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Abstract

Image noise and vascular attenuation are important factors affecting image quality and diagnostic accuracy of coronary
computed tomography angiography (CCTA). The aim of this study was to develop an algorithm that automatically per-
forms noise and attenuation measurements in CCTA and to evaluate the ability of the algorithm to identify non-diagnostic
examinations. The algorithm, “NoiseNet”, was trained and tested on 244 CCTA studies from the Swedish CArdioPul-
monary Biolmage Study. The model is a 3D U-Net that automatically segments the aortic root and measures attenuation
(Hounsfield Units, HU), noise (standard deviation of HU, HUsd) and signal-to-noise ratio (SNR, HU/HUsd) in the aortic
lumen, close to the left coronary ostium. NoiseNet was then applied to 529 CCTA studies previously categorized into
three subgroups: fully diagnostic, diagnostic with excluded parts and non-diagnostic. There was excellent correlation
between NoiseNet and manual measurements of noise (r=0.948; p<0.001) and SNR (r=0.948; <0.001). There was a
significant difference in noise levels between the image quality subgroups: fully diagnostic 33.1 (29.8-37.9); diagnostic
with excluded parts 36.1 (31.5—40.3) and non-diagnostic 42.1 (35.2-47.7; p <0.001). Corresponding values for SNR were
16.1 (14.0-18.0); 14.0 (12.4-16.2) and 11.1 (9.6-14.0; p<0.001). ROC analysis for prediction of a non-diagnostic study
showed an AUC for noise of 0.73 (CI 0.64—0.83) and for SNR of 0.80 (CI 0.71-0.89). In conclusion, NoiseNet can per-
form noise and SNR measurements with high accuracy. Noise and SNR impact image quality and automatic measurements
may be used to identify CCTA studies with low image quality.

Keywords Coronary computed tomography angiography - Noise - Signal to noise - Image quality - Deep learning -
Artificial intelligence
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related factors. Body Mass Index and the area of solid tissue
at the level of the aortic root are examples of patient related
factors that have been previously shown to affect the noise
level and image quality of CCTA [2, 4, 5].

Quantitative analysis of noise can be performed by plac-
ing a region of interest (ROI) in a specific area and mea-
sure the mean attenuation (measured in Hounsfield units,
HU) representing the signal, and the standard deviation of
the HU value representing the image noise. By these two
measurements the signal-to-noise ratio (SNR), defined as
the quotient between mean attenuation and image noise, can
be calculated [3, 6]. In several previous studies, noise mea-
surement in CCTA has been performed in the aortic root at
the level of the ostium of the left main coronary artery [4,
7, 8]. Image noise at this level has been shown to influence
image quality of CCTA [4]. Since both the level of contrast
enhancement and the noise level influence image quality,
signal-to-noise ratio can be used as another measurement of
image quality of CCTA [8, 9].

High image quality in CCTA is important not only for
a correct diagnosis in the clinical setting but also for the
validity of data in a research setting. The Swedish CAr-
dioPulmonary Biolmage Study (SCAPIS) is a Swedish
population-based prospective study where 27 385 partici-
pants aged 50—64 years underwent CCTA [10]. In SCAPIS,
a total of 1805 participants (6.6%) had poor image qual-
ity in proximal coronary segments [11]. The evaluation of
image quality was made by visual assessment by the reader
and is likely to be variable. Hence, objective measurements
of image quality might be of value in further evaluation of
large CCTA studies, like SCAPIS.

The aim of this study was to develop an algorithm that
can automatically perform attenuation and noise measure-
ments in CCTA. We hypothesize that (i) an automatic algo-
rithm can perform attenuation and noise measurements on
par with a radiologist and (ii) automatic attenuation and
noise measurements can be used to evaluate image quality
and detect non-diagnostic examinations.

Materials and methods

CCTA datasets

The automatic aortic root segmentation algorithm, named
“NoiseNet”, was trained, validated and tested on CCTA
studies from SCAPIS [10]. The studies used came from a
cohort of 529 previously analyzed CCTA studies originally
used for plaque segmentation, where all cases contained at
least one coronary plaque [12]. The studies were catego-
rized into three image quality subgroups based on a previ-
ously performed analysis of the coronary artery tree [12]:

@ Springer

fully diagnostic (n=159); diagnostic with excluded parts
(n=341) and non-diagnostic (n =29).

