical evaluation in the normal FBp reconstruction, 
underlined by the fact that the reconstructions preferred were dependent to  
personal preferences of radiologists. as Ir algorithms are known to be espe-
cially effective in low-dose (with more noise) the effect of hIr and MIr can be 
expected to be even larger when low-dose protocols or dose reduction are 
applied.
there are some aspects that merit consideration. First, as our protocols are al-
ready relatively low dose we did not investigate the possibility of further dose 
reduction with hIr in head and neck Cta. Improvement of image quality with 
hIr and MIr algorithms at different radiation dose levels is a clinically relevant 
goal and should be the subject of future research. Second, Ct data acquisition, 
the hIr and MIr algorithms and the software package were from the same 
single vendor and therefore we cannot comment on those of other vendors. 
third, we used a prototype of IMr, which is still in the pre-clinical phase of re-
search. as the clinically introduced version could be a little different, the final 
version of IMr could also lead to small differences in the results, although the 
main findings are expected to be the same.
there is a limitation concerning the automatic vessel analysis. Since some 
details of the vendor specific algorithm creating and displaying the rendered 
images are unknown, we cannot comment on the possible results of the 
advanced vessel analysis when other vendors or algorithms are being used. On 
the other hand, the relatively low CNr between vasculature and parenchyma, 

CHAPTER_08.indd   125 11-02-14   16:42



ImprovIng head and neck cTa wITh hybrId and model-based ITeraTIve  
reconsTrucTIon TechnIques

126

chaptEr

8

that is essential for vessel segmentation algorithms in general, of our MIr 
strongly suggests that most segmentation algorithms will probably lead to 
the same results.  
In conclusion, the use of hIr and MIr in Cta of the head and neck arteries re-
duces the noise and improves image quality and automated vessel analyses. 
While MIr has the best objective image quality, the subjective image quality 
is rated superior for hIr.
as the MIr reconstructions show less objective noise and more complete au-
tomatic vessel analysis, the substantially reduced noise appearance of the IMr 
images could be gaining more acceptance in time.
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Summary and general discussion
In this thesis two main subjects were discussed. First, histopathologic and Ct 
characteristics of cerebral thrombi were examined. Second, techniques to in-
crease the accuracy and to optimize Ctp- and Cta-imaging were explored.
In part 1 of this thesis we investigated the relation between the cause of 
stroke, the success of intravenous thrombolysis and the pathologic compo-
nents of thrombi with the attenuation of thrombi on NCCt. First, we looked 
at the relation between thrombus attenuation and the different stroke sub-
types. Second, we performed a histopathologic analysis exploring the relation 
of thrombus components with the different stroke subtypes and thrombus 
attenuation. third, we investigated whether thrombus density is related to 
recanalization and can predict the likelihood of a persistent occlusion after 
intravenous thrombolysis (IV-rtpa).
In part 2 we explored ways to optimize the diagnostic accuracy and to reduce 
radiation dose of Ctp and to improve Cta quality. First, the diagnostic accu-
racy of Ctp for the detection of ischemic stroke was evaluated by perform-
ing a systematic review of the literature. Second, optimization of quantitative 
perfusion measurements by the assessment of the vascular in- and output 
functions was investigated. In the third and fourth chapters the use of iterative 
reconstruction (Ir) algorithms was explored with the goal to reduce the radi-
ation dose with preservation of image quality in Ctp and to improve image 
quality in Cta-imaging while keeping the radiation dose the same.

In this chapter a summary of the major findings, limitations and future direc-
tions of these two parts are discussed.

