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Abstract
Objective To determine whether CT pulmonary angiography
(CTPA) using lowmA setting reconstructed withmodel-based
iterative reconstruction (MBIR) is equivalent to routine CTPA
reconstructed with filtered back projection (FBP).
Methods This prospective study was approved by the institu-
tional review board and patients provided written informed
consent. Eighty-two patients were examined with a low mA
MBIR-CTPA (100 kV, 20mA) and 82 patients with a standard
FBP-CTPA (100 kV, 250 mA). Region of interests were
drawn in nine pulmonary vessels; signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR) were calculated. A
five-point scale was used to subjectively evaluate the image
quality of FBP-CTPA and low mA MBIR-CTPA.
Results Compared to routine FBP-CTPA, low mA MBIR-
CTPA showed no differences in the attenuation measured in
nine pulmonary vessels, higher SNR (56±19 vs 43±20,
p<0.0001) and higher CNR (50±17 vs 38±18, p<0.0001)
despite a dose reduction of 93 % (p<0.0001). The subjective
image quality of low mA MBIR-CTPA was quoted as diag-
nostic in 98 % of the cases for patient with body mass index
less than 30 kg/m2.
Conclusion Low mA MBIR-CTPA is equivalent to routine
FBP-CTPA and allows a significant dose reduction while

improving SNR and CNR in the pulmonary vessels, as com-
pared with routine FBP-CTPA.
Key Points
• Low mA MBIR-CTPA is equivalent to routine FBP-CTPA.
• MBIR-CTPA may be achieved with drastic (93 %) dose
reduction.

• Low mA MBIR-CTPA should be studied in the setting of
suspected PE.
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Abbreviations
CTPA Computed tomography pulmonary angiography
DLP Dose–length product
FBP Filtered back projection
MBIR Model-based iterative reconstruction
SSDE Size-specific dose estimate

Introduction

Pulmonary embolism is a serious medical condition associat-
ed with high mortality, ranging from 3 to 6 % [1, 2]. Comput-
ed tomography pulmonary angiography (CTPA) is now wide-
ly accepted as the standard test for diagnosing pulmonary
embolism (PE) [3], despite its relatively high radiation dose,
which varied from 13 to 40 mSv in 2008 [4], but slowly
decreased to 3 to 5 mSv nowadays [3].

In order to reduce the radiation dose delivered by CTPA,
several strategies have been introduced, including lowering
the tube potential [5, 6] and lowering the tube current–time
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product [7, 8]. However, low dose examinations are associat-
ed with increased image noise that can now be reduced by
newer reconstructions technologies such as iterative recon-
structions [9–11].

Model-based iterative reconstruction (MBIR, Veo®, GE
Healthcare, Milwaukee, Wis) is a novel fully iterative [12]
reconstruction algorithm allowing reduction of the dose with-
out loss of image quality [13–15]. It has already been demon-
strated that chest CT with an x-ray dose equivalent to a
posteroanterior and lateral chest x-ray is possible [16].

The primary aim of this study was to demonstrate equiva-
lency (in terms of signal-to-noise ratio (SNR) in the pulmo-
nary arteries) between standard FBP-CTPA and low mA
(20 mA) MBIR-CTPA. Subjective image quality was also
evaluated.

Materials and methods

This prospective equivalency trial was approved by the insti-
tutional review board of the Geneva University Hospital and
each patient gave a written informed consent.

Sample size [17]

Necessary sample size was calculated for SNR as the primary
outcome. If there is truly no difference between standard FBP-
CTPA and low mA (20 mA) MBIR-CTPA, then 138 patients
are required in order to be 80 % sure that the limits of a two-
sided 90 % confidence interval will exclude a difference in
SNR means in the main pulmonary artery of more than 10,
assuming a standard deviation of 20.