Out of a total of 529 cases, 29 had overall low image qual-
ity and were not used for NoiseNet model training. From the
remaining 500 cases, we randomly selected 147 cases for
training and 37 cases for validation. A separate testset of 60
cases, for testing the performance of NoiseNet in automatic
noise measurement, was randomly selected and not used
in training or validation. To evaluate the influence of noise
level on image quality, the algorithm was applied to all 529
CCTA studies.

The selection and plaque analysis procedure of the CCTA
studies has been described in detail in a previous publication
[12]. The analysis procedure included all coronary arteries
down to a diameter of 2 mm and was performed with a semi-
automatic software with vessel wall and lumen contouring
and manual marking of all coronary plaques. The analysis
was performed as a two-step process by four primary read-
ers and one expert secondary reader (author EF). Parts of
the coronary artery tree with impaired image quality, where
lumen and vessel wall contours could not be accurately
defined by visual assessment, were manually marked (start
and end points) as excluded. The reason for exclusion was
categorized by the reader as high noise level, motion artifacts
or other. The total length of excluded and included parts of
the coronary artery tree in each study was calculated. Cases
where parts of the vessel tree were excluded were catego-
rized as “diagnostic with excluded parts”. In cases where
the whole study was considered non-diagnostic due to poor
image quality, the whole CCTA examination was marked
as excluded and categorized as “non-diagnostic”. Finally,
cases where no exclusions were made were categorized as
“fully diagnostic” [12].

The SCAPIS study was approved as a multi-center study
by the ethical review board in Umed (# 2010-228-31 M).
The participants gave written informed consent. The cur-
rent sub-study was approved by the ethical review board in
Gothenburg, (#570 — 18).

CCTA protocol

The CCTA protocol in SCAPIS has been previously
described in detail [10]. Briefly, computed tomography (CT)
scanning was performed using a Somatom Definition Flash
scanner with a Stellar detector (Siemens Medical Solutions,
Forchheim, Germany). Five different CCTA protocols were
used depending on heart rate, heart rate variability, presence
of calcifications and body weight. Iohexol (Omnipaque, GE
Healthcare, 350 mg I/ml) was used as a contrast medium.
A B-blocker (metoprolol) was administered to decrease the
heart rate and sublingual glyceryl trinitrate to dilate the cor-
onary arteries.
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Automatic aortic root segmentation - training and
validation of NoiseNet

Our approach to automatic determination of noise levels in
CT imaging requires segmentation of the zone where noise
is measured. This segmentation was achieved using a con-
volutional neural network (CNN) based approach. A 3D
UNet [13] was trained to segment the aortic root, the left
main coronary artery (LM), and the proximal right coronary
artery (RCA). The UNet takes the CCTA study resampled to
a resolution of (0.9, 0.66, 0.66) mm per pixel as input.

For training and validation of the CNN, 184 CCTA
studies were manually annotated by a single reader (MK,
specialist in radiology with five years of experience). The
aortic root was manually segmented using a DICOM viewer
from The Research Consortium for Medical Image Analysis
(RECOMIA) [14]. The ostium of the LM and RCA were
manually marked. During training of the CNN, any labelled
artery pixels that were far away from the aorta were ignored,
and pixels right at the edge of the segmentations were also
excluded as we consider these pixels as neither well-defined
nor precise. We believe that these modifications helped to
develop a robust CNN for aortic root segmentation without
affecting the precision of the final noise measurements. The
model was trained using cross entropy loss and the Nadam
optimizer [15]. The UNet was modified by adding dropout
layers with a dropout rate of 0.5 before the last and second
to last convolution layers. In addition, L2 weight regulariza-
tion with a factor of 1073 was applied during training. The
learning rate was initially set to 10™* and was multiplied
by a factor 0.5 if the validation loss had not decreased for
five epochs. One training epoch was defined as 20,000 itera-
tions and every 500 epochs, the model was run on the entire
training set to enable higher sampling rate of the high loss
areas. The training continued until the validation loss had
not decreased for 10 epochs (which took 1500 epochs) and
the model with the highest Dice coefficient on the valida-
tion set was chosen as the final model. During inference, the
3D UNet was applied to the entire CCTA study in a sliding
window manner. To postprocess the results, all connected
components except the largest were removed for each class,
and all holes were filled.

