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Objective: To investigate differences between reconstruction algorithms in quantitative perfusion values and
time-attenuation curves in computed tomography perfusion (CTP) examinations of the upper abdomen.
Methods: Twenty-six CTP examinations were reconstructed with filtered back projection and an iterative re-
construction algorithm, advanced modeled iterative reconstruction (ADMIRE), with different levels of noise-
reduction strength. Using the maximum-slope model, quantitative measurements were obtained: blood flow
(mL/min/100mL), blood volume (mL/100mL), time to peak (s), arterial liver perfusion (mL/100mL/min),
portal venous liver perfusion (mL/100mL/min), hepatic perfusion index (%), temporal maximum intensity
projection (Hounsfield units (HU)) and temporal average HU. Time-attenuation curves for seven sites (left liver
lobe, right liver lobe, hepatocellular carcinoma, spleen, gastric wall, pancreas, portal vein) were obtained.
Mixed-model analysis was used for statistical evaluation. Image noise and the signal:noise ratio (SNR) were
compared between four reconstructions, and statistical analysis of these reconstructions was made with a re-
lated-samples Friedman’s two-way analysis of variance by ranks test.
Results: There were no significant differences for quantitative measurements between the four reconstructions
for all tissues. There were no significant differences between the AUC values of the time-attenuation curves
between the four reconstructions for all tissues, including three automatic measurements (portal vein, aorta,
spleen). There was a significant difference in image noise and SNR between the four reconstructions.
Conclusions: ADMIRE did not affect the quantitative measurements or time-attenuation curves of tissues in the
upper abdomen. The image noise was lower, and the SNR higher, for iterative reconstructions with higher noise-
reduction strengths.

1. Introduction

Computed tomography perfusion (CTP) has been used since 1991,
but broad application of this modality in clinical workflow has not been
implemented. This is due (at least in part) to: (i) the initially limited
area that could be examined; (ii) quality issues because of motion ar-
tifacts from breathing; (iii) the high radiation doses rendered by these

studies compared with standard CT.
More recently, technological developments in CT have made it

possible to increase the scan length for CTP, thereby enabling coverage
of the entire trunk. They have also provided effective ways to eliminate
motion artefacts that are otherwise problematic in CTP examinations of
this body area.

Another important aspect to ensuring wider acceptance of CTP by
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radiologists is to increase the image quality to make visual assessment
possible using the CTP dataset instead of having to rely on quantitative
information alone. CTP examinations are reconstructed primarily with
filtered back projection (FBP), so the image quality of the included
multiple low-dose series is limited by default. Introduction of new
iterative reconstruction algorithms that can improve the image quality
by, for example, reduction of image noise, could be a solution in this
context [1–3]. If applied along with lowering of the kVp, the radiation
dose could be kept at a reasonable level while providing sufficient
morphologic information. However, the quantitative information must
not be altered by this strategy. Comparative studies of visual and
quantitative assessments of CTP images are, therefore, warranted.

Recent studies have shown that iterative reconstruction algorithms
can be used to reduce the radiation dose with preserved/increased
image quality and retention of quantitative measurements in CTP ex-
aminations. However, most of those studies were undertaken in the
brain [4,5], heart [6–9] or the lungs [10,11]. Only a few studies have
been undertaken in the abdomen, such as the liver [12], pancreas [13]
and colon [14]. Such studies of CTPs in the upper abdomen have not
been carried out on a CT system built by Siemens Healthcare.

Iterative reconstruction kernels might increase the image quality of
CTP examinations significantly. Hence, CTP might be used as a first-line
modality to offer the advantages of quantitative information of different
tissues.

We investigated if there are differences between quantitative mea-
surements and the time-attenuation curves obtained in different tissues
in reconstructions made with FBP and advanced modeled iterative re-
construction (ADMIRE) using a system from Siemens Healthcare.

2. Materials and methods

2.1. Ethical approval of the study protocol

This prospective study was approved by the regional ethics com-
mittee (dnr 2016-43-31). Informed consent was obtained from all pa-
tients.