Patients

From January to May 2013, 167 consecutive patients, sched-
uled for an enhanced chest CT, were examined on a multide-
tector CT system (Discovery 750 HD, GE Healthcare, Mil-
waukee, Wis). Of these 167 consecutive patients, two patients
refused to participate and one changed his mind and asked
afterwards to be excluded from the study; thus 164 patients
were included in the study. In half of the patients (n=82), a
clinical suspicion of PE was the reason for performing CT.
These patients were examined with a routine CTPA protocol
consisting of intravenous injection of contrast material (60 ml
of Iohexol 350, containing 350 mg I/ml, GE Healthcare) at a
rate of 3.5 ml/s, followed by a 30-ml saline flush at the same
flow rate. The patients were asked to hold their breath after
mid-inspiration. A region of interest (ROI) was drawn in the
main pulmonary artery and imaging started 5 s after a thresh-
old of 150 HU was reached. The acquisition parameters were
as follows: 0.6-s gantry rotation time, 100 kVp, 0.984:1 beam
pitch, 40-mm table feed per gantry rotation, a z-axis tube

current modulation was used, with a noise index (NI) of 28
(min/max mA, 100/500) and a 64×0.625-mm detector con-
figuration. All routine CTPAwere reconstructed with the FBP
algorithm (FBP-CTPA).

In the other half of the patients (n=82), the reasons for chest
CT were (1) follow-up of a tumour (n=51), (2) search for
complication of pneumonia (n=16), (3) follow-up of interstitial
pneumonia (n=11), (4) miscellaneous (n=4). In these patients,
an enhanced chest CTwas performed 60 s after contrast media
administration (60ml of Iohexol 350, GEHealthcare at a rate of
3.5 ml/s, followed by a 30-ml saline flush at the same flow rate)
to answer the clinical questions. A low mA (20 mA) dose chest
CT angiography was added for each patient just prior to the
enhanced chest CT (an ROI was placed in the main pulmonary
artery, imaging started 5 s after a threshold of 150 HU was
reached). The patients were also asked to hold their breath after
mid-inspiration. In order not to increase the dose received by
the patient, the dose of the enhanced chest CTwas decreased by
10 % by increasing the NI. Modification of the NI changes the
mA (and only themA) used to acquire the image. As previously
published, increasing the NI by one unit will result in approx-
imately 10% decreased dose to the patient [18]. The x-ray dose
saved was hence used to acquire the low mA MBIR-CTPA.
The lowmAMBIR-CTPA protocol was as follow: 0.6-s gantry
rotation time, 100 kVp, 0.984:1 beam pitch, 40-mm table feed
per gantry rotation, 20 mAwithout tube current modulation and
a 64×0.625-mm detector configuration. All low mA MBIR-
CTPAwere reconstructed with the model-based iterative recon-
struction algorithm.

A known allergy to iodinated contrast media, glomerular
filtration rates less than 45 ml min−1 m2, pregnancy and being
younger than 18 years oldwere considered as exclusion criteria.

Parameters of both protocols, as well as patient demo-
graphics, are summarized in Table 1.

Quantitative image analysis

Axial images were reconstructed at 0.625 mm slice thickness
using a soft tissue kernel. All images were evaluated at

Table 1 Protocols and demographic

FBP-CTPA MBIR-CTPA p

kV 100 100 1

mA, min, max 100–500 20 N/A

Pitch 0.984:1 0.984:1 1

Gantry rotation time (s) 0.6 0.6 1

Noise index 28 – N/A

Detector configuration 64×0.625 64×0.625 1

Men/women 46/36 49/33 0.64

Age (year) 64±15 60±14 0.08

Body mass index (kg/m2) 26.1±6.0 24.8±4.8 0.14
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standard CTPAwindow settings (window width 350, window
level 40).

ROIs were drawn by XM in the (1) main pulmonary artery
(MPA), (2) right pulmonary artery (RPA), (3) left pulmonary
artery (LPA), (4) right upper lobe artery (RUA), (5) right
middle lobe artery (RMA), (6) right lower lobe artery
(RLA), (7) left upper lobe artery (LUA), (8) lingular artery
(LIA) and (9) left lower lobe artery (LLA). The ROIs were
sized to cover almost all the vessel diameters, taking care to
avoid artefacts. The mean values (mean attenuation) of these
nine ROIs served to calculate the SNR and contrast-to-noise
ratio (CNR). Three ROIs were also drawn in each side of the
patient (outside the patient) as well as on the anterior part of
the patient to assess background noise. The ROIs were sized
around 3 cm2 to cover as much air as possible, without
including external objects surrounding the patient. The mean
values of the three measurements served as background noise
(mean background noise). ROIs (2 cm2) were also drawn in
the paraspinal and subscapular muscle. The mean values of
the twomuscles served for contrast-to-noise calculation (mean
muscle attenuation):

SNR = mean attenuation/mean background noise
CNR = (mean attenuation − mean muscle attenuation)/
mean background noise

CT dose index volume (CTDIvol) and dose length product
(DLP) were recorded for each examination.

