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Abstract

Objectives Evaluation of sparse sampling computed tomography (SpSCT) regarding subjective and objective image criteria for

the detection of pulmonary embolism (PE) at different simulated dose levels.

Methods Computed tomography pulmonary angiography (CTPA) scans of 20 clinical patients were used to obtain

simulated low-dose scans with 100%—50%—-25%—12.5%—6.3%—3.1% of the clinical dose, resulting in a total of six dose

levels (DL). From these full sampling (FS) data, every second (2-SpSCT) or fourth (4-SpSCT) projection was used to

obtain simulated sparse sampling scans. Each image set was evaluated by four blinded radiologists regarding subjective

image criteria (artifacts, image quality) and diagnostic performance (confidence, sensitivity, specificity, accuracy, and

area under the curve). Additionally, the contrast-to-noise ratio (CNR) was evaluated for objective image quality.

Results Sensitivity was 100% with 2-SpSCT and 4-SpSCT at the 25% DL and the 12.5% DL for all localizations of PE (one

subgroup 98.5%). With FS, the sensitivity decreased to 90% at the 12.5% DL. 2-SpSCT and 4-SpSCT showed higher values for

sensitivity, specificity, accuracy, and the area under the curve at all DL compared with FS. Subjective image quality was

significantly higher for 4-SpSCT compared with FS at each dose level (p <0.01, paired ¢ test). Only with 4-SpSCT, all exam-

inations were rated as showing diagnostic image quality at the 12.5% DL.

Conclusions Via SpSCT, a dose reduction down to a 12.5% dose level (corresponding to a mean effective dose 0f 0.38 mSv in the

current study) for CTPA is possible while maintaining high image quality and full diagnostic confidence.

Key Points

» With sparse sampling CT, radiation dose could be significantly reduced in clinical routine.

* Sparse sampling CT is a novel hardware solution with which less projection images are acquired.

o In the current study, a dose reduction of 87.5% (corresponding to a mean effective dose of 0.38 mSv) for CTPA could be
achieved while maintaining excellent diagnostic performance.
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ED Effective dose

FS Full sampling

HU Hounsfield units

1Q Image quality

PE Pulmonary embolism
ROC Receiver operating curve

ROI Region of interest
SD Standard deviation
SpSCT Sparse sampling CT

Introduction

Pulmonary embolism (PE) is a common disease with a possi-
ble lethal outcome [1]. For diagnosis or rule-out of PE, CT
pulmonary angiography (CTPA) is seen as the gold standard
under routine clinical conditions [2]. CTPA, available around
the clock in most hospitals, can be performed quickly and is
relatively cost-efficient. With CTPA, higher resolution, shorter
examination times, and higher sensitivities and specificities
can be obtained compared with other techniques like
ventilation-perfusion scintigraphy [3]. However, CTPA in-
volves a high radiation exposure with reported average effec-
tive doses (ED) of 2.7-4.5 mSv nowadays [4, 5]. Radiation
exposure is a concern due to the ionization of DNA and thus
of the possible increased lifetime risk for malignancy, espe-
cially when applied to young patients [6]. In consequence, it is
essential to develop dose reduction strategies for computed
tomography (CT) examinations. However, image quality must
be suitable, according to the principle of “as low as reasonably
achievable” (ALARA).

There are numerous established techniques for dose reduc-
tion [7-9]. Over the last decade, iterative reconstruction algo-
rithms made improved image quality and/or reduction of radi-
ation exposure possible [10]. Via novel model-based iterative
reconstruction algorithms, additional reduction of radiation ex-
posure was realized, even compared with first-generation hy-
brid iterative algorithms [11, 12]. With these iterative algo-
rithms, an ED in the range of 1.1-2.29 mSv can be achieved
for CTPA [4, 13, 14]. However, dose reduction is limited as
noise increases with decreased tube currents which only can
partially be compensated by iterative reconstruction algorithms.