Part 1: 
Ct-imaging in aCute isChemiC stroke: 
thrombus CharaCterization

the ability to predict the success of IV-rtpa with Ct-imaging could improve 
acute stroke treatment. the combination of pathologic studies with radiologic 
imaging is therefore important. the attenuation of thrombi on NCCt is related 
to the composition of thrombi as red blood cells (rBCs) are known to increase 
the attenuation while platelets and cellular material decrease it 1-4. We inves-
tigated the relation of thrombi attenuation measurements on NCCt with the 
subtypes of stroke and the recanalization success after IV-rtpa. In addition the 
pathologic components of thrombi were determined. to increase the gener-
alizability of our findings both the absolute and relative hU (=hU thrombus / 
hU contralateral vessel, correcting for hematocrit and vendor specific charac-
teristics) were used for analyses.
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Major findings 
In chapter 2 we presented the relation between the thrombus attenuation 
and the presence of a dense vessel sign on 1-mm thin slice NCCt with differ-
ent stroke subtypes (defined as large artery atherosclerosis, cardioembolism 
and dissection according to the tOaSt criteria) 5. We found that cardioembolic 
thrombi showed the least dense vessel signs and the lowest attenuation, fol-
lowed by thrombi due to large artery atherosclerosis, while dissection thrombi 
nearly always showed a hyperdense vessel sign and had the highest attenua-
tion. Since the presence of hyperdense vessel sign and attenuation are related 
to the rBC-component our findings suggest that the thrombi from dissection 
subtype contains the highest proportion of rBCs, followed by large artery ath-
erosclerosis thrombi, and that cardioembolic thrombi exhibit the least rBCs. 

the high numbers of rBCs in the dissection thrombi are easy to understand 
as dissection typically begins with a tear on the innermost intimal layer or the 
middle layer of the blood vessel wall. this allows blood to enter the vascular 
wall under arterial pressure, resulting in an acute intramural hematoma with 
consequent luminal stenosis or thromboembolic event 6, 7. as this hematoma 
consists mostly out of rBCs, dissection thrombi will have high numbers of 
rBCs. Our finding however that cardioembolic thrombi have less rBCs than 
large artery atherosclerosis thrombi is contrary to the traditional vision. this 
traditional hypothesis emphasizes that so called “red thrombi”, containing 
mainly a mixture of fibrin and rBCs, originate from low flow regions, as would 
be expected in cardioembolic thrombi; while “white thrombi”, containing 
mainly platelets and high amount of fibrin, were thought to arise in regions of 
fast moving blood, as to be expected in large artery atherosclerosis thrombi 8, 

9. We therefore took a closer look at the validity of this traditional hypothesis 
and the pathogenesis of the different stroke subtypes. We found that histo-
pathologic information about thrombi leading to cerebral stroke is limited, 
and interpretations have mainly been derived from thrombus studies of the 
coronary arteries. In these studies thrombi are all thought to originate from a 
localised plaque rupture of a pre-existing atherosclerotic process. recently, it 
has however been shown that rBCs in particular cause instability with rupture 
and re-hemorrhage in the ulcerated atherosclerotic plaques, promoting the 
transition from a stable to an unstable lesion causing coronary occlusions 10-14 

. It is therefore more likely that thrombi originating from (unstable) atheroscle-
rotic plaques contain high amounts of rBCs, especially in cerebral thrombi 
where the majority of atherosclerotic thrombi are due to acute thromboem-
bolic events immediately after intraplaque haemorrhage. the three histo-
pathological studies performed on cerebral thrombi all disprove the tradition-
al assumption. these investigators found similar cell components of thrombi 
derived from either arterial or cardiac sources and also demonstrated that 
atherosclerotic thrombi contain significant amounts of rBCs 15-17. Furthermore, 
the only study investigating the histopathology of cardioembolisms by either 
extraction from atrial thrombi (11 patients) or by removal of embolized cardi-
oembolic thrombi from ilio-femoral and subclavian-brachial arteries (11 pa-
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tients), concluded that most cardiac thrombi consisted of fibrin, platelets and 
debris 18. embolized thrombi showed twice as much platelet-rich domains 
(40% of total) compared to non-embolized atrial thrombi (20%).

these recent insights and studies underline our findings (contrary to the tradi-
tional assumptions) that thrombi from large artery atherosclerosis could con-
tain more rBCs than cardioembolic thrombi.

as a next step, in chapter 3 we performed a histopathologic analysis on 
22 cerebral thrombi to further explore the relation between composition of 
thrombi with the stroke subtype and with thrombus attenuation on NCCt. 
there was a moderate positive correlation (p=0.049) between the attenuation 
on NCCt and rBC-component of thrombi, which could be even stronger in 
reality as attenuation was measured before thrombolysis while most thrombi 
were investigated after thrombolysis (probably influencing thrombus com-
position). We found that the majority of cerebral thrombi was fresh and, in 
concordance with the findings of chapter 2, that thrombi originating from 
large artery atherosclerosis had a higher percentage of rBCs than cardioem-
bolisms, and that large artery atherosclerosis was the only stroke subtype with 
red (rBC-rich) thrombi. 