2.2. Patient population

Nineteen patients (5 women; 14 men; mean age ± standard de-
viation (SD), 70 ± 8.3 years; range, 55–86 years) with hepatocellular
carcinoma (HCC) scheduled for transarterial chemoembolization
(TACE) from October 2016 to March 2019 were included in the study.
Seven patients had a follow-up examination that was also included,
resulting in a total of 26 CTP studies. The follow-up CTP for these seven
patients was carried out 3 weeks after TACE. Based on Liver Imaging
Reporting and Data System (LI-RADS), all patients had LIRADS 5 lesions
according to a previous CT study, and were scheduled to undergo TACE.
Six patients died during the study period.

Inclusion criteria were patients with at least one LI-RADS-5 lesion
and the ability to provide written informed consent. Exclusion criteria
were patients regarded too sick to travel to our institution for follow-up
CT, and with a reduced glomerular filtration rate (GFR).

2.3. CTP procedure

CTP examinations were undertaken on a Somatom Force scanner
(Siemens Healthcare). The scanning parameters were a tube voltage of
70 kVp, tube current of 150mA with collimation of 48×1.2 or

Fig. 1. Temporal Average Images (including all 25 time points after motion correction) reconstructed with FBP (A), ADM 3 (B), ADM4 (C) and ADM 5 (D).
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192×0.6mm, for a total of 25 scans. The total scanning time was
45.45 s, with the first 20 scans made every 1.5 s and the last five scans
undertaken every 3 s. The first scan was taken 8 s after injection of
contrast material. The scan length was 22.4 cm. The scans were ob-
tained with the patient moving back-and-forth through the gantry in a
“pendulum” movement. Patients were instructed to take shallow
breaths during imaging. A fixed dose of 50mL of iopromide (Ultravist™;
Bayer, Leverkusen, Germany) with a concentration of 370mgI/mL was
injected at a flowrate of 6mL/s followed by a flush of physiologic (0.9
%) saline (50mL) at 6mL/s with a dual-head power injector (Ulrich
Medical, Ulm, Germany) with a maximum inflow time of 8 s.
Compression to the upper abdomen was not applied. The mean dose
length product per examination was 1168 mGycm, with an equivalent
effective dose of 17.5 mSv (k factor: 0.015).

2.4. Image reconstruction

The raw data from the scan were reconstructed in four ways: FBP,
ADMIRE noise-reduction level 3–5 (ADM 3, ADM 4 and ADM 5). The
slice thickness for all series was 1.5 mm, with a convolution kernel of
Bv40 (Fig. 1).

2.5. Image analyses

Image analyses were undertaken using the CT Body Perfusion
module on a server-based workstation (syngo.Via version 5.1, Siemens
Healthcare). The liver template was chosen, and automatic motion
correction was applied. The maximum slope model was used for gen-
eration of quantitative measurements: blood flow (BF), blood volume
(BV) and time to peak (TP). Results generated from the model consisted
of arterial liver perfusion (ALP), portal venous liver perfusion (PVP)
and hepatic perfusion index (HPI). In addition, measurements of

Hounsfield units (HU) in temporal maximum intensity projection
(TMIP) and temporal average (TAVG) images were made.

After motion correction, a four-dimensional (4D) noise-reduction
algorithm was applied in FBP and ADMIRE reconstructions, as sug-
gested by the software. Vessel definition was done by placement of
regions of interest (ROIs) in the aorta (for the arterial input function),
spleen (detection of the start and endpoint of ALP) and portal vein
(detection of maximum enhancement of the portal vein).

For all four reconstruction types, ROIs were placed in the following
tissues: (i) left liver lobe, (ii) right liver lobe, (iii) HCC, (iv) spleen, (v)
gastric wall, (vi) pancreas and (vii) portal vein (Fig. 2). This strategy
generated quantitative information of BF (mL/min/100mL), BV (mL/
100mL), TP (s), ALP (mL/100mL/min), PVP (mL/100mL/min), HPI
(%), temporal MIP_HU (TMIP; HU) and temporal average_HU (TAVG;
HU) (Fig. 3). ROIs were placed at approximately identical positions and
had approximately identical size in all reconstructions.