The calculation of the effective dose (E) was based on the
“European Guidelines on quality criteria on computed tomog-
raphy” using the following formula: E = EDPL × DLP, where E
is the effective dose in mSv and EDPL the dose length coeffi-
cient for the chest, which is equal to 0.017 [19].

The size-specific dose estimate (SSDE) was also calculated
following the recommendation of American Association of
Physicists in Medicine (AAPM) report n°204. Briefly, the
anteroposterior (AP) and the lateral diameter of each patient
were measured at the level of the tracheal bifurcation and
summed. The sum of the lateral and AP dimension allows
one to find a conversion factor (in the AAPM report n°204,
based on a 32-cm-diameter PMMA phantom), which is used
to multiply the CTDIvol reported by the scanner to obtain the
SSDE [20, 21].

Subjective image quality

All the images were evaluated independently by two radiolo-
gists (XM with 10 years and ALH with 7 years of post-
fellowship experience). Images were anonymised, aggregated
in folders in a random way and evaluated in a standard CTPA
windows setting (window width 350, window level 40). A
five-point scale [5] was used to assess the overall image
quality, defined as follows: 1, good image quality at the level

of the main pulmonary artery (MPA); 2, good image quality at
the level of the pulmonary arteries (RPA and LPA); 3, good
image quality at the level of the lobar arteries; 4, good image
quality at the level of the segmental arteries; 5, good image
quality at the level of the subsegmental arteries.

Good image quality was defined as good visual homoge-
neous enhancement, without respiratory artefacts, allowing
one to confidently exclude PE. In case readers did not reach
a score of 5, they were asked to specify why image quality was
insufficient to confidently exclude PE at a given level. The
cause may be breathing artefacts, insufficient attenuation in
the pulmonary vessels due to either bad timing of injection or
a too high noise level.

Scores 1–3 were considered insufficient for diagnostic
purposes, whereas scores of 4–5 were considered sufficient.

Such a score was used because there is still controversy in
the literature as to whether subsegmental pulmonary emboli
should be treated or not [3].

Ten cases of routine CTPA, not included in the study, were
used to train the readers on image quality.

Statistical analysis

Statistical analysis was performed with Prism (Prism, version
6b, 2012; GraphPad Software, San Diego, CA, USA). For
continuous values, the results are presented as mean±standard
error.

Non-normally distributed datasets (established from Kol-
mogorov–Smirnov tests) were compared using Friedman test
with Dunn post hoc test. Normally distributed data sets were
compared using ANOVA test with Bonferroni post hoc test.
Two-sided testing was used. Differences were considered
significant at p<0.05.

Results

Patient demographics

The FBP-CTPA group comprised 46 men and 36 women with
a mean age of 64±15 years. The low mAMBIR-CTPA group
comprised 49 men and 33 women with a mean age of 60±
14 years (Table 1).

Dose estimates

The low mAMBIR-CTPA had a significantly lower CTDIvol
(0.59±0.003 vs 8±1.8) and DLP (21±2 vs 282±64) than the
routine FBP-CTPA protocols (Table 2). Estimated effective
doses were 0.3±0.03 vs 4.1±1.1 mSv, p<0.0001 (Table 2),
whereas SSDE were 0.74 ± 0.14 vs 13.3 ± 3.7 mGy
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(p<0.0001) for low mA MBIR-CTPA and routine FBP-
CTPA, respectively.

Quantitative image analysis

The low mA MBIR-CTPA yielded the same attenuation in
each of the nine arteries of the lung, a lower noise and a better

SNR and CNR, despite a significant x-ray dose reduction,
when compared to classical FBP-CTPA (Table 2).

