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automatic tube current modulation for
chest CT in COVID-19
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Abstract

On March 11, 2020, the World Health Organization declared the coronavirus disease 2019 (COVID-19) pandemic.
The expert organisations recommend more cautious use of thoracic computed tomography (CT), opting for low-
dose protocols. We aimed at determining a threshold value of automatic tube current modulation noise index
below which there is a chance to miss an onset of ground-glass opacities (GGO) in COVID-19. A team of
radiologists and medical physicists performed 25 phantom CT studies using different automatic tube current
modulation settings (*“"*Exposure3D technology). We then conducted a retrospective evaluation of the chest CT
images from 22 patients with COVID-19 and calculated the density difference between the GGO and unaffected
tissue. Finally, the results were matched to the phantom study results to determine the minimum noise index
threshold value. The minimum density difference at the onset of COVID-19 was 252 HU (p < 0.001). This was found
to correspond to the *“RFExposure 3D noise index of 36. We established the noise index threshold of 36 for the
Canon scanner without iterative reconstructions, allowing for a decrease in the dose-length product by 80%. The
proposed protocol needs to be validated in a prospective study.
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Key points especially at the early stages. This is also true for the
monitoring of disease progression and possible compli-
e We obtained a density difference (ground-glass cations [2].

opacities minus visually unaffected tissue) of 252 HU Typical manifestations of COVID-19 are ground-glass
(p < 0.001). opacities (GGO) in the posterior and peripheral lung re-
e The maximum diagnostic automatic tube current gions on CT [3, 4], often the first and only finding indi-

modulation index for S“®FExposure 3D was 36. cating COVID-19 [5].
e A dose-length product reduction by 80% was ob- The United States Center for Disease Control, the
tained, and clinical validation is needed. American College of Radiology (ACR), and the Royal
College of Radiologists in the UK expressed caution re-
Background garding the broader use of chest CT for initial examin-

On March 11, 2020, the World Health Organization de- ~ ation [6-8]. The World Health Organization published
clared the COVID-19 pandemic [1]. Computed tomog- guidelines for the use of chest imaging for COVID-19,

raphy (CT) plays a vital role in diagnosing COVID-19, advocating the use of low—dose protf)cols in adults [9].
Moreover, the International Atomic Energy Agency

TCorreSDOHdencez v.gombolevskiy@npcmr.ru organised a survey and a webinar to discuss CT practice
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CT [10]. This approach is consistent with the basic radi-
ation protection principle of optimisation, keeping the
exposure to the minimum necessary to achieve the re-
quired diagnostic objective [11].

There are currently several studies addressing the use
of low-dose CT protocols in patients with known or sus-
pected COVID-19. Kang et al. designed an imaging
protocol with a volume CT dose index (CTDI,,) of 0.4
mGy versus standard-dose protocol at 3.4 mGy [12]. To
achieve this, instead of the standard 120 kVp, they used
lower tube voltage with a tin filter and iterative recon-
struction (IR). There are no studies on developing low-
dose protocols for CT scanners without IR algorithms,
which are still widely available to our best knowledge.

This phantom study aimed to optimise the settings of
the automatic exposure tube current modulation system
of a scanner without IR algorithms and find the lowest
tube current, below which scanner may cease to deliver
meaningful findings in patients with COVID-19.

Methods
The study was performed with a 64-detector CT scanner
(Canon Medical Systems, Japan), equipped with a fil-
tered back-projection (FBP) algorithm and Y Exposure
3D automatic exposure control (AEC) system. The SUR-
FExposure 3D modulates tube current in both angular
and longitudinal dimensions, based on the user-defined
image quality (image noise expressed as the standard de-
viation [SD]) and patient’s overall attenuation [13].

The study was conducted in three phases. The first
phase involved a medical physicist and a radiologist, and
the second phase involved the radiologist.

Phase I: Phantom study

We used an anthropomorphic phantom PH-1 Multipur-
pose Chest Phantom N1 (Kyotokagaku, Japan) measur-
ing 43 x 40 x 48 cm, chest girth 94 cm, and adapter
plates to achieve equivalency to a patient with a body
mass index of 29.