The time curves of each ROIs were exported and analyzed statisti-
cally. In addition, the software provided time-attenuation curves au-
tomatically for the arterial input function (AIF_HU_syngo), spleen
(Spleen_HU_syngo) and portal vein (Portal_Vein_HU_syngo). These
parameters were exported and analyzed statistically.

2.6. Image quality

Quantitative parameters for image quality were obtained by mea-
suring image noise and the signal:noise ratio (SNR) in time-averaged
images. “Image noise” was defined as the average of the SDs measured
in the respective organs. The SNR was calculated by dividing the mean
of each ROI by the image noise in the same ROI (Eq. (1)):

=SNR of Organ X
Mean HU of ROI of Organ X

Standarddeviation of the ROI of Organ X (1)

Fig. 2. Resultimages from syngo.Via. after reconstruction with FBP. Row A: Sagital, axial and coronal Temporal Average recontructions (all 25 time points after
motion correction) with four ROIs (HCC (1), left liver lobe (2), right liver lobe (3), spleen (4)). Row B: MIP (Maximum Intensity Projekction), ALP (Arterial Liver
Perfusion) and PVP (Portal Venous Perfusion) reconstructions with the four measurements at exactly the same position as in Row A, which is done automatically by
syngo.Via. Row C: HPI (Hepatic Index), BFM (Blood Flow) and BVM (Blood Volume) reconstructions with the four measurements at exactly the same position as in
Row A, which is done automatically by syngo.Via. (Only four of the seven tissues are shown for visibility reasons).
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2.7. Statistical analyses

Statistical analyses were carried out using SPSS v25 (IBM). Data
were analyzed for a normal distribution using the Shapiro–Wilk test.
Differences between the quantitative measurements in seven tissues
from the four reconstruction types were analyzed by a mixed model. For
analyses of differences between the time curves, the area under curve
(AUC) was calculated, and then this value was used for the mixed-
model analysis.

Measurements of image noise and the SNR were analyzed with a
related-samples Friedman’s two-way analysis of variance by ranks test.
Significant values were adjusted by the Bonferroni correction for mul-
tiple tests. P < 0.05 was considered significant.

3. Results

There was no significant difference between the quantitative mea-
surements of BF, BV, TP, ALP, PVP, HPI or TAVG between the four
reconstructions in any tissue (Fig. 4).

There was no significant difference between the AUC values of the
time-attenuation curves between the four reconstructions in any tissue,
including the three automatic measurements from the workflow
(Fig. 5).

3.1. Image noise

With regard to image noise, there were significant differences be-
tween FBP and ADM 4, as well as FBP and ADM 5, for all organs
(Table 1).

3.2. SNR

There were significant differences in the SNR between FBP and
ADM 4, as well as FBP and ADM 5, for all organs (Table 2).

3.3. Demographics

The mean weight of patients was 89.7 ± 22.3 (range: 60–130) kg.
The mean height was 176 ± 9.54 (range: 162–195) cm. The mean
body mass index was 28.8 ± 6.42 (range 20–42) kg/m2. The mean
abdominal diameter at L2 was 37.1 ± 4.39 (range: 30.9–47.3) cm.

3.4. Dose

The mean radiation dose for CTP examinations was 17.5 ± 3.26
(range: 12.96–24.81) mSv.

4. Discussion

We showed that quantitative measurements and AUC measurements
for different organs from four reconstruction kernels did not differ in a
low-dose CTP protocol. The mean image noise was lower for iterative
reconstruction kernels with stronger filters compared with FBP. The
SNR increased with stronger iterative reconstruction kernels compared
with FBP.

