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Abstract

Objective Iterative reconstruction (IR) is a noise reduction method that facilitates the synthesis of maximum intensity pro-
jection (MIP) from a larger number of slices while maintaining resolution. The present study aimed to analyze whether CT
evaluation using IR and MIP is ideal for thrombus evaluation of large vessel occlusions in patients with acute ischemic stroke.
Methods Three types of images for each patient were reconstructed and categorized into three groups: the “conventional group,”
evaluated using 0.5-mm slice CT, the “MIP group,” evaluated using 0.5-mm slice CT processed with MIP, and the “IR + MIP
group,” evaluated with 0.5-mm slice CT processed with IR and MIP. Noise and image quality were evaluated with noise standard
deviation (Noise SD) and contrast-to-noise ratio (CNR). Three experts evaluated the thrombus edge coordinates, made a visual
assessment, and compared the data with the digital subtraction angiography (DSA) of the mechanical thrombectomy.

Results Twenty-nine patients with cerebral infarction having large vessel occlusion were included in this study. The IR +MIP
group had a lower Noise SD and a statistically higher CNR, leading to more favorable image evaluations. The thrombus
assessment showed no inter-rater variability in thrombus edge identification, and the visual assessment and comparison with
DSA were statistically better in the IR + MIP group.

Conclusions IR reduces noise and improves resolution. MIP in combination with IR facilitates visualization of thrombus.

Keywords Iterative reconstruction - Maximum intensity projection - Computed tomography - Thrombus - Cerebral
infarction - Stroke

Abbreviations Introduction
CT Computed tomography CNRContrast-to-noise

ratio DSADigital subtraction angiography The resolution of multi-slice computed tomography (CT)
HU Hounsfield units has improved dramatically with the development of multiple
ICA  Internal carotid artery rows and technological advances. Consequently, the use of 3D
IR Iterative reconstruction MRIMagnetic resonance imaging ~ reconstitution and multiple cross-sectional reconstructions
MIP  Maximum intensity projections from thin-slice CT data has become widespread. Thus, improv-
rt-PA  Recombinant tissue plasminogen activator ing the quality of thin-slice images has become more impor-
WL  Window level tant [1]. Noise in CT images is mainly caused by the number
WW  Window width of X-ray photons and increases inversely with the square root

of the image slice thickness. Thin-slice CT reduces the num-
ber of photons detected, which worsens the image noise. The
radiation dose must change in inverse proportion to the slice
thickness to maintain constant image noise for varying recon-
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slices [4]. However, thin slices are low contrast and contain
high-intensity noise; thus, the noise accumulates in MIP and
the number of slices that can be synthesized using MIP is
limited. Techniques to reduce noise and radiation dose are
currently being developed, including automated tube cur-
rent modulation and noise-reduction filters [S]. However, the
effects of these techniques are limited because of rigid and
thick skulls. Iterative reconstruction (IR) is a recently estab-
lished innovative noise reduction method [6]. IR suppresses
artifacts caused by bone and reduces noise, resulting in high-
quality images using low radiation doses [5]. IR, which can
be used with almost all equipment manufacturers, facilitates
the synthesis of MIPs from a larger number of slices while
maintaining the resolution.

In patients with stroke, thrombus diagnosis using CT has
been widely investigated. Several studies focused on throm-
bus detection using non-contrast CT with MIP [4, 7]. We
hypothesize that CT evaluation using IR and MIP is more
useful for evaluating thrombus in patients with stroke. To
date, thrombus information from CT has provided many
insights into treatment strategies. A high-signal thrombus
on CT is more likely to be rich in red blood cells [8], which
leads to a high rate of recanalization [9] and short procedure
time in mechanical thrombectomy [10]. Herein, we demon-
strate that non-contrast CT with IR and MIP is effective in
the evaluation of thrombus.