To determine the location for automatic noise measure-
ment, the segmentations of the aortic root and the LM were
used. By dilating the LM segmentation by one pixel in all
directions in the axial plane, the pixel of the dilated LM
segmentation that overlapped with the original aorta seg-
mentation was defined as the contact point segmentation.
The contact point of the LM was used to define the center
axial slice of the zone for noise measurement and the zone
was defined by adding three slices above and below the cen-
ter slice. Next, the aortic root segmentation was shrunk by

1/3 of its radius in each axial slice. The resulting volume of
segmented aortic root at the level of the LM was used for
generating automatic noise measurements (Fig. 1a, b).

Test of NoiseNet

The segmentation of the aortic root by NoiseNet was tested
by calculating the Dice coefficient on the validation set
(n=137), since there were no manual annotations of the aor-
tic root in the test set.

The final task for NoiseNet, to measure noise in the aor-
tic root, was tested in the testset (n=60), where NoiseNet
was compared to manual measurements. The CCTA stud-
ies were manually analyzed using a DICOM viewer from
RECOMIA. All manual measurements were performed by
a single reader (EP, radiology resident with three years of
experience). The reader manually placed a ROI with a diam-
eter of 15 mm in the center of the aortic root at the level of
LM (Fig. lc, d). For each ROI, the mean attenuation and
noise were calculated. From these measurements the signal-
to-noise ratio, was calculated. Each of these variables were
also automatically assessed by NoiseNet.

Influence of noise on image quality

NoiseNet was applied to 529 CCTA studies generating
attenuation and noise levels and signal-to-noise ratio in the
aortic root. The output variables were compared to the avail-
able image quality data. The CCTA studies were divided
into three subgroups based on the previously performed
manual analysis where all parts of the coronary tree with
impaired image quality were marked. The groups were: (1)
Fully diagnostic; (2) Diagnostic with excluded parts; (3)
Non-diagnostic. In group 2, the vessel lengths of included
and excluded parts were used for calculating the proportion
of the coronary artery tree that had been excluded.

Statistical analysis

For statistical analysis SPSS version 28 (IBM corp.) was
used. The data was tested for normal distribution using
Kolmogorov-Smirnov-test. Quantitative variables are pre-
sented as mean=standard deviation (SD) or median and
interquartile range (IQR). Difference between groups was
evaluated using two-tailed paired t-test or Mann Whitney
U-test. Correlation and systematic error were assessed using
Spearman correlation coefficient and Bland-Altman plots.
The ability to predict a non-diagnostic study was estimated
by using receiver operating characteristic (ROC) curve and
calculating the area under curve (AUC). A p-value <0.05
was considered statistically significant. Model segmentation
performance was evaluated using the Dice coefficient.
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Fig. 1 Automatic (a, b) and
manual (¢, d) segmentation for
noise measurements in the aortic
root. For automatic measurement,
the aortic root was segmented

by NoiseNet (a, b). The green
volume in a and b was automati-
cally generated with the center

at the level of contact point of
the left main coronary artery
(LM). The volume consists of
seven image slices with a slice
thickness of 0.5 mm. For manual
measurements, the reader placed
a point (black dot, c) at the center
of the aortic root at the level of
the ostium of the LM. From this
point, a region of interest (ROI)
with a diameter of 15 mm was
generated (yellow area, ¢). d
shows a coronal reformat with
the level of measurement marked
with a yellow line