Because rBC-rich thrombi are more sensitive to IV-rtpa and have higher den-
sity on NCCt, we investigated in chapter 4 the relationship between throm-
bus density and recanalization and whether persistent occlusions can be pre-
dicted by hounsfield Units (hU)-measurements. We found that the thrombus 
density on thin-slice NCCt was indeed related to the likelihood of recanaliza-
tion in patients treated with IV-rtpa only. Lower absolute hU and relative hU 
were independently (multivariate odds-ratio 3.1 and 4.1, respectively) related 
to persistent occlusion and hU-measurements significantly increased discrim-
inative performance in a multivariate model with other known predictors for 
recanalization (subtype of stroke, time to thrombolysis, clot burden score and 
site of occlusion). Cut-off values of <56.5 absolute hU and relative hU of <1.38 
showed the most optimal predictive values for persistent occlusion and may 
help to select IV-rtpa treated stroke patients who could benefit from (addition-
al) intra-arterial treatment.

Limitations
exploring the relation of thrombi attenuation measurements on NCCt with 
the subtypes of stroke, the recanalization success after IV-rtpa and the patho-
logic components of thrombi, should be considered with some caution. 
First, in the reports involving the subtype of stroke it was not always possible 
to determine the cause with certainty, e.g. if atherosclerosis was present in 
combination with a possible cardiac cause such as atrial fibrillation. therefore 
some patients were placed in an “unknown” group. however, the theoretical 
misclassification of some patients in the wrong stroke subtypes would have 
probably biased our results towards less strong results, therefore the signifi-
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cant differences found in our study will only increase if the possible misclassi-
fication would not have happened. Second, in chapter 3 and 4 only a relative 
small number of patients were investigated, which made it hard to draw solid 
conclusions. third, the follow-up Cta performed to assess the rate of recanal-
ization in chapter 4 took place after 1-4 days, which was relatively late. as the 
occurrence of spontaneous recanalization is known to increase within time 19, 
part of the recanalization on Cta could have been occurred due to sponta-
neous recanalization rather than due to a direct effect of IV-rtpa. On the other 
hand, as the clinical outcome is significantly better in patients who show reca-
nalization on late follow-up our findings were still clinically important despite 
the reason for recanalization 20. 

Future directions
the new insights discussed in chapter 2, 3 and 4 are important in understand-
ing the etiopathogenesis of cerebral thrombi and relating the pathologic 
characteristics of thrombi with Ct-imaging.
to our knowledge, our studies were the first to extensively describe the finding 
that large artery atherosclerosis thrombi could contain more rBCs than cardi-
oembolic thrombi. hence, our investigations could change the way we think 
about the etiopathogenesis of cerebral thrombi and could be a first step into 
adjustment of treatment based on thrombi characteristics and corresponding 
attenuation measurements on NCCt. 

the findings of chapter 2 that thrombus attenuation was significantly related 
to the stroke subtype, help to gain insight in the etiopathogenesis of stroke 
and in making an accurate estimation of the cause of stroke. however, our 
findings should be validated by future larger multicentre studies. 
the findings discussed in chapter 4 that the thrombus density on thin-slice 
NCCt was indeed related to the likelihood of recanalization in patients treated 
with IV-rtpa can lead to other treatment management based on the throm-
bus attenuation measurements and could therefore have clinically important 
meanings for future interpretation of the NCCt. If a thrombus exhibits a low 
hU-value for example, IV-rtpa is expected to be unsuccessful and alternative 
treatments as mechanical thrombectomy could be applied sooner. these 
thresholds should first be validated in another group of acute stroke patients. 
after validation further studies could focus on the possible adjustments of 
treatment based on the thrombi characteristics and corresponding attenua-
tion measurements on NCCt. 

CHAPTER_09.indd   133 11-02-14   16:42



134

chaptEr

9

SummAry AnD generAL DiScuSSion

Part 2: 
Ct-imaging in aCute isChemiC stroke: 
teChnique oPtimization

With Ctp we can visualise information about hemodynamics of the brain 
complementary to the NCCt. Ctp has the ability to determine the extent of 
infarct core and penumbra and can help in treatment decision making. a Cta 
of the head and neck is important in evaluating acute and chronic neurovas-
cular diseases 21. 