Further reduction of radiation exposure could be achieved by
novel CT concepts such as sparse sampling CT (SpSCT) [15,
16]. With this technique, fewer projection images are acquired
(e.g., only every second or fourth projection is obtained).
Compared with conventional CT systems, the radiation exposure
of every projection can be increased, but the total radiation dose
is reduced as fewer projections are obtained. As individual pro-
jections are obtained with a higher tube current, overall noise can
be further reduced compared with conventional CT systems. This
especially accounts for low-dose CT examinations. At the same
time however, the angular sampling decreases and regardless of

the reconstruction algorithm image quality will eventually de-
grade because insufficient data becomes notable as streak arti-
facts. For a moderate decrease in angular sampling, this can be
compensated by fully iterative reconstruction obtaining a trade-
off between streak and noise-induced artifacts. Until now, no
sparse sampling capable hardware (e.g., novel x-ray tubes) is
available for patient examinations. However, development ef-
forts over the last years have shown that the development of such
equipment is making progress and that implementation into clin-
ical routine could become feasible [17]. Wiedmann et al provided
a technical overview of approaches to implement x-ray pulsing
for CT [18]. They also show the feasibility of fast pulsing x-ray
tubes with a research prototype. As the current work focusses on
the clinical evaluation of sparse sampling simulations, we would
like to refer interested reader to the before mentioned work for
technical details on the hardware realization of sparse sampling.
First studies on simulated SpSCT illustrated promising results,
e.g., regarding dose reduction [19-22].

In the present study, simulated SpSCT was compared with
conventional CT at different simulated dose levels based on
clinical scans of patients with suspected PE. The aim was to
examine the feasibility of using SpSCT regarding subjective
and objective performance with respect to image quality, di-
agnostic confidence, and diagnostic performance.

Material and methods
Patient population

Twenty patients with suspected PE were included in this
study. Ten patients (50%) were diagnosed positive and
negative for PE, respectively. PE was classified as central,
segmental, or subsegmental. PE in multiple locations was
also possible. Central PE was defined as an embolus in the
pulmonary trunk or in the right/left main pulmonary artery
(including saddle embolus at the bifurcation of the
interlobar and the upper lobar artery on the right side and
of the upper and lower lobar artery on the left side).
Segmental pulmonary embolism was defined as a pulmo-
nary embolism in the lobar arteries and the segmental ar-
teries (including saddle embolus at the bifurcation of
subsegmental arteries). Subsegmental pulmonary embo-
lism was defined as an embolus in the subsegmental arter-
ies. Central PE was present in six cases and each segmental
and subsegmental PE was present in ten cases. Thus, all
patients with central PE also showed segmental and
subsegmental PE and all patients with segmental PE also
showed subsegmental PE. No patients with subsegmental
PE alone were present. No preselection regarding patient
weight, age, sex, or other characteristics was performed.
All data were anonymized for all study purposes.
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CTPA image acquisition

All patients were examined using a state-of-the-art CT system
(Brilliance iCT; Philips Healthcare), with a standard CTPA
protocol. The scan range included the whole lung and was
specified by an anteroposterior scout. The scan was started
using a bolus tracker in the pulmonary trunk (threshold,
100 HU). The scan was performed craniocaudally with a pitch
0f 0.9, a 128 x 0.625-mm detector configuration, and a 512 x
512 image matrix. Tube voltage was determined by the pa-
tient’s weight with voltages of 120 kVp (BMI > 25 kg/m?) or
100 kVp (BMI <25 kg/m?). Tube current was automatically
adjusted by the system, including z-axis modulation. For ev-
ery patient, the automatically generated dose protocol was
extracted after the examination. Tube voltage (kVp), tube cur-
rent (mA), volume-weighted CT dose index (CTDI,,;), and
dose length product (DLP) were collected. By multiplication
of DLP by the chest conversion factor (0.0145), the effective
dose (ED) could be calculated [23]. Mean ED for all patients
was 3.03 mSv. ED was 3.41 mSv for patients positive for PE
and 2.64 mSv for patients negative for PE.

Simulation and reconstruction of low-dose and sparse
sampling images

Lower dose data was obtained using a low-dose simulation
tool [24, 25]. Simulation includes producing projection data
with noise properties realistically close to the projection data
up to the third statistical moment as would be obtained by a
real scan at lower tube currents. This method was shown to
produce realistic simulations of low-dose data for the scanner
type used in the current study [20]. CTPA raw data were used
to simulate CTPA scans with reduced tube currents, resulting
in dose levels (DL) of 50%, 25%, 12.5%, 6.3%, and 3.1% of
the original dose. All other scan parameters remained identical
yielding 6 datasets per patient at full sampling (FS) with 2400
views per turn.