A standard protocol for chest CT provided by the
vendor was used. Both default and low-dose CT studies
utilised the same data acquisition parameters, except for
the S“R*Exposure 3D settings. This technology maintains
automatic tube current modulation within 10-500 mA
along the entire scanning region, with the 25 SD settings
at the default 5.0-mm slice thickness: 10 (default), 12,
14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42,
44, 46, 48, 50, 54, 58, 62, and 68. All other scanning pa-
rameters were kept unchanged: 120 kVp, rotation time
0.5 s, direction out (craniocaudal), XY modulation on,
collimation 64 x 0.5 mm, scan time 6 s, and acquired
dose parameters: CTDI,, in mGy and dose-length prod-
uct (DLP) in mGy-cm.
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Reconstructed images for standard and low-dose CT
were identical (three reconstructions per CT scan):

1) To calibrate S“**Exposure 3D: matrix 512 x 512,
D-FOV 350 mm, length 300 mm, reconstruction
image filter FBP QDS+, reconstruction kernel FC07
(soft tissues), thickness 5.0 mm, increment 5.0 mm,
and images 60

2) Matrix 512 x 512; D-FOV 350 mm, length 300 mm,
reconstruction image filter FBP QDS+, reconstruc-
tion kernel FCO7 (soft tissues), thickness 1.0 mm,
increment 1.0 mm, and images 300

3) Similar to number 2, except for the different
reconstruction kernel FC51 (sharp kernel, lungs)

We used the RadiAnt DICOM Viewer 5.5.1 (Medixant,
Poznan, Poland), OsiriX 10.0 Lite (Pixmeo SARL, Geneva,
Switzerland), and Syngo.via VB20 (SIEMENS Healthi-
neers, Erlangen, Germany). From each scan, we measured
the SD values for regions of interest (ROIs) of 1 cm? at
the vertebral level Th11-Th12 (Fig. 1).

The image acquisition and data analysis for the phan-
tom study were performed by a radiologist with 10 years
of experience.

Phase II: Retrospective study

We performed a retrospective evaluation of the chest
CT images obtained using the same scanner in an out-
patient setting in patients with early symptoms of
COVID-19. The COVID-19 was verified with a reverse-
transcription polymerase chain reaction. This retrospect-
ive study, according to our regional regulations in out-
patient departments, did not require ethical committee
approval. We reviewed the examinations of male and fe-
male patients with age > 18 years referred for chest CT
by their attending physicians due to suspected
community-acquired pneumonia. The inclusion criteria
were as follows: a referral for chest CT with suspected
pneumonia, the presence of ground-glass opacities
(GGO), positive reverse-transcription polymerase chain
reaction, and body mass index between 25 and 30. The
exclusion criteria were as follows: age < 18 years, preg-
nancy or breastfeeding, implants or foreign objects in
the scan area, recent chest surgery, known malignancy,
and motion artifacts.

The standard CT studies were obtained with S“RFEx-
posure 3D noise index 10 for 5.0-mm image thickness.
CT scans were obtained at the end of full inspiration,
with patient’s arms outside the scan field, no intravenous
contrast administration, and no electrocardiographic
gating. CT reconstruction was performed at 1.0-mm
thickness and 0.8-mm interval with kernels FCO07 (soft
tissues) and FC51 (sharp kernel, lungs).
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Mean=-1027.83 SD=94.74
6 Min=-1280
9976 cm? (217 px)
New 76.6) SD=201.02
Max=98 Min=-1346
Area=0.9976 cm? (215 px)
Mean=-1028.78 $0=94.11
Max=-767 Mia=-1290
Aread=0.9976 cm? (214 px)

Mean=-1014.79 SD=146.53

kernel, lungs). Used software: RadiAnt DICOM Viewer 5.5.1

Fig. 1 The anthropomorphic phantom PH-1 Multipurpose Chest Phantom N1 with adapter plates (an equivalent to a male patient with body
mass index 29). Axial slice. Standard deviation in basal regions at Th11-12 at 1.0-mm thickness: five measurements per lung. FC51 kernel (sharp

Ny
Mean=-985.38 SD=207.77

Max=38 Min=-1300
Ar02=0.9976 cm? (211 px)

Mean=-977.55 SD=181.07
Max=-56 Min=-1246
Ar0a=0.9976 cm? (216 px)

Mean=-976.79 SO=196.09
Max=68 Min=-1280
Are3=0.9976 cm? (212 px)

Mean=-1027.11 SD=82.57
Mix=-8)2 Min=-1324
Ar€2=0.9976 cm? (213 px)

Mean=-959.90 SO=238.07
Max=201 Min=-1373
Ar02=0.9976 cm* (214 px)

The Unified Radiological Information Service (URIS)
powered by AGFA HealthCare Enterprise Imaging (Agfa-
Gevaert Group, Mortsel, Belgium), Syngo.via VB20 (SIEM
ENS Healthineers, Erlangen, Germany), and OsiriX 10.0
Lite (Pixmeo SARL, Geneva, Switzerland) were used for
density measurements. ROI did not exceed 1 cm? and did
not include the vessels, bronchi, consolidation, and em-
physema. For every patient, we measured five ROIs of
GGO and five ROIs of visually unaffected tissue. The
density was evaluated using 1.0-mm thickness and kernel
FC51 (sharp kernel, lungs). Image analysis was performed
by the radiologist with 10 years of experience.