Major findings
chapter 5 reviewed the literature on the accuracy of Ctp in determining is-
chemic stroke. In a total of 1107 patients, a pooled analysis resulted in a high 
sensitivity of 80% and a very high specificity of 95%. almost two-thirds of the 
false negatives were due to small lacunar infarcts; the remaining false nega-
tives were mostly due to limited coverage of the Ct acquisition. By optimizing 
Ctp techniques and increasing spatial coverage sensitivity for the detection of 
lacunar infarcts could be improved.

adding Ctp and Cta to the NCCt increases ionising radiation dose about 
3-fold, which raises concerns about radiation dose 22, 23. therefore, techniques 
that reduce radiation dose without altering image quality are important sub-
jects to investigate. 
In chapter 6 the objective image quality (quantitative perfusion values, at-
tenuation, image noise, penumbra and infarct area) and subjective image 
quality (diagnostic and overall image quality) of a standard dose Ctp with the 
standard filtered back projection (FBp) were compared with half dose Ctp re-
constructed with Ir algorithms. We found that with by using Ir in Ctp imag-
ing it was possible to examine patients with half the radiation dose without 
significantly altering the objective and diagnostic image quality. however, the 
standard dose with FBp was still preferable considering the superior subjec-
tive image quality in about one quarter of patients. 

the accuracy of the quantitative perfusion maps can be improved by selecting 
an artery with the least partial volume effects as the aIF. With the introduction 
of the 256-(or more-)MDCt systems the perfusion slab coverage increased 24, 
providing the opportunity to also select the internal carotid arteries and basi-
lar artery as the arterial input function (aIF) instead of only the anterior cere-
bral artery (aCa) and middle cerebral artery (MCa). to improve the accuracy 
and reproducibility of Ctp imaging, we described in chapter 7 that selecting 
the internal carotid artery as the aIF and continuing the use of a venous sinus 
as the venous output function (VOF) improved the accuracy of Ctp. We found 
that the selection of aIF had significant effects on the accuracy of quantitative 
perfusion measurements, leading to major differences (up to 13% for the Mtt, 
25% for the CBV and more than 50% for CBF). Selection of the internal carotid 
artery instead of aCa, MCa or basilar artery as the aIF improved the accuracy 
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of absolute quantitative values in Ctp. Deleting the VOF was detrimental for 
the validity of perfusion results in the majority of patients and was therefore 
inadvisable. 

In chapter 8 we compared head and neck Cta images reconstructed with 
three techniques: the standard FBp; a so-called hybrid Ir algorithm; and a 
model-based Ir algorithm. Comparison was based on objective and subjec-
tive image quality (including carotid stenosis measurement and the ability to 
perform automatic vessel analysis). No differences were found in the measure-
ment of the carotid stenosis between the reconstructions. however, we did 
find that the use of model-based Ir of the head and neck reduced the noise, 
improved automated vessel analysis and objective image quality compared 
to hybrid Ir, which was in turn superior to FBp. While the model-based Ir had 
the best objective image quality, the subjective image quality was superior in 
hybrid Ir. 

Limitations
Besides the above mentioned increase in radiation dose, another important 
limitation of Ctp is the vendor dependent parameters that are being used. 
there is a great heterogeneity in the image acquisition, the software pack-
age that processes the data and Ir reconstruction algorithms. Our results are 
based on a 64- or 256-slice philips Ct scanner and the accompanying soft-
ware, therefore it is hard to comment on other vendors and software. Indeed, 
in the review of chapter 4 the sensitivity of Ctp varied considerably between 
the different studies, which is probably mainly due to heterogeneity in Ctp 
scanning and post processing methods. although in chapter 6, 7 and 8 we 
assumed that our results are also valid for other vendors and algorithms, we 
did not have the possibility of investigating other manufacturers or software. 
Furthermore, in chapter 8 we used a prototype of the model-based Ir algo-
rithm, which is currently only available for research purposes. reconstructions 
were time consuming with this prototype, but are expected to improve before 
implementation in clinical practice. as the clinically introduced version could 
be slightly different, the final version of IMr could also lead to other results.