Methods
Data availability statement

Data supporting the findings of this study are available from
the corresponding author upon reasonable request and with
approval from the coauthors and the hospital ethics committee.

Study population

This was a single-center prospective study. The study
included consecutive patients with acute cerebral infarc-
tion caused by large vessel occlusion who were registered
at the single hospital between January 2020 and January
2021. Inclusion criteria were hospitalization and eligibil-
ity for recombinant tissue plasminogen activator (rt-PA) or
mechanical thrombectomy. In addition, cases with intracra-
nial large vessel occlusion were selected. Exclusion criteria
were (1) thrombus extending to extracranial, (2) recanaliza-
tion with t-PA, (3) multi-vessel occlusion, and (4) patients
receiving low scores from all the evaluators for the 5-point
visual assessment of the thrombus described below. All
patients admitted during this period were examined by neu-
rologists and neurosurgeons and underwent CT. Cerebral
infarction was usually diagnosed based on CT alone, and
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the indication for rt-PA was determined. Next, magnetic
resonance imaging (MRI) was immediately performed and
mechanical thrombectomy was performed if indicated.

The patients or their relatives provided informed consent
according to ethical regulations. The hospital’s ethics com-
mittee approved the study protocol. This study is registered
in the UMIN Registry, Japan (UMIN000040807).

Image acquisition and reconstruction

All patients were scanned using a multidetector CT scanner
with 80 detector rows (Aquilion Prime, Canon, Japan). The
standard CT protocol entailed a collimation of 0.5 mm, a tube
voltage of 120 kV, and a tube current of 350 mA. Three types
of images were reconstructed from the same patients and
categorized into three groups as follows: the “conventional
group,” evaluated using 0.5-mm slices of nonenhanced CT;
the “MIP group,” evaluated using 0.5-mm slices of nonen-
hanced CT with MIP, and the “IR +MIP group,” evaluated
using 0.5-mm slices of nonenhanced CT with IR and MIP. IR
was performed using the AIDE 3D software by Canon with
the standard settings. The MIP comprised ten slices. Images
were evaluated on reconstructed coronal views. The coronal
view is used because this view facilitates the evaluation of
basilar arteries, comparison with digital subtraction angiogra-
phy (DSA) because it shares the same view as that of DSA, and
helps avoid overlapping M1 vessels with bone when MIP is
performed. Image reconstruction was performed automatically
and was completed within 30 s after imaging.

Evaluation of image noise

A comparative evaluation of the amount of noise was per-
formed. The noise standard deviation (Noise SD) indicated the
severity of image noise and could serve as part of the objective
assessment of the image quality. The contrast-to-noise ratio
(CNR) was used to evaluate low contrast detectability [11].
The region of interest for the Noise SD and background value
for CNR calculation was the area from the intracranial internal
carotid artery (ICA) to the M1 segment on the opposite side of
the occluded vessel, where a sufficient area could be obtained.
CNR may not match the visual assessment [12]. In this study,
the objective was not to evaluate organs, but to evaluate throm-
bus and blood vessels, which have simple signal intensities.
CNR (CNR =(signal intensity of thrombus — signal intensity
of blood vessel)/Noise SD of blood vessel) was enough to dis-
tinguish between thrombus and blood vessels. All images were
evaluated using the Osirix HD, version 11.0.

