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Abstract
Purpose  To evaluate the potential of full-iterative reconstruction (IR) for improving image quality of the cystic artery on 
CT angiography and to assess observer performance.
Methods  Thirty patients who underwent both liver dynamic CT and conventional angiography were included in this retro-
spective study. All CT data were reconstructed through filtered back projection (FBP), adaptive iterative dose reduction 3D 
(AIDR3D), and forward-projected, model-based, iterative reconstruction solution (FIRST), respectively. In objective study, 
we analyzed mean ΔCT numbers (the difference between the HU peak of the vessel and the background) and full-width at 
tenth-maximum (FWTM) of three parts of the cystic artery by profile curve method comparing the three reconstructions. 
Subjectively, visualization was evaluated using a four-point scale performed by two blinded observers. ANOVA was used 
for statistical analysis.
Results  In all parts of the cystic artery, the mean ΔCT number of FIRST was shown to be significantly better than that of 
FBP and AIDR3D (p < 0.05). FWTM in FIRST was the smallest in all of the vessels. The mean visualization score was 
significantly better with FIRST than with other CT reconstructions (p < 0.05).
Conclusions  The FIRST algorithm led to improved CTA visualization of the cystic artery.
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Introduction

The cystic artery originates typically from the right hepatic 
artery; however, anatomical variations of the cystic arter-
ies (e.g., variation of origin or the number of the arteries) 
are not uncommon in the general population [1, 2]. Trans-
arterial chemoembolization (TACE) has been demonstrated 
to be an efficient treatment option in patients with advanced 
hepatocellular carcinoma (HCC). However, embolic materi-
als exhibit a potential risk of cholecystitis and biliary com-
plications considered to be the result of inadvertent emboli-
zation of the cystic artery. It was observed more often using 
drug-eluting beads compared with conventional TACE [3]. 
Currently, laparoscopic cholecystectomy (LC) is a gold 

standard treatment for cholelithiasis. It has been noted that 
the risk of injury during LC is significantly higher than open 
cholecystectomy. Anatomical variation of the cystic arteries 
within Calot’s triangle has been reported at 23.4–37.6% and 
it may be the cause of one of the most dangerous complica-
tions; bleeding in the hepatobiliary triangle [4, 5]. Therefore, 
radiologists and surgeons have been interested in gallblad-
der vascularization for TACE and LC, since preoperative 
identification of cystic arteries would allow avoidance of 
accidental complications [4, 5].

Multidetector-row computed tomography angiogra-
phy (CTA) is a suitable noninvasive imaging modality for 
understanding peripheral vessels. Since the inception of the 
modality, the filtered back projection (FBP) algorithm has 
been used for reconstruction of CT images from raw data. 
The detection of the cystic artery by CTA still presents a 
challenge. This may be due to the lack of enough injection 
pressure of contrast materials toward to such small diameter 
arteries. To visualize the cystic artery clearly and accurately, 
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we may require applying higher injection pressure, such as 
trans-arterial angiography.

CT images reconstructed using iterative reconstruction 
(IR) may provide substantially less image noise from the 
same raw data through more complex modeling of detec-
tor response and of the statistical measurements. Recently, 
hybrid IR and full IR technique have become available for 
clinical use. Hybrid IR uses an adaptive shortcut for itera-
tive reconstruction after a first-pass FBP reconstruction. 
Therefore, hybrid IR can help shorten the longer reconstruc-
tion time of pure iterative reconstruction providing much 
lower image noise than that with FBP alone. Adaptive itera-
tive dose reduction (AIDR) 3D (Canon Medical Systems, 
Tochigi, Japan) is one of a hybrid IR techniques used in 
320-row CT. More recently, a much more complex iterative 
reconstruction algorithm, referred to as full-model-based 
iterative reconstruction (Full IR), has become available. 
Forward-projected, model-based, iterative reconstruction 
solution (FIRST; Canon Medical Systems, Tochigi, Japan), 
which is one of the full IR algorithms, has been also released 
[6–9].

Several recent studies [10–15] reported that full IR tech-
nique might improve the image quality and spatial reso-
lution and reduce image noise more than widespread CT 
reconstruction algorithms, such as FBP or hybrid IR. For 
CT angiography, the usefulness of the full IR technique 
has been reported for delineating small vascular structures. 
However, there were few studies to assess abdominal ves-
sels. Furthermore, to our knowledge, no study has evaluated 
the feasibility and capability of the full IR technique for the 
small diameter abdominal arteries, such as the cystic arteries 
compared to invasive abdominal angiography.