Future directions
Our findings discussed in part 2 of this thesis, show how the accuracy and 
image quality of Ctp and Cta can be improved and how the radiation dose 
can be minimized. Selection of the internal carotid artery will increase the va-
lidity of perfusion results, providing a robust way to get the best result from 
Ctp-imaging. Furthermore, it is an important step to deal with the problem 
of a lack of standardization in Ctp-imaging. a wide variety of Ctp techniques 
has become available to assess vascular lesions and brain parenchyma in 
acute ischemic stroke patients; different vendors have their own scanners and 
apply their own filters, their own thresholds and their own post-processing 
software 25. even within the same vendor, different software possibilities are 
often offered, all possibly leading to other estimations of the ischemic lesions. 
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therefore there is a great need for standardization of the Ctp methods and 
future large studies should compare all possible methods and advise on the 
best standard method to evaluate Ctp scans. 
We showed that Ir algorithms are promising techniques in Ctp- and Cta-
imaging and are able to either substantially lower the radiation dose without 
affecting the objective Ctp-image quality or to improve the Cta-image quali-
ty with the same dose. advanced Ct scanners that allow imaging of the entire 
brain are more often introduced in institutions and this will further increase 
ionising radiation dose 23. Our findings will help to minimize the increase in 
radiation dose. Future studies should focus on the influence and the possi-
bility of Ir algorithms in reducing radiation dose or improving image quality 
in other vendors. For Cta-imaging future technical studies should work on 
improving the objective image quality without affecting the subjective image 
quality. as quick evaluation is important, investigations should also focus on 
how to perform these reconstructions as fast as possible, hopefully leading to 
standard fast and robust algorithms that will improve image quality or reduce 
radiation dose even further. 
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Dutch summary 
(Nederlandse samenvatting)

In dit proefschrift worden twee hoofdonderwerpen besproken. het eerste 
deel gaat over de karakterisering van cerebrale thrombi op non-contrast Ct 
(NCCt). het tweede gedeelte bespreekt de mogelijkheden en het optimalise-
ren van Ct-perfusie (Ctp) en Ct-angiografie (Cta). 
een herseninfarct wordt veroorzaakt door een thrombus dat een slagader 
(i.e. arterie) afsluit waardoor het hersenparenchym niet of in mindere mate 
wordt voorzien van zuurstofrijk bloed. het doel van therapie (waarvan intra-
veneuze trombolyse de eerstelijns behandeling vormt) is om recanalizatie van 
deze arterie te bewerkstelligen maar wordt slechts in ongeveer de helft van 
de gevallen bereikt. De componenten van een thrombus houden mogelijk 
verband met de effectiviteit van deze therapie. Bij patiënten die symptomen 
van een acuut herseninfarct vertonen, wordt vaak op de eerste hulp eerst een 
NCCt gemaakt. Met behulp van de NCCt kan eerst een onderscheid gemaakt 
worden tussen twee vormen van beroerte; hersenbloeding en -infarct. Indien 
na het beoordelen van de NCCt een hersenbloeding uitgesloten is, worden 
patiënten in vele centra met een Ctp en Cta gescand. Middels de Ctp kan 
de doorbloeding van de hersenen getoond worden. In patiënten met een 
herseninfarct kan deze techniek gebruikt worden om de irreversibele infarct-
kern te onderscheiden van het potentieel nog te redden “penumbra”. De Cta 
wordt gebruikt om de oorzaak van de arteriële occlusie, de collaterale circula-
tie en de mate van extracraniale arteriële stenosen te onderzoeken.

In deel 1 beschrijven wij onderzoeken die tot meer kennis over de thrombus-
samenstelling en de relatie met de kenmerken ervan op NCCt leiden en laten 
wij zien hoe het voorspellen van succes van trombolyse op basis van NCCt-
beeldvorming te verbeteren is. 
In deel 2 onderzochten wij manieren om tot verbetering van de kwaliteit en 
accuraatheid van Ctp en Cta-technieken te komen en om de radiatiedosis zo 
laag mogelijk te houden.  