To obtain sparse angular sampling, projection data were
further processed by extracting every second projection view
(2-SpSCT with 1200 views per turn) or every fourth projection
view (4-SpSCT with 600 views per turn). Beyond every fourth
projection, we observed that the angular sampling becomes
insufficient to reconstruct descent images at the desired image
resolution without major artifacts (Table 1). The combination
of low-tube current simulation and angular sparsity yielded
another five 2-SpSCT datasets at 50 to 3.1% DL and another
four 4-SpSCT datasets at 25 to 3.1% DL. 2-SpSCT at 100%
dose and 4-SpSCT at 100% and 50% dose could not be ob-
tained as all images were simulated based on FS images at
100% dose. Thus, the radiation dose per view would be higher
than the original dose with 2-SpCT and 4-SpSCT at the named
dose levels which cannot be simulated.
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Table 1 Percentage of cases without artifacts + SD between readers.
With SpSCT, more cases without artifact were present at lower dose
levels. At the 6.3% dose level, 45% of all cases showed no artifact with
FS whereas 71% of all cases showed no artifacts with 4-SpSCT

Cases without artifacts

Dose level Full sampling 2-SpSCT 4-SpSCT
100% 78 £ 24% \ \

50% 84 + 18% 78+21% \

25% 74 £ 20% 75+23% 68+39%
12.5% 69 £+ 11% 75+19% 78 +25%
6.3% 45 £20% 70+ 18% 71+25%
3.1% 26 + 19% 45+ 17% 60+33%

Images were reconstructed using fully iterative, model-
based MLIR reconstruction to remove artifacts (mainly
streaks) introduced by sparse sampling [26] using a Huber
penalty term. The reconstruction algorithm used a fully auto-
matic procedure to control the regularization parameter
(weight of the roughness penalty [26]). It uses a SNR measure
defined as the mean standard deviation (SD) within small
local neighborhoods (125) of voxels that were identified as
lying in a homogeneous (edge free) region of the image prior
to reconstruction, based on an edge detection and segmenta-
tion of the smoothed FBP-reconstructed start image [27, 28].
The algorithm is described in detail in [29]. A noise level with
9 HU SD was chosen to obtain a comparable “look and feel”
in terms of image properties introduced by edge-preserving
regularization, commonly referred to as “patchiness” for all
images and to refrain from manually tuning to optimal CNR or
other image properties, possibly introducing an undesirable
bias into the evaluation.

The total of 300 datasets was processed and reconstructed
on a 0.75-mm axial grid with 0.7 mm slice thickness using the
identical algorithm and parameter settings.

Contrast-to-noise ratio

For objective evaluation of image quality, the contrast-to-
noise ratio (CNR) with respect to homogeneous regions in
the muscle was obtained for central vessels (CNRcgnTRAL)
and peripheral vessels (CNRpgriprrrar). For CNReENTRAL,
three circular ROIs were placed in the pulmonary trunk, the
right main pulmonary artery, and the left main pulmonary
artery. For CNRpgripyeraL, four circular ROIs were placed
in segmental arteries of the right and the left lung. For each
vessel, the respective intensity values were measured
(Hounsfield units, HU). Two ROIs were placed in the right
and the left paraspinal muscle and the arithmetic mean of both

ROIs was calculated (S,,). For each vessel, CNR was calcu-

Sv—Swu
noise ’

lated by the following: where Sy is the intensity
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measured in the vessel, Sy is the intensity of paravertebral
muscle, and noise is given as the SD measured in the muscle.

Subjective image quality

Each dataset was independently evaluated by four radiologists
(board certified, 4.3 £ 1.3 years of experience). Readers were
blinded to the diagnosis and reconstruction parameters (dose
level and level of sparse sampling). Image parameters (slice
thickness, window level, and width) should not be changed by
the readers for the evaluation of subjective image quality and
artifacts. Subjective image quality should be rated as an over-
all image impression with focus on the pulmonary vessels and
the recognizability of possible pulmonary embolism.
Subjective image quality was rated regarding the following
criteria: 1—not diagnostic; 2—sufficient; 3—satisfactory;
4—good; 5—very good; 6—excellent. The presence of arti-
facts was assessed using the classes: no artifacts, streaking
artifacts, ring artifacts, other artifacts.