If the image quality from a CTP examination of the abdomen was
sufficient for disease detection, it could enable CTP to become a first-
line examination. Then, CTP could provide quantitative information
about lesions that might help their characterization and, possibly, the
prediction of outcome. Blood vessels could be visualized optimally by

Fig. 3. TAC (A) and table (B) for four tissues with Filtered Back Projection (HCC (1), left liver lobe (2), right liver lobe (3), spleen (4)). On the X axis: time; Y axis: HU.
In the table (B), the values for PVP (Portal Venous Perfusion); HPI (Hepatic Index); BFM (Blood Flow); BVM (Blood Volume) and TTPM (Time To Peak) for the four
tissues are shown. TAC=Time Attenuation Curve. (Only four of the seven tissues are shown for visibility reasons).
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TMIP methods before TACE, surgery or other interventional proce-
dures. Contrast phases could be optimized with regard to timing, which
would overcome the shortcomings of fixed-timing and bolus-tracked
protocols. In protocols with fixed timing or bolus tracking, cardiac
output, inspiration grade, hepatic cirrhosis, vessel calcifications, hy-
povolemia, renal function, weight, height, age, and sex can affect the
optimal timing for imaging [15]. Early and late arterial phases are
susceptible to these factors, and CTP might overcome these difficulties
by providing the optimal timing retrospectively using the arterial input
function. As the vascular enhancement is directly proportional to the
iodine delivery rate (2,2 gI/s) it is important to keep a high flow rate, as
explained by Rengo et al. [16,17] This will provide optimal contrast in
the early and late arterial phase of the examination. In order for CT
perfusion examination calculations to function the injection time
should be short, as longer injection times can disturb the correct
crossing time point of the arterial and portal venous time attenuation
curves [18]. A CTP examination with comparable image quality and

radiation dose to a 3–4-phase examination of the upper abdomen could
also be used if there is a strong suspicion of lesions in the upper ab-
domen but where the origin is not clear. One of the major reasons why
CTP of the abdomen is not used more widely is the high radiation dose
it entails [18,19]. One way of lowering the radiation dose is to use
iterative reconstruction algorithms and a lower kVp. We employed a
radiation dose of 17.5 mSv, which is comparable with a four-phase CT
scan with 120 kV in our clinic. We believe that this radiation dose might
be acceptable for lesion detection using CTP. Further investigation is
needed to ascertain if a CTP examination can show the same prevalence
of lesion detection as that of a comparable four-phase CT examination.
This issue will be investigated by our research team in the future.

Perfusion parameters have been shown to be helpful for tumor
characterization [20]. Hence, it might be beneficial to use CTP as a first-
line examination as long as the image quality is sufficient for visual
assessment (i.e., lesion detection and qualitative parameters are not
altered). Perfusion parameters may serve as valuable tools for the non-

Fig. 4. Quantitative measurements (a: HU of the temporal MIP projection; b: HU of the temporal average projection; c: arterial liver perfusion (ml/100mL/min); d:
portal venous perfusion (ml/100mL/min); e: hepatic perfusion index (%); f: blood flow (mL/100mL/min); g: blood volume (mL/ 100mL) and h: time to peak (s)) of
seven sites (left liver lobe, right liver lobe, HCC, spleen, gastric wall, pancreas and portal vein) with four reconstruction kernels (FBP, ADM 3, ADM 4, ADM5)
including values for standard deviation. No significant differences were found for all measurements and tissues between the four algorithms.
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Fig. 5. Mean values of the area under the curve for 10 tissues (a: left liver lobe; b: right liver lobe; c: HCC; d: spleen; e: gastric wall; f: pancreas; g: portal vein (manual
measurement); h: portal vein syngo (automatic measurement by syngo.Via); i: arterial input function syngo (AIF syngo; automatic measurement by syngo.Via in the
aorta); j: spleen syngo (automatic measurement by syngo.Via) for four kernels (FBP, ADM 3, ADM 4, ADM 5) with values for standard deviations. No significant
differences were found for all measurements and tissues between the four algorithms.
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invasive analysis of angiogenesis [18,21] and CTP has shown benefits in
the assessment and characterization of tumors [20–25]. In our study,
quantitative information was helpful in differentiating between HCC
tissue and nodules, as well as differentiating remaining tumor tissue
from blood-flow changes after TACE. Recently, Hamdy et al. showed
the potential of CTP for predicting the response to treatment for pan-
creatic ductal adenocarcinoma [25].