Deel 1 
Ct-beelDvorming bij aCuut herseninfarCt: 
thrombuskarakterisering

Ongeveer een derde van de arteriële occlusies die herseninfarcten veroorza-
ken ontstaat door arteriosclerose, een derde door een embolie vanuit het hart 
en een relatief kleiner gedeelde door een dissectie. Ongeacht de oorzaak van 
de afsluitende thrombus, is het doel van therapie het recanalizeren van de 
geoccludeerde arterie. Om dit te bereiken zijn verschillende therapieën voor 
handen. Intraveneuze thrombolyse met recombinant tissue-type plasmino-
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gen activator (IV-rtpa) is de enige FDa-goedgekeurde behandeling. De toe-
diening hiervan dient plaatst te vinden binnen 3 uur na het ontstaan van de 
klachten en is in ongeveer de helft van de gevallen succesvol. hoewel recente 
onderzoeken laten zien dat deze tijd window misschien wel tot 4.5 uur ver-
lengd kan worden, wordt de kans op falen of het optreden van een bloeding 
na deze periode vooralsnog te groot geacht. 

patiënten waarvan de IV-rtpa gefaald heeft of die überhaupt niet geschikt wa-
ren voor deze behandeling, kunnen in aanmerking komen voor intra-arteriële 
thrombolyse of mechanische thrombectomie. hoewel het percentage suc-
cesvolle recanalizaties van deze behandeling groot is, gaan deze procedures 
gepaard met een grote kans op mortaliteit of andere ernstige complicaties.

een NCCt is het enige onderzoek wat vereist is voor de beoordeling tot be-
handeling met IV-rtpa.  In vele ziekenhuizen is dit ook de enige beschikbare 
Ct-techniek en daarnaast wordt in andere klinieken direct na de NCCt (en 
nog voor het vervaardigen van de Ctp en Cta) overgegaan tot wel of niet 
toedienen van IV-rtpa. De mogelijkheid om op de NCCt te kunnen voorspel-
len welke patiënten niet zullen recanalizeren na IV-rtpa zal de keuze tot het 
overgaan op de andere behandelingen vergemakkelijken. Om dit zo goed 
mogelijk te kunnen onderzoeken is het belangrijk meer te weten te komen 
over de pathofysiologie van een thrombus en de verhouding daarvan met 
de NCCt-karakteristieken. In de literatuur wordt beschreven dat de samen-
stelling van een thrombus, welke voornamelijk bestaat uit rode bloed cellen 
(eryhtrocyten), bloedplaatjes (thrombocyten) en fibrine, verband houdt met 
de gevoeligheid voor IV-rtpa en de verschillende infarcttypen. aangezien ery-
trocyten een positieve lineaire en bloedplaatjes een negatieve relatie hebben 
met de aankleuring (densiteit) van een thrombus op NCCt, onderzochten wij 
in deel één van dit proefschrift de relaties tussen de thrombusdensiteit op 
NCCt met de subtypen, de histopathologische samenstelling van thrombus 
en de kans op recanalizatie.  

In hoofdstuk 2 laten we de resultaten zien van het onderzoek naar de rela-
tie van de thrombusdensiteit (gemeten in hounsfield Units (hU)) op NCCt 
met de verschillende subtypen van infarct. Wij vonden dat er een significante 
relatie bestaat tussen de densiteit en de origine van thrombi. een thrombus 
van cardioembolische origine had de laagste densiteit en liet de minste “den-
se vessel signs” zien, in oplopende volgorde gevold door arteriosclerose en 
dissectie. Vanwege de lineaire relatie van erythrocyten met de densiteit, sug-
gereerden deze bevindingen ook dat het gemiddelde percentage van ery-
throcyten in een thrombus dezelfde sequentie heeft. Deze bevindingen zijn 
in tegenstelling tot de traditionele opvatting dat zogenaamde “rode” thrombi, 
die veel erythrocyten bevatten, voornamelijk in lagere bloedstroomgebieden 
(i.e. cardioembolieen) ontstaan en dat witte thrombi (met thrombocyten als 
belangrijkste component) vanuit hoge stroomgebieden voortkomen, zoals 
verwacht bij arteriosclerose. 
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Om onze theorie en de onjuistheid van de traditionele opvatting te kunnen 
bevestigen presenteren wij in hoofdstuk 3 de histopathologische samenstel-
ling van 22 thrombi. In overeenstemming met onze bevindingen van hoofd-
stuk 2 vonden wij dat thrombi ontstaan vanuit arteriosclerose een hoger 
percentage erythrocyten bevat dan cardioembolische thrombi. Wij vonden 
ook dat alle als rood geclassificeerde thrombi van arteriosclerotische origine 
waren en dat geen enkele rode thrombus van cardioembolische origine af-
komstig was.