The objective of this retrospective study was to evaluate 
the potential of full IR for improving image quality of the 
cystic artery on CTA and to assess the observer performance 
of each CT reconstruction algorithm.

Materials and methods

Subjects

The study population consisted of 30 consecutive patients 
(mean age 72.0 years; range 57–89 years) who had under-
gone both liver dynamic CT and conventional angiography 
for the TACE of HCC from August 2016 to March 2017. The 
mean time interval between dynamic CT and angiography 
was 64 days (from 1 to 190 days). We used conventional 
angiography as a gold standard for evaluating the cystic 
artery. The study was approved by our institutional review 
board, and the requirement for informed consent had been 
waived.

CT data acquisition and reconstruction

All CT examinations were performed using a 320-ADCT 
scanner (Aquilion ONE; Canon Medical Systems, Tochigi, 
Japan). All CT data were acquired using the following 
parameters: tube voltage, 120 kV; gantry rotation speed, 
0.5 s; collimation, 80 × 0.5 mm; and beam pitch, 0.813. 
Automatic exposure control with a fixed noise index (SD 8 
at 3 mm thickness) was used for tube current.

IV contrast medium (550 mg I/kg body weight) was 
administered at a rate of 3 mL/s using a double-headed 
power injector (Dual Shot-Type GX7; Nemoto-kyorindo, 
Tokyo, Japan). An automatic bolus-tracking technique was 
used to initiate the early arterial phase scan after the injec-
tion of contrast material.

The automatic dose-report displayed a mean volume CT 
dose index (CTDI vol) of 17.5 mGy and a mean dose-length 
product (DLP) of 536.2 mGy × cm.

The helical data were reconstructed using FBP and 
AIDR3D (mild setting) with our standard reconstruction ker-
nel (FC14), and FIRST with a section thickness of 0.5 mm, 
intervals of 0.4 mm, and a field of view of 320–400 mm. The 
FIRST method did not include filter kernels; rather, different 
parameters were set depending on the clinical application, 
e.g., body, bone, and lung. In this study, we used a clinically 
optimized parameter, “body” for FIRST (standard setting).

Quantitative image analysis

Quantitative measurements of the CT images were per-
formed with the use of profile curves with image J software 
using the conventional angiography as a Ref. [16].

The actual measured profile curves were obtained by 
setting the square region of interest (ROI) across the CT 
images at the same position in all three image data sets, 
reconstructed with FBP, AIDR3D, and FIRST from the 30 
patients (Fig. 1a). We placed the square ROI on the main 
trunk, superficial branch, and deep branch of the cystic 
artery. The X-axis of the square ROI represents distance 
along the line and the Y-axis that is normally wider than one 
pixel represents the averaged pixel intensity. On the actual 
measured profile curve, the ΔCT number in three recon-
structions was calculated using the formula as below:

where HU peak is the maximum CT number of the profile 
curve. In addition, we selected the higher CT number of the 
two curve bases as an HU background to minimalize the 
influence of the fat density (Fig. 1b).

The CT number of the peak and background of the actual 
measured profile curve was then taken to calculate the nor-
malized profile curve. On the normalized profile curve, we 

ΔCT number = HU peak − HU background(HU; Hounsfield unit),
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measured the width of the curve one-tenth above the higher 
base as the full-width at tenth-maximum (FWTM) (Fig. 1c).

Qualitative image analysis

The three image data sets (i.e., FBP, AIDR3D, and FIRST) 
and the conventional angiography from 30 patients were 
presented in a random order to two radiologists (K.F. and 
Y.H., with 9 years of experience and 24 years of experi-
ence, respectively). The radiologists were not given access to 
patient information. CT images were evaluated according to 
the degree of overall visualization of the cystic artery using 
a four-point scale. A four-point scale was designed for the 
image assessment; 1 = poor image quality, obscure origin 
of cystic artery; 2 = fair image quality, notable blurring of 
luminal boundaries; 3 = good image quality, minor blurring 
of luminal boundaries; and 4 = excellent image quality, sharp 
continuous luminal boundaries at more peripheral branches 
(Fig. 2).

Statistical analysis

The mean ΔCT number, FWTM, and visualization scores 
of FIRST were compared with FBP and AIDR3D. Repeated 
measure analysis of variance followed by post hoc analysis 
with a holm correction was used. Statistical significance was 
set at p < 0.05. We also examined what part of the cystic arter-
ies had been influenced most by each reconstruction using 
Cohen’s d effect size.