A phantom study from Gawlitza et al. [26] showed that CTP studies
carried out at 70 kVp or 80 kVp are favorable in terms of radiation dose
compared with studies undertaken at 130 kVp, and that the additional
information might be important in patients undergoing novel targeted
therapies. To obtain such information, quantitative measurements of
low-dose examinations should not be different from those of a normal-
dose scan. This requirement has been shown in several studies
[4–9,11,13,14,27,28], including our study. Mirsadraee and colleagues
[11] showed that iterative reconstruction algorithms can be used to
preserve the image quality in low-dose CTP examinations, but that they
can also lead to overestimation of perfusion values, especially in larger
patients. This is an important fact to be aware of, and is probably due to
the higher noise levels in such images. A tendency of higher image noise
was seen for larger patients in our study as well.

For visual assessment to be possible, it must not be impaired by the
iterative reconstruction algorithm or by use of temporal averaging
methods. This phenomenon was shown in a study by Feger and col-
leagues [6] in which use of TAVG and iterative reconstruction degraded

objective parameters of contour sharpness in dynamic myocardial CTP.
That study was carried out on a CT system from another vendor, and
correction for heart motion was not addressed specifically. Present-day
algorithms for motion correction might overcome this problem. This
issue merits further investigation if CTP is to be considered a first-line
examination.

Fischer et al. [19] showed that time-resolved CT images demon-
strated superior image quality as well as better depiction of liver lesions
and blood vessels. The prevalence of detection of arterialized liver le-
sions was also higher compared with that using raw data. Motion cor-
rection and noise reduction had been applied but multiple-band filtered
images were used, and the advantages of iterative reconstructions were
not examined. Our study suggests that time-averaged images re-
constructed with an iterative reconstruction algorithm can be used for
quantitative measurements, and that the quality of these images is su-
perior to those using FBP.

Wang and colleagues [4] showed that there were no differences in
whole-brain examinations between a low dose (80 kVp) protocol using
iterative reconstruction and a low dose of contrast compared with a
100-kVp protocol with FBP reconstructions and a normal dose of con-
trast with regard to HU values, SNR, contrast:noise ratio, CTP values, as
well as subjective and objective image quality. Those data are partly in
accordance with our results with regard to objective image quality and
higher HU values of the contrast agent in low-kVp examinations. The
dose of contrast in our study could probably have been reduced further

Table 1
Mean noise values (including ranges) for seven tissues (left liver lobe, right liver lobe, HCC, spleen, gastric wall, pancreas and portal vein) for four reconstruction
algorithms (FBP, ADM 3, ADM 4, ADM 5).

Mean (95 % confidence interval)

FBP ADM 3 ADM 4 ADM 5 P-value

Noise (HU)
Liver left 8,09 (5,76 - 11,6)a,b,c 6,15 (3,64 - 9,28)e 5,30 (3,36 - 8,80) 4,91 (2,65 - 7,36) 0,000
Liver right 9,34 (6,58 - 13,8)b,c 7,84 (5,44 - 12,71)e 7,02 (4,51 - 11,65) 6,46 (3,82 - 11,41) 0,000
HCC 8,57 (4,18 - 18,52)b,c 6,41 (3,12 - 11,95)e 5,63 (2,24 - 11,71) 5,42 (1,92 - 11,85) 0,000
Spleen 12,04 (6,96 - 21,29)a,b,c 9,95 (5,67 - 15,74) 9,18 (5,31 - 17,56) 8,52 (5,08 - 15,52) 0,000
Gastric wall 9,6 (5,05 - 14,75)b,c 8,02 (4,02 - 12,64) 7,08 (2,9 - 13,24) 6,31 (3,1 - 14,14) 0,000
Pancreas 11,93 (5,43 - 19,41)a,b,c 8,81 (4 - 13,99) 9,07 (4 - 21,93) 7,36 (3,37 - 13,77) 0,000
Portal vein 9,01 (5,96 - 11,18)b,c,d 7,50 (4,46 - 15,06)e 6,13 (2,94 - 10,08) 5,59 (2,69 - 12,28) 0,000