Qualitative image analysis

Table 3 summarizes the image quality of the low mA MBIR-
CTPA and of the routine FBP-CTPA protocol for each reader.
The inter-reader agreements were excellent for both routine
FBP-CTPA and low mA MBIR-CTPA, with kappa values of
0.921 and 0.865, respectively. In the routine FBP-CTPA
group, there was only one examination (for reader 1) which
was considered as non-diagnostic. This was attributed to a
suboptimal injection time. The non-diagnostic examinations
in the low mA MBIR-CTPA groups (n=7 for both readers)
were mostly due to patients with a BMI greater than 30 kg/m2

(n=6) and due to suboptimal injection time in one case.
Figure 1 illustrates a typical case of routine FBP-CTPA and

low mA MBIR-CTPA for patients with BMI less than 20 kg/
m2, BMI between 20 and 30 kg/m2, and BMI greater than
30 kg/m2.

Figure 2 shows the presence of a non-occlusive PE in the
right lower lobe artery on a low mAMBIR-CTPA, confirmed
3 days later by a routine FBP-CTPA.

Discussion

Our prospective study shows that low mA MBIR-CTPA al-
lows for a significant x-ray dose reduction of 93 %, while
maintaining the same attenuation in each of the nine pulmo-
nary arteries investigated. Moreover, as the noise was signif-
icantly lower when using MBIR, the SNR and CNR were
significantly higher on the low mA MBIR-CTPA than on the
routine FBP-CTPA protocol. In this paper, and despite the
very low dose level achieved, we do not use the term “ultra-

Table 2 Comparison of low mAMBIR-CTPA and routine FBP-CTPA

FBP-CTPA
(n=82)

MBIR-CTPA
(n=82)

p

Mean SD Mean SD

Pulmonary Arteries (HU) 356±84 340±80 0.22

MPA (HU) 376±93 361±81 0.26

RPA (HU) 368±88 349±82 0.16

LPA (HU) 364±85 342±78 0.09

RUA (HU) 366±96 356±95 0.52

RMA (HU) 339±86 331±79 0.56

RLA (HU) 352±94 340±89 0.42

LUA (HU) 341±84 326±88 0.27

LIA (HU) 342±82 327±89 0.27

LLA (HU) 357±88 340±85 0.21

Subscapular and
paraspinal muscle

44±9 41±10 0.12

Background noise 10±4 6±1 <0.0001

SNR 43±20 56±19 <0.0001

CNR 38±18 50±17 <0.0001

CTDIvol 8±1.8 0.59±0.003 <0.0001

DLP (mGy cm) 282±64 21±2 <0.0001

Effective dose (mSv) 4.1±1.1 0.3±0.03 <0.0001

SSDE (mGy) 13.3±3.7 0.74±0.14 <0.0001

Pulmonary arteries represented the mean attenuation of all the arteries

MPA main pulmonary artery, RPA right pulmonary artery, LPA left pul-
monary artery, RUA right upper lobe artery, RMA right middle lobe artery,
RLA right lower lobe artery, LUA left upper lobe artery, LIA lingular
artery, LLA left lower lobe artery

Table 3 Subjective image
quality of low mA MBIR-CTPA
and routine FBP-CTPA for each
reader

Reader 1 Reader 2 Kappa

FBP-CTPA (subjective image quality) BMI<30 BMI>30 BMI<30 BMI>30 0.921

1 0 0 0 0

2 0 0 0 0

3 1 0 0 0

4 0 2 3 1

5 63 16 61 17

MBIR-CTPA (subjective image quality) BMI<30 BMI>30 BMI<30 BMI>30 0.865

1 0 3 0 2

2 0 3 0 3

3 1 0 1 1

4 8 1 6 0

5 59 7 61 8
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low dose CTPA” in accordance with the editorial by Bankier
and Kressel [22], in which they state that the terms “low”,
“ultra-low” and “even super-extra-nano-low-dose” should not
be used anymore. Instead, we indicate the DLP, CTDIvol,
effective dose and SSDE for objective comparison with other
studies.

High sensitivity (83–100 %) and high specificity (89–
98 %) have been reported for routine CTPA for diagnosing
pulmonary embolism (PE) [23–25]. However, because of the
relatively low prevalence (9–35 %) of PE among patients
evaluated by CTPA, one must be extremely cautious with
the dose delivered to patients [8, 26, 27], as it has been
estimated that 5 fatalities per 100,000 persons per mSv could
be expected [28].