Thrombus evaluation

Two neurosurgeons and one neurologist with expertise in
endovascular and cerebral infarction treatment evaluated the
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results independently. Studies show that MIP without IR is
effective in detecting thrombus [4, 7]. The aim of this study
was not to detect, but to visualize the entire thrombus. In car-
diology studies, curved multiplanar reconstruction is used to
evaluate stenotic or occlusive lesions [13]. Although the cer-
ebral blood vessels have more flexion than coronary arter-
ies, the bias in the procedure is expected to be significant
when the vessel is straightened. Thus, we evaluated both
the coordinates of the thrombus edge and the visual scor-
ing. Clear identification of the thrombus edges is equivalent
to the ability to visualize the entire length of the thrombus.
Because detection is not the goal, the evaluator was informed
in advance regarding the location of the thrombus as right
or left, ICA, M1, M2, or BA. The evaluator was asked to
indicate the proximal and distal ends of the thrombus, and
the coordinates were collated. The coordinates pointed to by
the evaluator were calculated by the Osirix software from
the DICOM information. The position in the x, y, and z axes
is displayed in millimeters scale. The distance between
evaluators was calculated from the coordinates. Owing to
the limited number of cases, we were concerned about the
possibility of unconscious recall of thrombus features. Thus,
we evaluated the results for the conventional and IR +MIP
groups. The images were randomized and presented in two
separate sessions at least 1 week apart. The Noise SDs
and CNRs in the conventional and MIP groups were not
significantly different. Compared with MIP, thin-slice CT

Fig.1 Computed tomogra-

phy imaging with iterative
reconstruction and maximum
intensity projection. From left
to right: axial view of nonen-
hanced computed tomography
(CT) 0.5-mm slice, coronal
view of nonenhanced CT 0.5-
mm slice, slice after iterative
reconstruction (IR) and maxi-
mum intensity projection (MIP),
and IR +MIP slice (setting as
Window Level 40, Window
Width 20). Cases 1 and 2 are
cases of right middle cerebral
artery occlusion. The thrombus
is clearer, particularly the edges,
in the IR + MIP slice when the
WL and WW are focused. Case
3 is a case of BA occlusion.

The thrombus can be detected
with nonenhanced CT; however,
the noise in the blood vessel is
strong and the thrombus edges
are unclear

evaluations are more widely used and more versatile [14,
15]. Moreover, the diameter of the middle cerebral artery is
only 2-3 mm, suggesting that thinner slices are appropriate
for assessing the thrombus edges.

In the evaluation of the conventional group, the window
level (WL) was set at 50 and the Window Width (WW) was
set at 100 at first. These settings were standard for brain
evaluation, and the examiners were allowed to change the
settings. In the IR + MIP group, the radiodensity of the ves-
sels was 42.91 +£4.79 (mean, SD) Hounsfield units (HU),
and the signal value of the thrombus was 61.69 +6.24 HU.
Therefore, the WL and WW were set at 40 and 20, respec-
tively, and the evaluators were allowed to change the set-
tings (Fig. 1). The visual clarity of the thrombus edge was
assessed using a 5-point scale (5: excellent, 4: very good,
3: good, 2: poor, and 1: non-diagnostic). When mechanical
thrombectomy was performed, the homology between the
location of the thrombus on the CT and that on the DSA
was evaluated using a 5-point scale (5: perfect match, 4:
rough match, 3: displaced more than the diameter of the
occluded vessel, 2: completely different location, and 1:
unable to evaluate on imaging). The proximal and distal
edges of the thrombus on the DSA were obtained through
contrast injection using a microcatheter and a proximal
catheter which is guiding or aspiration catheters. The infor-
mation obtained from this process was used to evaluate the
location of the thrombus.
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Statistical analyses

The Noise SD and CNR values are shown as medians with
interquartile ranges. The Noise SD and CNR among the
three groups were compared using one-way analysis of vari-
ance. The distance between the coordinates of the thrombus
edge, visual clarity at the edges, and evaluation with DSA
were analyzed between IR + MIP and conventional groups.
Differences in the distance between the proximal and distal
coordinates of the thrombus edges among the evaluators (A,
B, and C) were compared using paired-sample 7 tests. Visual
clarity at the edges and evaluation with DSA were analyzed
using the Wilcoxon rank-sum test to examine the scores on
conventional and IR + MIP images presented to the evaluator
in a blinded and randomized setting. For all analyses, a P
value of < 0.05 was considered statistically significant. Sta-
tistical analyses were conducted using the statistical package
R, version 4.0.3.