Interobserver agreement for visualization scores was evalu-
ated with the weighted Cohen k test using the following scale: 
k values of less than 0.20 indicated poor agreement; 0.21–0.40, 
fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, 
good agreement; and 0.81–1.00, excellent agreement.

Fig. 1   a Square region of interest (ROI) was placed across CT angio-
grams (the main trunk, superficial branch, and deep branch of the 
cystic artery) at the same position in the three image data sets, recon-
structed with FBP, AIDR3D, and FIRST. b On the actual measured 
profile curve, the ΔCT numbers in three reconstructions were calcu-

lated from the HU peak and HU background (higher curve base). c 
On the normalized profile curve, we measured the width of the curve 
one-tenth above the higher base as the full-width at tenth-maximum 
(FWTM) in the three reconstructions
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Results

Quantitative image analysis

The results of quantitative image analysis are summarized 
in Table 1.

The mean ΔCT number of FIRST in all the areas of 
the cystic artery was the highest among three recon-
structions: the mean ΔCT number of the main trunk; 
FBP 128.52 ± 56.75 HU, AIDR3D 117.21 ± 56.43 HU, 
FIRST 159.55 ± 65.83 HU, the mean ΔCT number of 
the superficial branch; FBP 88.28 ± 39.72 HU, AIDR3D 
78.13 ± 37.27 HU, FIRST 111.64 ± 48.29 HU, the mean 
ΔCT number of the deep branch; FBP 81.20 ± 34.85 HU, 
AIDR3D 71.65 ± 33.23 HU, FIRST 100.72 ± 43.08 HU, 
respectively.

The mean ΔCT number of FIRST in all the areas of 
cystic artery was statistically, significantly better than 
those of FBP and AIDR3D (the main trunk: FIRST vs. 
FBP, p < 0.01, and FIRST vs. AIDR3D, p < 0.01, the 
superficial branch: FIRST vs. FBP, p < 0.01, and FIRST 
vs. AIDR3D, p < 0.01, the deep branch: FIRST vs. FBP, 
p < 0.01, and FIRST vs. AIDR3D, p < 0.01, respectively).

Although we calculated the effect size to evaluate the 
influence of FIRST for the peripheral branches (the super-
ficial branch or the deep branch) and the main trunk of the 
cystic artery, the superiority of FIRST for the peripheral 
branches was not shown (Cohen’s d effect size). Figure 3 
shows a practical case of profile curves with FBP (a), 
AIDR3D (b), and FIRST (c) in a 67-year-old man. Figure 3d 
shows the ΔCT numbers of a main trunk of the cystic artery 
on an actual measure profile curve. The ΔCT number with 
FIRST is the highest (FIRST 200.00 HU, FBP 161.67 HU, 
AIDR3D 159.00 HU).

Fig. 2   Images and text show 
grading scale for delineation 
of vessel in CT angiography 
(CTA). This three (2–4) grade 
scale is described in text with 
accompanying image examples. 
There were no cases cor-
responding to grade 1 in this 
study

Table 1   Mean ΔCT numbers (HU) of the main trunk, the superficial branch and the deep branch of the cystic arteries reconstructed with FBP, 
AIDR3D, and FIRST from the 30 patients

HU Hounsfield unit, FBP filtered back projection, AJDR3D adaptive iterative dose reduction 3D, FIRST forward-projected, model-based, itera-
tive reconstruction solution
Pl = comparison between the FBP and AIDR 3D images
P2 = comparison between the FBP and FIRST images
P3 = comparison between the AIDR 3D and FIRST images