Table 1 Characteristics of the study populations

NoiseNet training and testing Dataset for evaluation of the influence of noise on image quality
Training/ Test set All studies Fully diagnostic Diagnostic Non-diagnostic
validation studies studies with studies
set excluded parts
Sample size 184 60 528 158 341 29
Age, years 61.3 (56.9-63.5) 60.8 (58.8-63.3) 61.6(58.7.-63.6) 61.4(58.4-63.5) 61.6(58.8-63.6) 62.0(59.6-64.1)
Female sex, n (%) 34 (18.5) 15 (25.0) 82 (15.5) 30 (19.0) 49 (14.4) 3(10.3)
Body mass index, kg/m’ 26.9 (24.6-29.3) 26.1 (23.5-28.5) 26.6 (24.3-29.0) 26.0(23.6-27.9) 26.8 (24.7-29.1) 28.8(25.5-32.2)
Height, cm 177.0 176.5 177.0 176.0 177 177 (171.5-182)
(171.0-183.0) (170.0-180.0) (171.0-182.0) (170.0-181.0) (171.0-182.0)
Weight, kg 84.3(76.4-92.0) 79.5(72.0-89.0) 82.7(75.0-91.5) 80.0(71.0-88.0) 83.9(76.0-92.1) 93.0
(80.0-104.3)
Waist circumference, cm 98.0 (90.0-104.0) 95.0(89.0-101.0) 98.0 97.0 98.0(92.0-105.0) 102.0
(91.0-104.0)* (87.5-102.0) (94.0-110.5)
Current smoker, n 49 (27.7)° 19 (31.7) 166 (32.7)° 51(32.3) 108 (31.7) 7(24.1)
Total cholesterol. mmol/L 5.6 (5.0-6.3) 5.6 (4.8-6.4) 5.7 (5.1-6.4)* 5.8(5.1-6.5) 5.7 (5.0-6.4) 5.7 (5.2-6.1)
Systolic blood- pressure, 134.5 137.0 136.0 134.0 138 144.0
mm Hg (123.0-152.0) (124.5-153.5) (124.0-151.8) (122.0-146.3) (124.0-152.0) (135.5-161.0)
SCORE 3.1(1.3-4.8) 3.1(1.6-4.9) 3.4 (1.94.9)? 3.2(1.74.9) 3.4 (2.0-4.9) 3.9(2.64.8)
CACS 31.0 (5.0-120.5)¢  18.0 (3.0-102.0)* 47.0 (7.0-168.5)° 41.0 (7.0-133.0) 47.5(7.0-201.3)  96.0
(11.0-256.0)
CCTA radiation dose, mSv 1.4 (1.1-1.8) 1.4 (1.1-1.6) 1.4 (1.2-1.8) 1.4 (1.1-1.7) 1.5(1.2-1.8) 1.7 (1.3-2.3)
Glyceryltrinitrate adminis- 173 (94.0) 57 (95.0) 491 (93.0) 145 (91.8) 321 (94.1) 25 (86.2)

tered, n (%)
Values are in median (interquartile range) or n (%). *One case is missing; ®7 cases are missing’ °20 cases are missing; %3 cases are missing; °6
cases are missing. SCORE = Systematic Coronary Risk Evaluation, CACS =coronary artery calcium score
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Results
Study populations

The characteristics of the study populations used for train-
ing and testing of NoiseNet and for evaluating the influence
of noise on image quality are presented in Table 1.

Test of NoiseNet segmentation

For the 37 studies in the validation set the mean Dice coef-
ficient was 0.96 for the aortic root segmentation.

Test of NoiseNet measurements

In the test set (n=60), there was a significant positive cor-
relation between NoiseNet and manual measurements
considering the three variables attenuation (»=0.998;
p<0.001), noise (»r=0.948; p<0.001) and signal-to-noise
ratio (r=0.948; p<0.001) (Fig. 2a-c). There was a small,
systematic and significant difference between NoiseNet and
manual measurements, limits of agreement for noise =1.43
HU (-2.67-5.53; p<0.001), attenuation=1.22 HU (-6.37—
8.80; p<0.05) and signal-to-noise ratio = -0.67 (-2.58—
1.25; p<0.001). The mean absolute difference and mean
absolute relative error was 2.04 HU (1.66— 2.43); 6.29%
(5.0-7.57) for noise, 3.19 HU (2.55-3.83); 0.64% (0.51-
0.76) for attenuation and 0.91 (0.71-1.10); 5.76% (4.71—
6.82) for signal-to-noise ratio respectively.