Results

Thirty-five patients were admitted to the study. Three
patients with extracranial occlusions, 1 patient with
recanalization after admission, and 1 patient with mul-
tiple vessel occlusions were excluded from the study. In
addition, one patient was excluded because all evalua-
tors evaluated the clot as not visible on CT in the visual
assessment. Thus, 29 patients were included in the study
(median age, 84 years; interquartile range, 76-89 years).
CT was performed 4.07 +4.28 min (mean + SD) after
admission, MRI was started 24.9+9.95 min after CT,
and 33.71 +31.72 min passed between the MRI and the
puncture for the mechanical thrombectomy. The rt-PA was
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administered in 20 patients, and mechanical thrombecto-
mies were performed in 25 patients.

Image quality evaluation

Noise SDs were significantly different among the three
groups (conventional group 5.939 [5.425-6.861]; MIP
group: 5.961 [5.051-6.501]; and IR + MIP group: 3.918
[3.262-4.810]; P <0.001). No statistical differences in
Noise SDs were detected between the conventional and
MIP groups (P=1). However, the Noise SDs of con-
ventional and IR + MIP groups (P <0.001) and MIP and
IR + MIP groups (P <0.001) were significantly different
(Fig. 2). CNRs were also significantly different (con-
ventional group 3.345 [2.412-4.368]; MIP group: 2.824
[2.330-3.628]; and IR + MIP group 4.159 [3.262-4.981];
P =0.02). No significant differences in CNRs in the con-
ventional and MIP groups (P =1) were detected. However,
CNRs in the MIP and IR + MIP groups (P =0.025) and
the conventional and IR + MIP groups (P =0.0056) were
significantly different (Fig. 2). These results demonstrated
that the IR + MIP group had lesser noise and higher resolu-
tion than the conventional and MIP groups.

Thrombus evaluation

In the IR + MIP group, the distance between the coordi-
nates of the thrombus edge specified by the evaluators was
much shorter than the distance in the conventional group
(P<0.001). This indicates that the thrombus edge could be
identified with less variability. The radiodensity of the ves-
sels was 42.91 +4.79 (mean = SD) Hounsfield units (HU),
and the signal value of the thrombus was 61.69 +6.24 HU
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Fig.2 Comparing Noise SD and CNR between groups. Statistically significant differences in SD and CNR were observed in the IR + MIP group
compared with the conventional and MIP groups (ns: not significant, *P <0.05, **P <0.01, ****P <(0.0001)
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in the IR + MIP group. Visual evaluations were better in the
IR + MIP group than in the conventional group (P <0.001).
Furthermore, the homology of the thrombus with the DSA
increased in the IR +MIP group compared with the conven-
tional group (P <0.001) (Table 1).

Discussion

In this study, we showed that IR reduces noise and improves
resolution. Consequently, IR combined with MIP improved
the visibility of the thrombus. Three diagnostic tools are
used to assess and make patient treatment decisions for
patients with acute stroke: CT, MRI, and transcranial Dop-
pler or transcranial color-coded sonography [16]. Thrombus
evaluation by CT angiography is the current gold standard
[16]. However, the use of contrast media may cause adverse
reactions, such as anaphylactic shock and contrast media
nephropathy [17]. Subsequent mechanical thrombectomy
requires additional contrast media, which is a serious physi-
cal burden, particularly for elderly patients. Thus, visualiza-
tion of the entire length of the embolized thrombus using
only non-contrast CT is valuable. Moreover, it is the simplest
in terms of time and can shorten the time to treatment. Thus,
it is now clear that the early administration of rt-PA and
mechanical thrombectomy is associated with good patient
prognosis [18, 19].