Main trunk Superficial branch Deep branch

ΔCT number HU background ΔCT number HU background ΔCT number HU background

FBP 128.52 ± 57.83 116.87 ± 42.10/2.18 ± 40.41 88.28 ± 40.47 88.53 ± 33.00/9.96 ± 35.92 81.20 ± 35.54 76.78 ± 28.99/5.09 ± 25.84
AIDR3D 117.21 ± 57.51 107.75 ± 38.8215.00 ± 40.14 78.13 ± 37.98 80.60 ± 32.73/12.64 ± 35.43 71.65 ± 33.89 70.44 ± 28.72/8.04 ± 27.17
FIRST 159.55 ± 67.08 135.14 ± 46.97/− 9.56 ± 38.11 111.64 ± 49.21 102.90 ± 32.98/0.84 ± 36.59 100.72 ± 43.93 90.88 ± 33.59/2.40 ± 24.13
Pl < 0.001 < 0.001 < 0.001
P2 < 0.001 < 0.001 < 0.001
P3 < 0.001 < 0.001 < 0.001
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The FWTM of FIRST in all the areas of the cystic artery 
was the smallest (Table 2): the FWTM of the main trunk; 
FBP 2.90 ± 1.04, AIDR3D 2.91 ± 1.03, FIRST 2.87 ± 1.02, 
the FWTM of the superficial branch; FBP 2.23 ± 0.60, 
AIDR3D 2.25 ± 0.61, FIRST 2.21 ± 0.58, the FWTM of the 
deep branch; FBP 2.38 ± 0.77, AIDR3D 2.38 ± 0.78, FIRST 
2.31 ± 0.72, respectively. Although it has been considered 
that the high vessel sharpness and low blurring in FIRST 
reflected this result, there was no significant difference when 
compared with other reconstructions. Figure 3e shows the 
FWTMs of main trunk of the cystic artery on a normalized 
profile curve. The FWTM of FIRST that represents the ves-
sel blurring is the smallest (FIRST 2.86, FBP 3.05, AIDR3D 
3.07).

Qualitative image analysis

The visualization scoring of the main trunk, superficial 
branch, and deep branch of the cystic artery is summarized 
in Table 3. The mean visualization score was significantly 

Fig. 3   This figure is a Practical case of profile curves with FBP (a), 
AIDR3D (b), and FIRST (c) in a 67-year-old man. The square ROI 
was placed on all three image data sets. Axial CT image with FIRST 
(c) allows the best visualization of the cystic artery compared to FBP 
(a) and AIDR3D (b). d ΔCT numbers of a main trunk of the cystic 

artery on an actual measure profile curve. The ΔCT number with 
FIRST is the highest (FIRST 200.00 HU, FBP 161.67 HU, AIDR3D 
159.00 HU). e FWTMs of main trunk of the cystic artery on a nor-
malized profile curve. The FWTM of FIRST that represents the ves-
sel blurring is the smallest (FIRST 2.86, FBP 3.05, AIDR3D 3.07)

Table 2   Mean full-width at one-tenth-maximum (FWTM) of main 
trunk, superficial branch and deep branch of cystic arteries recon-
structed with FBP, AIDR3D, and FIRST from the 30 patients

FBP filtered back projection, AIDR3D adaptive iterative dose reduc-
tion 3D, FIRST forward projected, model-based, iterative reconstruc-
tion solution
Pl = comparison between the FBP and AIDR 3D images
P2 = comparison between the FBP and FIRST images
P3 = comparison between the AIDR 3D and FIRST images

Main trunk Superficial branch Deep branch

FBP 2.90 ± 1.04 2.23 ± 0.60 2.38 ± 0.77
AIDR3D 2.91 ± 1.03 2.25 ± 0.61 2.38 ± 0.78
FIRST 2.87 ± 1.02 2.21 ± 0.58 2.31 ± 0.72
Pl 0.93 0.75 0.90
P2 0.93 0.75 0.52
P3 0.93 0.70 0.52
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better with FIRST (3.5 ± 0.6 for reader A, 3.7 ± 0.5 for reader 
B) than those with FBP (2.7 ± 0.5 for reader A, 2.7 ± 0.5 for 
reader B) and AIDR3D (2.4 ± 0.5 for reader A, 2.3 ± 0.4 for 
reader B) (p < 0.05). Interobserver agreement for the visuali-
zation score was excellent among the three reconstructions.

Figure 4 shows coronal CT images of the superficial 
branch of the cystic artery in an 83-year-old woman with 

FBP, AIDR3D, and FIRST (Fig. 4a–c) and 3D maximum 
intensity projection (MIP) images (Fig. 4d–f: not evalu-
ated in this study) and conventional angiography (Fig. 4g). 
Coronal CT image and 3D MIP image with FIRST allow 
the best visualization of the cystic artery compared to FBP 
and AIDR3D.

Discussion

This study evaluated the ability of three image reconstruc-
tion algorithms to resolve small abdominal vessels, such as 
the cystic arteries validating invasive abdominal angiogra-
phy. We examined quantitative and qualitative measurements 
of image quality and depiction. The results indicate improve-
ment in the depiction of small vessel anatomy on images 
created using FIRST over FBP and AIDR3D supporting the 
previous studies [10–15].