Diagnostic confidence regarding detection of PE

Image parameters (slice thickness, window level, and width)
could be individually chosen by the readers for diagnosis of
PE. Diagnostic confidence regarding detection of PE was rat-
ed for each localization (central, segmental, subsegmental)
separately. Hereby, confidence was classified in six levels:
I—mno PE, completely confident; 2—mno PE, probably confi-
dent; 3—no PE, poor confidence, additional imaging needed,
4—PE present, poor confidence, additional imaging needed,;
5—PE present, probably confident; 6—PE present, complete-
ly confident. Ratings of 1, 2, and 3 were considered negative
for PE and ratings of 4, 5, and 6 as positive for PE.

If subjective image quality (cf. respective section) was rat-
ed as 1 (not diagnostic), diagnostic confidence was defined as
3 (no PE, poor confidence, additional imaging needed) as a PE
could not be clearly diagnosed due to image quality. PE
should only be rated as positive in the specific location when
a clear embolus was visible.

Statistical analysis

Statistical analysis was performed by dedicated software
packages (SPSS, IBM; Excel 2016, Microsoft; Prism 7).
Continuous data are expressed as arithmetic mean + SD.
Data were tested for Gaussian distribution via D’Agostino-
Pearson omnibus test. As Gaussian distribution was present,
a paired 7 test was used for evaluation of CNR and subjective
image quality when comparing two groups, respectively.
When comparing three groups (FS, 2-SpSCT, and 4-
SpSCT), repeated measures ANOVA with Bonferroni correc-
tion was used. A p value <0.05 was considered to indicate
statistical significance for 7 tests and ANOVA tests. Subjective

image quality is shown in box-and-whisker plots, including
mean, median, 25/75% quartile, whiskers (10th—90th percen-
tile), and outliers. Interreader agreement was tested by Fleiss’
kappa (x). Hereby, values < 0 are indicating no agreement. A
value of 0-0.20 is indicating slight, 0.21-0.40 fair, 0.41-0.60
moderate, 0.61-0.80 substantial, and 0.81-1 almost perfect
agreement [30].

Each case was defined as positive (PEp) or negative (PEy)
for central, segmental, and subsegmental PE based on a con-
sensus reading of two experienced radiologists using full-dose
images (clinical standard); this consensus was defined as
ground truth.

If a reader evaluated the case as negative for PE but there
was a PE present, this was regarded as false negative (fy). I[f a
reader stated that the diagnosis was not possible due to image
quality in a case with a PE present, this was rated as false
negative due to image quality (fyiq)- Sensitivity was calculat-
ed using the following equation:

- 2In+ 2 o
2.PEp

If a reader evaluated the case as positive for PE but there
was no PE present, this was regarded as false positive (fp). Ifa
reader stated that the diagnosis was not possible due to image
quality and there was no PE present, this was rated as false
positive due to image quality (fpi). Specificity is given by:

2+ 2 rio
2PEN

Sensitivity = < ) -100%

Specificity = (1— > -100%

The overall accuracy is the percentage of right classifica-
tions over all cases:

- 2Nt 2 g+ 2 + 2 g
> PEp + > PEy

Accuracy = ( ) -100%

Sensitivity, specificity, and accuracy were computed for
each reader separately. Results are given as arithmetic mean
+ SD.

The area under the receiver operating characteristic curve
(AUC) was computed with the empirical ROC curve. The
AUC represents the probability that a randomly chosen dis-
eased subject is ranked with greater suspicion than a randomly
selected healthy subject [31].

Results
Contrast-to-noise ratio
CNRcEnTRAL @0d CNRpeRriprERAL Were higher at higher dose

levels and decreased at lower dose levels (Fig. 1). A signifi-
cant difference between sampling types was found between

@ Springer
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Flg. 1 (a) CNRCENTRAL and (b) CNRPERIPIIERAL for the different dose
levels and localizations of PE. A significant difference was found
between 4-SpSCT and FS at the 3.1% dose level for CNRpgripaEraL

FS and 4'SpSCT at the 3.1% DL fOr CNRPERIPHERAL
(p<0.01). Repeated measures ANOVA did not show a signif-
icant difference between the three groups.