Phase Ill: Determining the YR Exposure 3D threshold
The retrospective phase provided data on the minimal
difference between the average density of GGO and

unaffected tissue. We matched the SD values from the
retrospective phase and available phantom S“*FExposure
3D data in the third phase.

Statistical analysis

Descriptive statistics were used to report the main re-
sults; ¢ test was applied to compare the densities of
GGO regions and visually unaffected tissue. All the ana-
lyses were performed with the Statal4 software at the
two-sided significance level of 0.05.

Results
The roadmap and the main study parameters are sum-
marised in Fig. 2.

For each image, five SD measurements were performed
per lung with FC51 kernel, and the average value was used
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————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Phase I. Phantom study. Phase Il. Retrospective study.
Standard chest CT with verified
COVID-19 (n=22)

CT scans (n=25) with
SUREExposure 3D

PH-1 Multipurpose Chest Phantom N1

Level Th11-Th12 Mean density (1.0 mm, n=220, 1 cm?)

1
v v

Normal lung (n=110) GGO (n=110)

Results:

1 |
Dose (CDTI (mGy)) ¥
Average SD at 1.0 mm, n =250, 1 cm? Difference of 252 HU at 95% Cl (252 - 349),
I (<0.001)
O v e 1 b R R | ________________________

Phase lll.
Defining the SUR€Exposure 3D threshold for COVID-19

Fig. 2 Experiment roadmap. CT, Computed tomography; SD, Standard deviation; GGO, Ground-glass opacity; CTDI, CT dose index

[1 2 3 4 5 6 7 8 9 |10 | 11 | 12 13| 14 1516 17 1819 2011 2223 72415

s Dose-length product| 67 81 | 8 | 101 | 110 | 122 | 131 | 142 | 151 | 163 | 184 | 198 | 206 | 221 | 244 | 259 | 285 | 316 | 350 | 398 | 460 | 538 | 639 | 774 | 948
Noiseindexvalue | 68 | 62 | S8 | S4 | S0 | 48 | 46 | 44 42 | 40 | 38 | 36 | 34 | 32 | 30 | 28 | 26 | 24 | 22 | 20 | 18 | 16 | 14 | 12 | 10

—— Mean noise [SD] 487 | 494 | 431 | 423 | 340 | 358 | 357 | 306 | 285 | 277 | 257 | 253 | 232 | 224 | 221 | 221 | 191 | 180 | 176 | 156 | 154 | 130 | 118 | 108 | 99

Fig. 3 Comparison of 25 *“®Exposure3D noise settings and noise standard deviation values at vertebral Th11-12 level (at 1.0-mm thickness) in
the anthropomorphic phantom PH-1 Multipurpose Chest Phantom N1 (body mass index 29). Dose-length product values are in orange. The

average standard deviation values are in blue
. J
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Table 1 Density values of the ground-glass opacities and visually unaffected tissue and their difference from 22 clinical images

Group Mean Standard deviation 95% confidence interval p value
Ground-glass opacity regions —616.6 99.0 —662.9, —570.2 < 0.001
Visually unaffected tissue -917.0 375 —934.5, —=899.5
Difference —300.5 - —349.2, -251.7

Data are given as HU

for further analysis. The average SD, CTDI, and DLP
values are shown in Fig. 3. A total of 250 measurements
were obtained for 25 noise levels (Fig. 3).

In phase II, we analysed the clinical chest CT images
of 22 patients with verified early COVID-19. The aver-
age density was assessed with ten measurements for
each patient: five for GGO regions and five for visually
unaffected tissue. The total number of measurements for
the FC51 convolution kernel was 220. The statistical
analysis of average density in HU, SD, and 95% confi-
dence interval for the GGO and visually unaffected tis-
sue is presented in Table 1.