Previous studies have reported that CT angiography 
using full IR algorithm might be useful for delineating small 
vascular structures, such as the head and neck artery, the 
Adamkiewicz artery, and the coronary artery. Niesten et al. 
[17] demonstrated that vascular contrast was significantly 
higher in the circle of Willis with full IR compared to FBP 
or hybrid IR quantitatively. In addition, Nishida et al. [15] 

Table 3   Mean visualization score for subjective image quality recon-
structed with FBP, AIDR3D, and FIRST from the 30 patients

FBP filtered back projection, AIDR3D adaptive iterative dose reduc-
tion 3D, FIRST forward-projected, model-based, iterative reconstruc-
tion solution
Pl = comparison between the FBP and AIDR 3D images
P2 = comparison between the FBP and FIRST images
P3 = comparison between the AIDR 3D and FIRST images

Reader A Reader B Kappa value

FBP 2.7 ± 0.5 2.7 ± 0.5 0.965
AIDR3D 2.4 ± 0.5 2.3 ± 0.4 0.965
FIRST 3.5 ± 0.6 3.7 ± 0.5 0.991
Pl 0.001 <0.001
P2 <0.001 <0.001
P3 <0.001 <0.001

Fig. 4   Coronal CT images of the superficial branch of the cystic 
artery in an 83-year-old woman with FBP, AIDR3D, and FIRST 
(Fig.  4a–c) and 3D maximum intensity projection (MIP) images 

(Fig.  4d–f) and conventional angiography (Fig.  4g). Coronal CT 
image and 3D MIP image with FIRST allow the best visualization of 
the cystic artery compared to FBP and AIDR3D
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also showed that full IR has a substantial advantage over 
FBP and hybrid IR in visualizing the Adamkiewicz artery 
for both quantitative and qualitative analyses. A few previ-
ous reports evaluated the abdominal arteries. Koc et al. [18] 
demonstrated that full IR improved depiction of the pulmo-
nary artery, hepatic, splenic, and renal artery with decreased 
image noise, in a pediatric patient population. Recently, Wu 
et al. [19] reported that FIRST reconstruction algorithm 
could improve image quality and provide better delineation 
of proximal abdominal artery structures. However, they did 
not validate the results using invasive angiography or evalu-
ate the small diameter arteries qualitatively.

The improvement in vessel depiction with FIRST is 
largely attributable to the increased spatial resolution com-
pared with other reconstruction techniques [14, 20]. FIRST 
is a model-based reconstruction that repeats both backward 
and forward processes according to a statistical metric from 
a raw data set without an initial FBP reconstruction [21]. 
These forward-projected data are compared with the actual 
measured data according to statistical metrics, and the com-
puted difference is itself back projected to create an image 
update. With FIRST algorithm, image noise can be reduced 
by combining many more iterations with the more complex 
mathematics. This algorithm includes mathematical recog-
nition models, such as the cone-shape of the X-ray beam in 
CT, the non-linear polychromatic nature of X-ray beams, 
the shape considerations of the focal spot and the detectors 
(optics model). With incorporation of system optics and ana-
tomical information from several mathematical models, we 
can expect improvements in spatial resolution [21].

However, with FIRST algorithm, it is difficult to ade-
quately characterize the image quality with traditional physi-
cal metrics [22], and proper measurement methods are not 
yet established [23]. Unlike FBP algorithms that exhibit a 
linear behavior, FIRST algorithm is non-linear and their 
spatial resolution varies with the object contrast and noise 
level [24]. We used the profile curve method for quantitative 
measurements. We believe that this method provides a better 
analysis compared to CNR, due to the fact that this method 
can assess the CT number without the influence of image 
noise. Furthermore, the vessel sharpness and blurring can 
be evaluated using FWTM. It has been reported that FWTM 
could describe the sharpness mathematically among differ-
ent reconstruction methods [25].

Proper identification of cystic arteries allows the avoid-
ance of embolization or accidental injury that not only sup-
ply the gallbladder, but also are important for liver vascu-
larization [4]. For the introduction of TACE and LC, we 
concluded that CT angiography using FIRST algorithm is a 
practical tool for delineating cystic arteries.

This study has several limitations. First, the sample size 
was relatively small. Previous angiography, as the reference 
in this study, made it difficult to increase the sample size. 

Thus, further work should be done to support and validate 
this data. Second, although the image sets used different 
reconstruction techniques and were presented in a random 
order, FIRST, AIDR3D, and FBP could be distinguished due 
to their image appearance. The distinction between FIRST 
AIDR3D and FBP images may have influenced the inter-
pretation on the results. Third, we did not evaluate the CTA 
visualization of the cystic artery using low-dose CT, as this 
study was evaluated retrospectively.

In conclusion, the use of the FIRST algorithm led to 
improved CTA visualization of the cystic artery when com-
pared with the use of FBP and AIDR3D.
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