Subjective image quality

A comparison of images simulated with FS, 2-SpSCT, and 4-
SpSCT at the different dose levels is shown in Fig. 2. An
enlarged view of FS and 4-SpSCT at the 12.5% DL is shown
in Fig. 3. Repeated measures ANOVA to test for differences
between the three groups (FS, 2-SpSCT, and 4-SpSCT)
showed a significant difference (p <0.001). Bonferroni-
adjusted post hoc analysis revealed a significant difference
between FS and 2-SpSCT (p =0.0045) as well as between
FS and 4-SpSCT (p=0.001); the difference between 2-
SpSCT and 4-SpSCT did not show statistical significance
(p=0.38).

Mean subjective image quality was higher with 2- and 4-
SpSCT compared with FS as well as with 4-SpSCT compared
with 2-SpSCT at each DL. IQ was rated as higher than 4 (good
image quality) with 2- and 4-SpSCT at the 25% DL. 1Q was

@ Springer

rated as higher than 3 (satisfactory image quality) at the 12.5%
and the 6.3% DL for 4-SpSCT as well as at the 12.5% DL for
2-SpSCT. Significant differences (paired ¢ test) were found
between 4-SpSCT and FS at each DL (p =0.023 or lower),
between 2-SpSCT and FS at each DL aside from the 12.5%
DL (p=0.017 or lower), and between 4-SpSCT and 2-SpSCT
at the 12.5% DL (p =0.0047) as shown in Fig. 4.

Detection of PE

Mean sensitivity was greater than 95% for all sampling
schemes down to the 25% DL. A further dose reduction to
12.5% led to a decreased sensitivity of approximately 90% for
FS. With SpSCT, readers still reached a sensitivity of exactly
100% (except 4-SpSCT for segmental PE with a sensitivity of
97.5%) at this DL. The sensitivity decreased with further dose
reduction for all sampling schemes, with higher sensitivities
for SpSCT. Results for specificity showed a similar trend as
for sensitivity (Table 2).

High accuracies were obtained with FS down to the 25%
DL and down to the 12.5% DL with 2- and 4-SpSCT, respec-
tively. At the 3.1% DL, accuracy with FS was below 50%,
with 2-SpSCT around 70%, and with 4-SpSCT around 75%
(Table 2).

Excellent AUC was obtained down to the 12.5% DL with
FS, down to the 6.25% DL with 2-SpSCT, and down to the
3.1% DL with 4-SpSCT.

Interreader agreement (Fleiss x) was higher for 2-SpSCT
and 4-SpSCT compared with FS at all dose levels and sections
of PE. At the 25% and the 12.5% dose levels, similar x-values
for 2-SpSCT and 4-SpSCT resulted. At the lowest dose levels
(6.3% and 3.1%), there was a tendency to higher x-values for
4-SpSCT. Substantial agreement regarding central and seg-
mental PE could be shown for 2-SpSCT and 4-SpSCT down
to the 12.5% dose level.

Diagnostic confidence of readers

High diagnostic confidences were found at high dose levels
(100%, 50%, and 25%) for all localizations and sampling
schemes. At lower dose levels, a higher percentage of all cases
showed a high confidence with SpSCT compared with FS
(Table 3). Figure 5 shows the rating for the 12.5% DL.

Discussion

In the present study, the possibility of dose reduction in CTPA
scans by using sparse sampling as a novel CT technology was
evaluated.

Previous studies showed that a further dose reduction via
(iterative) reconstruction algorithms or other software solu-
tions is limited [14, 32]. A further considerable reduction in
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< Fig. 2 Shown are FS (left column), 2-SpSCT (middle column), and 4-
SpSCT (right column) images at the different dose levels (from top to
bottom: 100%—50%—-25%—12.5%—6.3%—3.1%). Shown is a case with
pulmonary embolisms in segmental arteries of both lower lobes (red
arrows). Image quality clearly decreases at lower dose levels with higher
quality at 4-SpSCT images. E.g., the embolus in the left segmental artery
can be clearly visualized with 4-SpSCT at 12.5% dose, whereas a detec-
tion with FS at the same dose is less distinctive (green arrows).

radiation dose seems only feasible with new hardware solu-
tions like photon-counting CT or sparse sampling CT [33]. To
the authors’ knowledge, the present study is the first to sys-
tematically evaluate the diagnostic performance of sparse
sampling simulations based on clinical CTPA scans. In theory,
radiation dose can be reduced by using sparse sampling, es-
pecially at already low dose levels because the relative contri-
bution of noise to the measurements increases with lower tube
currents. With sparse sampling, every projection can be ob-
tained with a higher tube current and thus, less noise is present
in each single projection.