aSignificantly different between FBP and ADM 3.
bSignificantly different between FBP and ADM 4.
cSignificantly different between FBP and ADM 5.
dSignificantly different between ADM 3 and ADM 4.
eSignificantly different between ADM 3 and ADM 5.
fSignificantly different between ADM 4 and ADM 5.

Table 2
Mean signal-to-noise ratio (SNR), including ranges, for seven tissues (left liver lobe, right liver lobe, HCC, spleen, gastric wall, pancreas and portal vein) for four
reconstruction algorithms (FBP, ADM 3, ADM 4, ADM 5).

Mean (95% confidence interval)

FBP ADM 3 ADM 4 ADM 5 P-value

SNR
Liver left 8,99 (3,21 - 14,17)b,c 12 (4,12 - 22,93)e 13,99 (5,59 - 22,93) 15,08 (6,2 - 25,73) 0,000
Liver right 7,81 (3,01 - 10,93)b,c 9,33 (5,33 - 12,84)e 10,54 (4,33 - 13,83) 11,74 (6,02 - 19,76) 0,000
HCC 11,57 (5,64 - 24,25)b,c 15,32 (8,82 - 31,8) 18,54 (8,07 - 36,06) 19,3 (6,53 - 38,65) 0,000
Spleen 8,57 (5,68 - 14,35)a,b,c 10,6 (6,71 - 16,68) 11,19 (7,47 - 17,32) 12,08 (7,25 - 22,14) 0,000
Gastric wall 7,2 (2,3 - 14,25)b,c 8,94 (2,22 - 17,61) 10,34 (2,39 - 19,98) 11,25 (2,92 - 27,63) 0,001
Pancreas 7,93 (2,71 - 23,5)a,b,c 10,58 (4,51 - 32,06) 10,71 (3,38 - 32,06) 12,34 (5,48 - 29,26) 0,000
Portal vein 11,61 (6,09 - 17,37)b,c,d 14,55 (7,04 - 25,95)e 17,85 (5,88 - 36,38) 19,9 (7,54 - 37,31) 0,000

aSignificantly different between FBP and ADM 3.
bSignificantly different between FBP and ADM 4.
cSignificantly different between FBP and ADM 5.
dSignificantly different between ADM 3 and ADM 4.
eSignificantly different between ADM 3 and ADM 5.
fSignificantly different between ADM 4 and ADM 5.
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because the attenuation values for contrast in our 70-kVp protocol were
high. This scenario could be highly beneficial for patients with a low
GFR.

Our study had three main limitations. First, we investigated only
one energy level (70 kVp), so we could not compare results between
different energy levels. Second, our results cannot be applied to the CT
systems or post-processing software of other vendors because the re-
construction parameters and image analyses are different. This has been
shown in earlier studies [29]. However, it has been shown in several
studies [4–9,11,13,14,27,28] that the quantitative measurements of
low-dose examinations are not different from those of a normal-dose
scan. Third, image quality was evaluated only by objective measure-
ment and not by subjective assessment by radiologists. This issue will be
investigated in a future study.

5. Conclusions

The iterative image-reconstruction algorithm used in our study did
not affect the quantitative measurements or time-attenuation curves of
tissues in the upper abdomen. Image noise was lower, but the SNR was
higher, for iterative reconstructions with higher strength of noise re-
duction.
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