Previous reports investigated the image quality of CTPA
after dose reduction due to decrease kVp or mA or both [5, 29,
30] or due to lowering of the z coverage [31, 32]. All these

reports showed that PE could be diagnosed with a DLP
varying from 40 to 110 mGy cm. Particularly, it was shown
that the use of 100 kVp was possible, without significant loss
of image quality [5]. Hence, 100 kVp was used in this study
for both the routine FBP-CTPA and low mA MBIR-CTPA.
Our study uses a lower DLP of around 21 mGy cm. This was
made possible by the use of a second generation of iterative
reconstruction, the so-called model-based iterative reconstruc-
tion. This type of reconstruction has already been applied to
unenhanced chest imaging, where a dose of radiation close to
the one delivered by a posteroanterior and lateral chest x-rays
were used [16]. The MBIR algorithm makes fewer approxi-
mations than the FBP algorithm. MBIR takes into consider-
ation a model of noise, a model of the object and a model of
the optical properties of the CT. Taking into account all these
models is computationally intense and around 40 min is
needed for the reconstruction to be done. It is nowadays

Fig. 1 Coronal reformatted thin
slice CT (2 mm slice thickness) of
routine FBP-CTPA (first row) and
of low mA MBIR-CTPA (second
row) of patients with a BMI less
than 20 kg/m2 (a, d), with a BMI
between 20 and 30 kg/m2 (b, e)
and with a BMI greater than
30 kg/m2 (c, f). The representative
images demonstrated an excellent
image quality for all patients with
a BMI less than 30 kg/m2

Fig. 2 Axial thin slice CT (0.625 mm slice thickness) demonstrating a
pulmonary embolism (arrow) in the right lower lobe artery picked up on
the lowmAMBIR-CTPA (a), confirmed 3 days later (arrow) on a routine

FBP-CTPA (b). Please note that the BMI of this patient was 36.8 kg/m2,
explaining the low image quality of the low mA MBIR-CTPA. Despite
this, the PE was clearly identified on the images
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clearly a limitation, but the time needed for the reconstruction
to be done should be significantly reduced with newer and
faster calculators.

It has been reported that a diagnostic CTPA examination
should have a contrast-enhanced blood attenuation of 200–
250 HUwith a noise level below 22HU [28, 33, 34]. LowmA
MBIR-CTPA reached both criteria with a mean attenuation of
340±80 HU and a background noise of 6±1. The subjective
image quality of all patients with a BMI less than 30 kg/m2 was
considered by both readers as diagnostic, except for one pa-
tient. The subjective image quality of all patients with a BMI
greater than 30 kg/m2 was graded as insufficient for diagnostic
purpose (in six patients). This corresponds to 43 % of poten-
tially non-diagnostic CTs in this category of patients. The use
of low mA MBIR-CTPA protocols in obese patients (i.e. a
BMI greater than 30 kg/m2) should then be strongly discour-
aged. Future studies should be undertaken to investigate how
far the dose could be reduced in accordance with patient BMI.

Study limitation

Two different cohorts of patients were investigated and there-
fore a direct comparison in the same patients between low mA
MBIR-CTPA and routine FBP-CTPAwas not possible. It was
difficult, from an ethical point of view, to inject each patient
twice during the same imaging session, which is why two
groups of patients have been compared.

There is only one PE in the low mA MBIR-CTPA proto-
cols (Fig. 2), which is clearly not enough to draw conclusions
of the clinical efficacy of this new low dose protocol. Never-
theless, the primary objective of this study was to establish the
possibility of acquiring lowmAMBIR-CTPA and to assess its
image quality. Dose reduction was obtained using reduction of
mAwithout reduction of kVp, leaving the higher attenuation
of iodine at low kVp unutilized. We were afraid of having too
many artefacts in the shoulder region using low kVp and low
mA. This should be studied in the future.

Moreover, as the patients included in the low mA MBIR-
CTPA protocol were not suspected of having PE, the proba-
bility of finding a PE was low.

Since MBIR is one of the only fully iterative algorithms
commercially available [12], it is unclear if our results are
applicable to other iterative reconstruction algorithms.

Conclusion

Our prospective study showed that low mA MBIR-CTPA
allows a significant dose reduction while improving SNR
and CNR in the pulmonary vessels, as compared with routine
FBP-CTPA. This first study was a necessary step to control
image quality of low mA MBIR-CTPA. The results showed

that low mA MBIR-CTPA can now be studied in the clinical
context of suspected PE.
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