As expected, high sensitivities could be found with FS at
higher dose levels (100%, 50%, and 25%) with sensitivities of
95% or more for all localizations of PE. This result corre-
sponds to other studies showing high sensitivities for images
with reduced dose when using iterative reconstruction [12]. In
the current study, a novel fully iterative reconstruction algo-
rithm was used (MLIR) [10]. Given the results of high sensi-
tivities with FS down to the 25% dose level, a dose reduction
with MLIR alone seems possible. However, sensitivities were
higher with SpSCT compared with FS at all comparable dose
levels. Hereby, sensitivities of 100% could be shown with 2-
SpSCT and with 4-SpSCT at the 25% and the 12.5% DL for
all localizations of PE (except 4-SpSCT at the 12.5% DL for
segmental PE). We observed sensitivities of less than 100%

Fig. 3 Comparison of FS (left)
and 4-SpSCT (right) at the 12.5%
dose level. Shown are the central
(top) and peripheral (bottom)
pulmonary arteries with a central
saddle embolus and multiple em-
boli in the segmental and
subsegmental arteries, respective-
ly. Overall, image quality with 4-
SpSCT is higher and small emboli
(red arrow) can only visualized in
this dataset

@ Springer
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Fig. 4 Box-and-whiskers plots of the subjective image quality (6 = excellent;
1 =not diagnostic). IQ was rated better with SpSCT than with FS and better
with 4-SpSCT than with 2-SpSCT at each dose level. Differences between 4-
SpSCT and FS were significant at each dose level. Between 4-SpSCT and 2-
SpSCT, a significant difference was found at the 12.5% dose level. Between
2-SpSCT and FS, a significant difference was found at all dose levels apart
from the 12.5% dose level

even at full-dose images. In the context of this study, a sensi-
tivity of 100% seems not always achievable even by an expe-
rienced radiologist as each reader had to determine if a PE was
present or absent in each localization. In consequence, an in-
correct diagnosis rating is not necessarily wrong in a clinical
setup, e.g., a PE could be determined as central and segmental
but was only diagnosed as segmental by the reader.

Mean subjective IQ was significantly higher with 4-SpSCT
compared with FS at all dose levels. IQ was rated as better
than 4 at the 25% DL and better than 3 at the 12.5% DL for 2-
and 4-SpSCT. With 4-SpSCT, mean IQ was 3.8 at the 12.5%
DL and thus significantly better than with 2-SpSCT. The num-
ber of non-diagnostic examinations could be lowered from 1.5
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Table2 Sensitivity, specificity, accuracy, the area under the curve (AUC), and interreader agreement at the different localizations of PE for all sampling
schemes and dose levels

Sensitivity

Dose level
100%
50%
25%
12.50%
6.30%
3.10%

Specificity

Dose level
100%
50%
25%
12.50%
6.30%
3.10%

Accuracy

Dose level
100%
50%
25%
12.50%
6.30%
3.10%

AUC

Dose level
100%
50%
25%
12.50%
6.30%
3.10%

Full sampling
Central

96+ 8%

96 +8%

96 +8%
92+17%
71+28%
25+10%

Full sampling
Central

96 +4%

98 +4%
95+7%
91+4%
82+9%

48 +18%

Full sampling
Central

96 +3%

98+ 5%
95+4%
91+5%

79+ 11%
41+15%

Full sampling
Central

0.96 +0.04%
0.97+0.06%
0.99+0.02%
0.99+0.01%
0.94+0.06%
0.69+0.18%

seg.
98+5%

100 +0%
98+5%

90+ 14%
78+22%
40+ 14%

seg.
100 £ 0%
100 £ 0%
95+ 6%

90+ 14%
85+17%
48 +30%

seg.
99+3%
100 £ 0%
96+ 5%
90+ 6%
81+11%
44£15%

seg.
0.99+0.03%
1.00+£0.0%

0.99+0.03%
0.99 +0.02%
0.96+0.03%
0.76£0.10%

Interreader agreement (detection of PE)