Om een andere belangrijk doel, het voorspellen van de succeskans van IV-rtpa 
op basis van de NCCt,  onder het licht te brengen presenteren wij in hoofd-
stuk 4 de relatie tussen de densiteit van thrombi en de kans op recanalizatie. 
Wij vonden dat de kans op recanalizatie inderdaad verband houdt met de 
thrombusdensiteit gemeten op de NCCt. een lagere densiteitmeting geeft 
een hogere kans op het persisteren van een occlusie. Bovendien kunnen den-
siteitmetingen van grote voorspellende waarden zijn bovenop andere beken-
de predictoren en zijn drempelwaarden van <56.5 absolute hU en <1.38 re-
latieve hU de nauwkeurigste waarden voor het voorspellen van IV-rtpa falen. 

In de hoofdstukken van deel 1 van dit proefschrift bediscussiëren we ook 
de tot nu toe bestaande onderzoeken over de traditionele opvatting en de 
gedachten waarom deze theorie niet meer geldig is. Wij laten zien dat deze 
theorie over de origine van rode en witte thrombi voornamelijk gebaseerd 
is op studies naar cardiale thrombi en dat er tot nu toe weinig histopatho-
logisch onderzoek verricht is op hersenthrombi. We vonden dat de enige 
drie cerebrale histopathologische studies die totnogtoe beschreven zijn de 
traditionele theorie tegenspreken en dat een andere belangrijke studie onze 
bevinding dat cardioembolische thrombi voornamelijk bloedplaatsjes bevat 
onderstreept.

Deel 2 
Ct-beelDvorming bij aCuut herseninfarCt: 
teChniekoPtimalisatie

Ct-perfusie (Ctp) is een waardevolle modaliteit in de evaluatie van patiën-
ten met een verdenking op een herseninfarct en andere neurologische ziek-
ten. Door middel van kwantitatieve parameters, zoals Cerebral Blood Volume 
(CBV), Cerebral Blood Flow (CBF), en Mean transit time (Mtt), kan de bloed-
doorstroming van de hersenen gemeten en gevisualiseerd worden. CBV meet 
het totale volume aan bloed in een bepaald volume van de hersenen, CBF 
is gedefinieerd als het totale volume aan bloed in een bepaald volume van 
de hersenen per tijdeenheid en Mtt als de gemiddelde tijd dat bloed erover 
doet om door een bepaald hersengebeid te stromen.
het gebruik van Ctp biedt, naast de toegevoegde diagnostische waarde, 
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meerdere voordelen; het is een snel en relatief goedkoop onderzoek en in 
veel ziekenhuizen 24 uur per dag beschikbaar. aan de andere kant heeft het 
ook enkele limitaties zoals de extra stralingsdosis die patiënten ondervinden 
en de variatie in resultaten die voortkomen uit de meerdere bedienerafhanke-
lijke stappen die genomen dienen te worden.

Naast het vervaardigen van een Ctp, kan ook de toevoeging van de Ct-
angiografie (Cta)  tot essentiële extra informatie leiden in de beeldvorming 
van patiënten met een herseninfarct. Middels Cta kan de plaats en oorzaak 
van occlusie, de mate van collaterale circulatie en stenosegraad van vaten in 
beeld gebracht worden. een goede beeldkwaliteit van de Cta is belangrijk 
om tot de best mogelijke interpretatie ervan te komen. Dit hoeft niet alleen 
op basis van de “directe” Cta-beelden te gebeuren maar vindt ook vaak plaats 
middels het snellere “automatische vat analyse” waarbij de vaten op een over-
zichtelijke manier zonder de beïnvloeding van andere structuren worden ge-
toond. De Cta dient daarnaast niet alleen voor een goede beoordeling van 
het vaatstelsel in de acute fase, het is ook deel van de work-up van infarctpa-
tiënten. een nauwkeurige meting van de stenosegraad van de carotiden is 
namelijk belangrijk omdat de uitkomst hiervan de beslissing tot het overgaan 
op een chirurgische behandeling beïnvloedt. 