Influence of noise on image quality

To evaluate the correlation between noise level and image
quality, NoiseNet was applied to the previously annotated

Fig. 2 a-f Correlation between
NoiseNet and manual measure-
ments in mean attenuation (a)
noise (b) and signal-to-noise ratio &0
(SNR, ¢). The corresponding
Bland-Altman plots are shown

in (d-f)

Noise level

NoiseNet (HU)
1

1=0.948 p<0.001

20 30 40 50
Manual measurement (HU)

Difference (HU)

0 20 40 60
Mean of NoiseNet and Manual measurement (HU)

dataset of 529 CCTA studies. NoiseNet was able to analyze
attenuation, noise level and signal-to-noise ratio in 528 out
of the 529 cases. One case was excluded because NoiseNet
could not detect the ostium of the LM and thereby no analy-
sis was performed. This case was reviewed manually, and
we found an anomaly in that specific case where LM origi-
nated from the RCA. We assume that this was the reason
why NoiseNet could not perform an analysis. Anomalous
origin of LM from RCA is a rare condition, in a previous
study this anomaly was found in only 0.08% of patients who
underwent CCTA [16]. The remaining 528 CCTA studies
were distributed in the three image quality subgroups as fol-
lows: 158 fully diagnostic; 341 diagnostic with excluded
parts and 29 non-diagnostic.

The median noise level in all 528 cases was 35.4 HU
(30.9-39.9). The median noise level in the subgroups were:
fully diagnostic 33.1 HU (29.8-37.9); diagnostic with
excluded parts 36.1 HU (31.5-40.3) and non-diagnostic
42.1 HU (35.2-47.7). Corresponding values for attenuation
were: fully diagnostic 533.7 HU (484.7-581.0); diagnostic
with excluded parts 502.0 (465.7-552.3) and non-diagnos-
tic 466.0 (421.4-536.3) and for signal-to-noise ratio 16.1
(14.0-18.0); 14.0 (12.4-16.2) and 11.1 (9.6-14.0) respec-
tively (Fig. 3). All differences between subgroups were
statistically significant (p <0.001) except the difference in
mean attenuation between “diagnostic with excluded parts”
and non-diagnostic examinations (p=0.13).

In the subgroup “diagnostic with excluded parts”
(n=341) there was a small but significant positive correla-
tion between noise and excluded vessel length (»=0.264;
p<0.001) and a small, significant negative correlation
between signal-to-noise ratio and excluded vessel length (r=
-0.295; p<0.001). When analyzing the correlation between
signal-to-noise ratio and the ratio of excluded vessel length

Mean attenuation SNR
b c
700 25
gsoo X 20
z 8
= A 2 o
Z 500 & 215 b
2 v S e
S -
400 10
r=0.998 p<0.001 r=0.948 p<0.001
00! 5 : : - :
300 400 500 600 700 5 10 15 20 25
Manual measurement (HU) Manual measurement
e f

-10 - , v . . \
300 400 500 600 700 5 10 15 20 25
Mean of NoiseNet and Manual measurement (HU) Mean of NoiseNet and Manual measurement
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Fig.3 Boxplot showing the signal-to-noise-ratio (SNR) in CCTA stud-
ies where diagnostic image quality was judged as fully diagnostic,
diagnostic with excluded parts and non-diagnostic

and total vessel length, there was a small but significant
negative correlation (r=-0.263; p <0.001) (Fig. 4).

In 96 cases of 341(28%) of the subgroup diagnostic with
excluded parts, the stated reason for exclusion was noise.
There was no significant difference in noise level between
these 96 cases and the CCTA studies with excluded parts
made for other reasons than noise (n=245) (p=0.739).

ROC analysis of noise level and signal-to-noise ratio for
prediction of a non-diagnostic study showed an AUC for
noise of 0.73 (CI 0.64-0.83) and AUC for signal-to-noise
ratio of 0.80 (CI 0.71-0.89) (Fig. 5). With a proposed cut off
value of 38.5 HU for noise, the sensitivity was 65% and the
specificity 70% for the detection of a non-diagnostic study.
With a proposed cut off value of 12.5 for signal-to-noise
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Fig. 4 Scatter plot with the subgroup of CCTA studies (n=341) that
were diagnostic but had excluded parts due to low image quality. The
plot shows the correlation between signal-to-noise ratio (SNR) and the
proportion of the coronary artery tree that had been excluded
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Fig. 5 ROC-curve for the performance of signal-to-noise ratio (SNR)
in differentiating diagnostic and non-diagnostic examinations. AUC:
Area under the curve

ratio, the sensitivity was 72% and the specificity was 81%
for detection of a non-diagnostic study.