Dose level
100%
50%
25%
12.50%
6.30%
3.10%

Full sampling
Central

0.784

0.73

0.58

0.58

0.309

0.154

seg.
0.791
0.751
0.618
0.414
0.28

0.175

sub-seg.
98+ 5%
100+ 0%
98+ 5%
90+ 14%
78+£22%
40+ 14%

sub-seg.
100 £ 0%
100+ 0%
95+ 6%
88+ 15%
78 +19%
45+31%

sub-seg.
99+3%
100+ 0%
96+ 5%
89+5%
78+ 10%
43+14%

sub-seg.
0.99+0.03%
1.00+0.0
0.98+0.03%
0.98+£0.04%
0.92+0.05%
0.71+£0.05%

sub-seg.
0.589
0.422
0.224
0.186
0.194
0.053

2-SpSCT
Central

\

96+ 8%
100+ 0%
100+ 0%
96+ 8%
58+17%

2-SpSCT
Central

\

100+ 0%
96+ 7%
95+4%
93+ 8%
71+24%

2-SpSCT
Central

\

99 +3%
98+ 5%
96+3%
94+ 5%
68+ 16%

2-SpSCT
Central

\
0.98+0.04%
1.00£0.0%
0.99+0.02%
0.99+0.02%
0.89+0.10%

2-SpSCT
Central

\

0.831
0.738
0.621
0.39
0.32

seg.
\

95+ 10%
100 +0%
100+0%
90+8%
80+ 14%

seg.
\
100 £ 0%
98+£5%
95+ 6%
95+ 6%
68+33%

seg.
\

98+ 5%
99+3%
98+£3%
93+£5%
74+ 14%

seg.
\

0.98 +£0.05%
1.00+£0.0%
1.00+£0.0%
0.97 +£0.04%
0.96 +0.02%

seg.

0.853
0.876
0.689
0.545
0.284

sub-seg.
\
95+10%
100+ 0%
100+ 0%
93+10%
78+ 13%

sub-seg.
\

100+ 0%
98£5%
95+ 6%
95+ 6%
60+32%

sub-seg.
\
98 £ 5%
99+£3%
98+£3%
94 £ 8%
69+17%

sub-seg.

\
0.97+£0.06%
1.00£0.0%
1.00+0.0%
0.97+0.05%
0.88+£0.07%

sub-seg.

0.619
0.534
0.321
0222
0.077

4-SpSCT
Central

\

\

100+ 0%
100+ 0%
92+10%
92 +17%

4-SpSCT
Central

\

\
95+7%
96 +4%
88+12%
75+32%

4-SpSCT
Central

\

\
99+5%
98+3%
89+8%
80+21%

4-SpSCT
Central

\

\

0.98 +0.02%
0.98 +0.02%
0.97 +0.04%
1.00+0.01%

4-SpSCT
Central

\

\

0.722
0.599
0.562
0.334

seg.
\

\

100 +0%
98+ 5%
93+10%
85+10%

seg.
\

\

98+ 5%
100+ 0%
85+17%
68+47%

seg.
\

\
99+3%
99+3%
89+9%
76+22%

seg.
\

\

1.00+0.0%
0.98 +£0.04%
0.97 £0.04%
0.96 +0.04%

sub-seg.
\

\

100+ 0%
100+ 0%
98+5%
85+ 10%

sub-seg.
\

\
95+10%
98+£5%
85+ 17%
65+45%

sub-seg.
\

\
98+£5%
99+£3%
91+9%
75+£21%

sub-seg.

\

\

1.00£0.0%
1.00£0.0%
1.00£0.01%
0.95+0.04%

sub-seg.

0.517
0.481
0312
0.139
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Table3  Confidence for the diagnosis of PE. Numbers are the average count of cases rated with high confidence (1, 2 or 5, 6), given as arithmetic mean

+ SD. Total number of cases is 20

Cases rated with high confidence (1, 2 or 5, 6)

Full sampling 2-SpSCT 4-SpSCT

Dose level Central seg. sub-seg. Central seg. sub-seg. Central seg. sub-seg.
100% 19.8+0.5 19.8+0.5 19.5+£0.6 \ \ \ \ \ \

50% 19.8+0.5 19.8+0.5 18.5+1.0 20.0+0.0 20.0+0.0 19.5+£1.0 \ \ \

25% 19.5+0.6 19.5+£0.6 183+2.2 19.8+0.5 19.8+£0.5 19.3£1.0 19.8+0.5 19.5+£1.0 19.3+1.5
12.5% 183+1.0 185+1.0 16.0£2.9 19.5£0.6 19.8+£0.5 18.3+1.0 20.0+0.0 20.0+0.0 18.8+1.9
6.3% 158+1.7 16024 12.3+4.0 183+1.3 18.8+1.0 17.5+1.7 183+1.7 17.8+1.7 17.0+£2.0
3.1% 9.8+39 8.8+34 6.8+43 15.0£29 14.3£3.0 10.8+2.1 15.8+4.7 155+4.2 13.0+24