The minimum difference in density was 252 HU (95%
confidence interval 252-349), p < 0.001 (Table 1). This value
was used to define the threshold noise index in phase IIL

Phase III was focused on determining the S“®FExposure
3D threshold (at 5.0-mm thickness), above which the dif-
ference between the GGO regions and visually unaffected
tissue with FC51 kernel in patients with early COVID-19
would be imperceptible. Using the threshold of -252 HU
obtained in phase II, this corresponds to a *“®*Exposure
3D noise index of 36 (at 5.0-mm thickness). This noise
allowed decreasing radiation exposure by 80% to CTDI
6.8 mGy and DLP 198.2 mGy cm.

Discussion

This study presents an approach to applying automatic
tube current modulation at V®FExposure 3D noise index
36 (at 5.0-mm thickness) for FBP CT reconstruction, the
lung kernel, and 1.0-mm thickness to determine the pres-
ence of GGO in basal lung regions at the Th11-Th12 ver-
tebral level in patients with body mass index 29 suspected
for COVID-19.

The study by Sakane et al. [14] evaluating the bio-
logical effects of low-dose chest CT demonstrated statis-
tically significant deoxyribonucleic acid damages with
standard 5.0-mSv CT compared to low-dose 1.5-mSv
CT. This supports the need to develop low-dose proto-
cols since the COVID-19 pandemic leads to more
people, including the younger population, being exposed
to radiation from CT scans, some of them getting re-
peated scans to monitor the disease progression. Simul-
taneously, there is a reason to believe that CT is
beneficial in patients with clinically suspected or known
COVID-19 in a resource-constrained environment [10].

Kalra et al. [10] demonstrated low-dose protocols for
evaluating COVID-19 using flagship tomography scanners
with IR from various manufacturers. Another study by
Kang et al. [12] presented a COVID-19 protocol for a
state-of-the-art scanner with iterative reconstruction algo-
rithms. The protocol lowers the dose down to 0.203 mSy,
which is only 1/8 of the standard protocols. However, one
must keep in mind that the availability of top-tier scanners
is limited in many settings. This motivated us to perform
our study to find a potential for dose reduction for scan-
ners with FBP reconstruction algorithm [15].

The histology of lesions typical for COVID-19 is very
much different from those typical for other viral infections
because the former comes with prominent endothelial in-
juries and widespread thrombosis and microangiopathy
[16]. For this reason, we believe that phantom studies with
tailored CT protocols can contribute to the early detection
of lesions in the most affected areas. The Th11-Th12 ver-
tebral level combines high noise level and typical lesion
localisation in COVID-19 [3]. The new low-dose CT
protocols should allow us to distinguish GGO even at the
very onset of disease.

For this reason, it is recommended to consider the early
phase of the disease when developing a new low-dose
protocol [5]. Yu et al. [17] evaluated the average density of
lung involvement in early COVID-19 (0-3 days) as 462 +
99 HU. The peak density was registered between -500
and -700 HU on the density histogram. These findings
are similar to the data observed in our retrospective study
of patients managed in outpatient facilities. A prospective
study by Schulze-Hagen et al. [18] demonstrated the ac-
curacy of systematic low-dose chest computed tomog-
raphy in the diagnosis of COVID-19 in patients with
unspecific clinical symptoms with 94.7% sensitivity, 91.4%
specificity, and 0.959 area under the curve. The average
radiation exposure was about 1.7 mSv for a 75-kg patient.

The phantom and retrospective phases of our study
utilised the 1.0-mm thickness because the ACR estab-
lishes a 1.5-mm limit for high-resolution CT [19]. Our
study was not aimed towards justifying using the lung
kernel, although there are certain doubts regarding
whether various kernels are suitable for lung assessment.
However, we decided to opt for the lung kernel for lung
tissue assessment since it is recommended by the
Fleischner Society [20].
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This study has several limitations. First, considering
the phantom phase, the findings need to be validated in
a prospective clinical study. Second, clinical image read-
ing during phase II was performed only by a single radi-
ologist, which might have introduced bias, even though
the high number of measurements could have reduced
the possible bias. Third, the LungMan N1 anthropomet-
ric phantom has no way to adjust the inhale depth that
affects visually unaffected tissue density.

We plan to extend this phantom study to a clinical
validation in the form of a prospective transversal multi-
reader study comparing chest CT performed with rou-
tine protocols and that performed with the proposed
low-dose protocol in patients suspected to be affected
with COVID-19.

In conclusion, we determined the automatic exposure
control threshold for ground-glass opacity imaging in
early COVID-19. A proposed low-dose protocol with a
decrease in the dose-length product by 80% is promising
for COVID-19 diagnostics. Further clinical studies are
needed to validate the protocol.
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