Ondanks het feit dat meerdere studies de sensitiviteit van Ctp voor het aan-
tonen van ischemie onderzochten, ontbreekt in de literatuur een duidelijk 
overzicht van dit belangrijk onderwerp. In hoofdstuk 5 van dit proefschrift 
onderzoeken wij daarom de accuratesse van Ctp door het uitvoeren van een 
systematische review. Wij vonden dat Ctp erg accuraat is in het aantonen 
van ischemische gebieden met een sensitiviteit van 80% en een specificiteit 
van 95%. Bijna tweederde van alle vals-negatieve gevallen waren het gevolg 
van kleine lacunaire infarcten, terwijl de resterende een derde door een geli-
miteerde breindekking van de Ct-scanner kwam. Met de verbeterende Ctp 
technieken en de steeds geavanceerder wordende Ct-scanners zal de sensiti-
viteit naar alle waarschijnlijkheid in de komende jaren verder toenemen.  

In hoofdstuk 6 onderzoeken wij een manier om tot een reductie in stra-
lingsdosis te kunnen komen. Wij creëerden Ctp datasets met slechts de helft 
van het normale aantal stralingsdosis en reconstrueerden deze data met het 
normale Filtered Back projection (FBp) en een zogenaamd hybride iteratieve 
reconstructie algoritme. Dit algoritme kan door middel van het verminderen 
van ruis in de zogenaamde ruwe data zorgen voor een gelijkwaardige beeld-
kwaliteit wanneer er met minder straling wordt gescand. Wij zagen dat met 
het gebruik van dit algoritme het mogelijk is om patiënten met de helft van 
de dosis een Ctp te laten ondergaan zonder dat de diagnostische beeldkwa-
liteit en objectieve paramaters significant worden aangetast. aan de andere 
kant zagen we wel dat in ongeveer één kwart van de patiënten de algemene 
beeldkwaliteit minder werd. 
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hoofdstuk 7 behandelt een bedienerafhankelijke stap die tot veel variatie 
in resultaten kan leiden; de selectie van de arteriële input functie (aIF) en 
veneuze output functie (VOF). een aIF dient als referentievat voor de software 
om kwantitatieve paramaters te kunnen berekenen terwijl de VOF wordt ge-
selecteerd om de aIF te optimaliseren. De introductie van de 256(-of-meer-)
slice-scanners en de daarmee gepaard gaande grotere coverage biedt de 
mogelijkheid om ook de carotiden als aIF te selecteren en zou daarnaast het 
selecteren van een VOF overbodig kunnen maken. Wij vonden dat de selectie 
van verschillende aIFs kan leiden tot grote significante verschillen in de kwan-
titatieve paramaters (tot 13% in Mtt, 25 % in CBV en meer dan 50% in CBF). 
De selectie van de carotiden als aIF zorgde voor de meest accurate resultaten 
terwijl de selectie van de VOF nog steeds nodig bleek. 

In hoofdstuk 8 vergelijken wij de kwaliteit van de FBp-gereconstrueerde 
Cta van het hoofd en de nek met de kwaliteit voortkomend uit twee recent 
ontwikkelde algoritmen; naast het in hoofdstuk 6 al geïntroduceerde hybride 
iteratieve reconstructie algoritme, is dat het nog recenter ontwikkelde model-
gebaseerde iteratieve reconstructie algoritme. 
In metingen van de graad van de carotis stenosen werd geen verschil gevon-
den tussen de verschillende reconstructies. Wel zagen wij dat in zowel Cta 
van het hoofd als van de nek het modelgebaseerde iteratieve reconstructie 
algoritme de ruismetingen, de objectieve beeldkwaliteit en de automatische 
vat analyse verbeterde in vergelijking met het hybride iteratieve reconstructie 
algoritme en met FBp. toch was er ook een nadeel; de observers vonden de 
subjectieve beeldkwaliteit van het modelgebaseerde iteratieve reconstructie 
algoritme namelijk slechter en hun voorkeur ging hierin uit naar de middels 
hybride iteratieve algoritme gereconstrueerde Cta-beelden. Ondanks dat de 
resultaten van dit onderzoek uiteenlopend waren, werd wel duidelijk dat er 
veel kwaliteitswinst te winnen is door het gebruik van iteratieve reconstructie 
algoritmen in Cta-beeldvorming.
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