(7.5%) to 0 by applying 4-SpSCT instead of FS at the 12.5%
dose level. At this dose level, sensitivities of 100%/97.5%/
100% for central/segmental/subsegmental PE could be
achieved with 4-SpSCT, compared with 91.7%/90%/90%
for FS. The effect of a more considerable difference between
FS and 4-SpSCT at lower dose levels was expected as the
sparse sampling technique is especially effective at lower dose
levels. This is due to an increased noise at lower tube currents,
and with sparse sampling, higher tube currents can be used
compared with FS at the same dose level.

Taking all results into account, 4-SpSCT is superior to FS
at all dose levels with greater differences at lower dose levels.
In consequence, a dose reduction of 87.5% based on the al-
ready relatively low used dose in our department seems pos-
sible using MLRI and SpSCT, resulting in a mean ED of
0.38 mSv while maintaining acceptable image quality without
the necessity of a repetition of the examination due to bad
image quality. This is especially important as a reduction of
the mean radiation dose can be unraveled by repeated
examinations.

[ Full Sampling[ 2x Sparse Samplingl 4x Sparse Sampling

20 -
Q
2 HEI -
2
£ 154
o
o
)
= 10
=
3
o 5
(7]
©
o
0

central segmental subsegmental

localization of PE

Fig. 5 Average of cases rated with high confidence (1 or 2 and 5 or 6) at
the 12.5% dose level for the different localizations of PE and sampling
schemes

@ Springer

Regarding 1Q, FS at 100% dose is superior to 4-SpSCT at
the 25% dose level, which was the highest possible dose level
to be simulated with 4-SpSCT. However, in clinical routine, 4-
SpSCT could be performed with a lower dose reduction (e.g.,
50%). Based on the results of the current study, these exami-
nations should show higher 1Q with less risk of performing a
non-diagnostic exam while maintaining a significant dose re-
duction. At the lowest dose levels (6.3% and 3.1%, corre-
sponding to 0.19 and 0.09 mSy, respectively), less examina-
tions were rated as non-diagnostic and sensitivities were
higher with 4-SpSCT compared with FS. However, according
to the principle of “as low as reasonably achievable”
(ALARA), a dose reduction to these values cannot be sug-
gested even with comparatively good diagnostic performance
with 4-SpSCT.

The present study has some limitations. Firstly, sparse sam-
pling could only be simulated. However, sparse sampling can
be simulated with high accuracy and simulated low-dose im-
ages are a well-established tool for studies [24, 25]. Secondly,
a relatively low number of patients (20) were included in this
study. This was due to the high number of image sets which
had to be evaluated. A greater number of patients should be
examined with fewer image sets per patient focused on the
most relevant dose levels (i.e., 25%, 12.5%, and 6.3% dose).
However, for this feasibility study, the numbers of patients and
image sets seem appropriate as a completely novel imaging
concept should be evaluated and diagnostic performance at
the different dose levels could not be foreseen. Thirdly, all
images were reconstructed with the same slice thickness and
noise level to guarantee comparability. As all reconstructions
(FS, SpSCT, low-dose images) were performed with the same
slice thickness, a possible influence of slice thickness on the
noise level should be present throughout all datasets. It is
reasonable to assume that manually tuning noise parameters
for each type of dataset (dose level and sparsity) would rather
improve than degrade results for low dose levels. Depending
on the chosen SpSCT and dose level, the noise level must be
optimized when such systems are established.
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In conclusion, the present study is the first to systematically
evaluate sparse sampling as a potential future ultra-low-dose
CT solution for detection of PE. Based on the results of the
present study which was performed based on simulated sparse
sampling images, a significant dose reduction using SpSCT in
combination with fully iterative reconstruction (MLIR) seems
feasible. At this moment, a dose reduction of 87.5% (corre-
sponding to a mean ED of 0.38 mSv) for CTPA scans could be
achieved while maintaining high subjective image quality as
well as excellent diagnostic performance with sensitivities of
nearly 100%.
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