A thrombus due to intracranial middle carotid artery
occlusion presents as a hyper-dense middle cerebral artery
on non-contrast CT [20]. Thrombus imaging distal from
M2 presents as a “Dot” sign [21]. On CT, the partial vol-
ume effect reduces the intensity of the thrombus. In addi-
tion, the continuity of the blood vessel is lost, resulting
in a point-like appearance that is difficult to verify as a
thrombus. However, thrombus detection by thin-slice non-
contrast CT and MIP is effective [4, 7]. Using MIP, blood
vessels, which are visualized as dots in a single slice, can
be visualized as a single vascular structure when multiple
slices are combined. Thus, thrombus assessment and veri-
fication are more effective using CT combined with MIP.

To synthesize better MIP images, several thin CT images
are needed. Thinner CT slices generate more noise and
thus require higher radiation doses to reduce the noise.
If the noise is extremely high, the MIP images cannot be

synthesized. IR can reduce noise, improve resolution, and
enable MIP synthesis from multiple slices with low radia-
tion doses. We have demonstrated that MIP created from
thin-slice CT images using IR results in lower Noise SD;
thus, IR reduced the noise. Moreover, CNR showed that the
resolution was improved after IR. Consequently, the coor-
dinates evaluated in the IR +MIP group were less scattered
than in the conventional group, and the thrombus edges were
more accurately identified. The visual evaluation was also
better. These results demonstrate that the use of MIP created
from thin-slice CT images after IR is an excellent method
for visualizing the total length of a thrombus.

Evaluation of the entire thrombus facilitates planning
treatment strategies, particularly mechanical thrombec-
tomy. Visualization of the entire thrombus enables the
selection and preparation of appropriate devices before
surgery, which can save time and improve patient out-
comes. Moreover, the distal ends of the thrombus can now
be visualized. DSA, CT, and MR angiography are flow-
related procedures, and accurate evaluation of the distal
end of the thrombus is often difficult because the contrast
media stagnates at the proximal end of the thrombus. By
knowing the distal end of the thrombus, the selection of
vessels for cannulation, the position of the microcathe-
ter tip, and the position of the device deployment can be
determined before the procedure. This saves time during
the procedure and makes the procedure safer.

Noise cancellation continues to develop, including new
reconstruction techniques based on deep learning using
artificial intelligence [22]. In addition, the evolution and
development of CT equipment, such as dual energy CT,
is expected. However, it is not widely available yet. Thus,
IR, which is available for general use, is valuable and can
be widely used.

Limitations

This was a single-center study. Owing to the COVID-19 pan-
demic, the number of patients included in the study was lower
than expected. A study including a larger number of patients
should be considered. In this study, only one model of IR was
used and other IR models should be explored. The reduction
of noise facilitates the inclusion of an unlimited number of

Table 1 Thrombus evaluation

Distance between coordinates of the evaluated

thrombus edge (mm)
Visual clarity

Homology of thrombus with DSA images

Conventional group IR +MIP group P
1.94 [1.20-4.14] 1.74 [1.06-2.86] <0.001
3.00 [3.00-4.00] 5.00 [4.00-5.00] <0.001
4.00 [3.00-4.00] 5.00 [4.00-5.00] <0.001

Values are presented as median [interquartile range]
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slices in the MIP; however, the optimal number of slices for
MIP should be determined. In this study, the radiation dose
was set slightly higher to sufficiently evaluate 0.5-mm slices. A
lower dose would have made a clearer difference. One throm-
bus was undetectable on CT and was believed to be a white
thrombus. The cases of hypo-dense occlusive thrombus were
excluded in this study. Investigation of white thrombus and
other non-thrombus substances, including fungus balls due
to infectious endocarditis, should be investigated. CT images
and DSA, which were used for evaluation, cannot be recorded
simultaneously. The thrombus may migrate before treatment
[23], which limits such thrombus evaluation.

Conclusions

Iterative reconstruction of non-enhanced CT images reduces
noise and improves resolution, while maximum intensity pro-
jection combined with IR further enhances thrombus visuali-
zation for accurate diagnosis of acute ischemic stroke.
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