Discussion

We developed an automatic CNN-based algorithm that can
perform noise measurements in the aortic root on par with
a radiologist. Furthermore, we showed that automatic mea-
surements of noise and signal-to-noise ratio can be used
to evaluate image quality and find non-diagnostic CCTA
studies.
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Automatic segmentation of the aortic root has previ-
ously been performed to automatically generate anatomi-
cal measurements required for transcatheter aortic valve
replacement (TAVR) [17] and for measurement of aortic
dimensions [18]. In a recent benchmark study, four different
CNN architectures for aortic root segmentation were evalu-
ated, yielding a Dice coefficient of 0.954-0.961 [19], which
is similar to our algorithm with a Dice coefficient of 0.96. To
our knowledge, this is the first study using automatic aortic
root segmentation for noise measurements.

The influence of noise on image quality in CCTA has
been previously studied. Kim et al. showed that CCTA stud-
ies where image quality was visually graded as adequate
(moderate image degradation) had significantly higher
noise level compared to studies graded as good (minor
image degradation) or excellent [4]. The findings are in line
with the present study where we found significant differ-
ences in noise level between fully diagnostic CCTA stud-
ies, diagnostic CCTA studies with excluded parts of the
coronary artery tree due to impaired image quality and non-
diagnostic CCTA studies with overall poor image quality.
Also, there was a significant correlation between length of
excluded coronary segments and noise level. The correla-
tion was weak (r=0.264; p<0.001), likely reflecting that
many other factors influence image quality, where blurring
due to cardiac motion probably is the main reason. Further-
more, image noise was measured at a single point in the
aortic root and it is possible that a focal increase in noise in
the inferior part of the heart where the liver enters the radia-
tion field might explain some of the excluded segments.
Interestingly, there was no significant difference in noise
level between subgroups of CCTA studies with exclusions
due to noise and exclusions made for other reasons such as
motion artifacts. This might reflect that the classification of
the reason for non-diagnostic images is difficult to make for
the radiologist and is often complex where a combination of
several factors influences image quality.

The signal-to-noise ratio was slightly better than noise
in predicting image quality with an AUC of 0.80 compared
to 0.73. This reflects the fact that signal-to-noise ratio also
takes into account the contrast enhancement of the aortic
root, which is another factor that influences image quality.
With a proposed cut-off value of 12.5 for signal-to-noise
ratio, the sensitivity and specificity are 72% and 81% for
detecting a non-diagnostic CCTA examination. There are
no established cut-offs for sufficient image quality in CCTA
but previous authors have suggested a noise level of <30
HU and attenuation of >400 HU for a diagnostic examina-
tion which corresponds to a signal-to-noise ratio of 13.3 [3]
indicating external validity of our proposed cut-off value.

The image quality has been previously shown to influ-
ence both the diagnostic value and the performance of

automatic analysis of CCTA [2, 20].However, to our knowl-
edge there are no previous studies where automatic mea-
surement of noise has been used. In SCAPIS and other
large CCTA research studies, automatic measurements
of noise and signal-to-noise ratio may be used to identify
the group of examinations with highest noise level/low-
est signal-to-noise ratio. In future analyses, this subgroup
may be excluded to improve the correlation between CCTA
variables and other variables. NoiseNet can be used as a
standardized and reproducible method to exclude the exam-
inations with lowest image quality. Furthermore, a future
potential use of the algorithm could be in the CT lab during
scanning. NoiseNet can automatically perform measure-
ments of noise and signal-to-noise ratio while the patient
is still in the scanner and flag scans with low image quality.
This may be a signal to the radiographer to consider repeat-
ing the scan after modifying the scan parameters.

Limitations

The study was performed on a research population where all
examinations were performed on the same type of scanner
and not in a clinical environment. The suggested algorithm
and cut-offs have not been validated on other vendors or
protocols. For clinical implementation, the model needs to
be tested in a clinical setting.

Conclusions

In conclusion, NoiseNet can perform noise and signal-to-
noise ratio measurements with high accuracy. Noise and
signal-to-noise ratio impact image quality and automatic
measurements may be used in a research setting to identify
CCTA studies with low image quality.
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