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Abstract

Assessment of image noise is a relevant issue in computed tomography (CT). Noise is routinely measured by the
standard deviation of density values (Hounsfield units, HU) within a circular region of interest (ROI). We explored the
effect of a spherical volume of interest (VOI) on noise measurements. Forty-nine chronic obstructive pulmonary
disease patients underwent CT with clinical protocol (regular dose [RD], volumetric CT dose index [CTDIvol] 3.04
mGy, 64-slice unit), and ultra-low dose (ULD) protocol (median CTDIvol 0.38 mGy, dual-source unit). Noise was
measured in 27 1-cm2 ROIs and 27 0.75-cm3 VOIs inside the trachea. Median true noise was 21 HU (range 17-29) for
RD-CT and 33 HU (26-39) for ULD-CT. The VOI approach resulted in a lower mean distance between limits of
agreement compared to ROI: 5.9 versus 10.0 HU for RD-CT (−40%); 4.7 versus 9.9 HU for ULD-CT (−53%). Mean
systematic bias barely changed: −1.6 versus −0.9HU for RD-CT; 0.0 to 0.4HU for ULD-CT. The average measurement
time was 6.8 s (ROI) versus 9.7 (VOI), independent of dose level. For chest CT, measuring noise with a VOI-based
instead of a ROI-based approach reduces variability by 40-53%, without a relevant effect on systematic bias and
measurement time.
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Key points

� Volume-based noise measurement increased
precision compared to a circular region of interest.

� For regular and ultra-low dose chest CT, mean vari-
ability decreased by 40−53%.

� Volume-based measurements did not take
substantially longer time than the conventional
method.

Background
In computed tomography (CT) imaging, the call for dose
reduction has led to ongoing efforts to mitigate the ef-
fects of increased noise. Current strategies include itera-
tive reconstruction methods and artificial intelligence-

based techniques. Less attention is given to optimization
of noise measurement. The common definition of image
noise is the standard deviation (SD) of the measured
Hounsfield units (HU) in a physically homogeneous vol-
ume [1]. The noise level depends on the specific acquisi-
tion and reconstruction parameters, total attenuation of
the scan subject, absolute density of the tissue of inter-
est, and on the location in the scanner bore (i.e., the dis-
tance of a given voxel to the center of the field of view).
For that reason, it is important to measure a calibration
structure with a density and location similar to the tissue
of interest. By using a standardized location, the noise
measurement provides a good indication for inherent
image noise, except in cases of local image artifacts like
beam hardening [2, 3].
In chest CT, optimal representation of image noise

may be obtained by segmenting the entire tracheobron-
chial tree lumen, and measuring the SD of this air. How-
ever, this is not feasible in most clinical software
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programs, due to software limitations and/or time con-
straints. Because of this, the current clinical practice is
to measure the SD in a 1-cm2 circular region of interest
(ROI) inside the trachea [2, 4]. Accurate noise measure-
ments are important for protocol optimization and
quantification processes [5–7]. For instance, in emphy-
sema quantification by CT lung densitometry, image
noise may affect the threshold needed for reliable dis-
tinction between emphysema and normal lung tissue [2,
5].
Moreover, reducing variability of HU measurements

may have other clinical implications. The ROI-based
technique is commonly used for the assessment of liver
parenchyma density and for kidney stone density. These
measurements, too, are prone to variation, partly inher-
ent to the ROI-based approach and exacerbated by the
sensitivity of mean to outliers [6, 7]. This suggests that
the results of this study are applicable to more CT scan
indication than just lung CT imaging and assessment of
noise. Since reproducibility largely depends on the num-
ber of voxels included in the calculation, using a
volume-based approach with a volume of interest (VOI)
may result in greater precision, without requiring more
complicated processing (e.g., by measuring multiple
ROIs). Despite this, many studies over the years, includ-
ing recent studies, have used an ROI-based approach
[8–12].
The aim of this study was to determine the systematic

bias and variability of ROI-based and VOI-based noise
measurements in CT scans obtained at two radiation
doses, regular dose (RD) and ultra-low dose (ULD),
resulting in low and high noise levels, respectively. These
two study arms were independently analyzed.

Methods
Patient cohort
In an on-going chronic obstructive pulmonary disease
(COPD) patient study, 50 patients underwent non-

contrast clinical chest CT at RD as well as ULD CT be-
tween February 2018 and June 2018. The two scans were
made on the same day and the order was randomized
between participants. The institutional ethical board
gave approval for this study and participants provided
written informed consent (METC 2015/335,
clinicaltrials.gov NCT02477397). Table 1 shows a sum-
mary of the patient characteristics. One patient was ex-
cluded due to a body habitus far outside the normal
range for COPD patients: a body mass index of 56, over
5 standard deviations (SDs) above the mean of the re-
mainder of the cohort.

CT scans
The RD-CT scans were acquired on a routine 64-slice
CT system (Somatom Definition AS, Siemens Healthi-
neers, Forchheim, Germany) with routine high-
resolution CT protocol of 40 mAs (fixed tube current)
and 120 kVp (volumetric CT dose index [CTDIvol] 3.04
mGy). The ULD-CT scans were acquired on a third gen-
eration dual-source CT system (Somatom Force, Sie-
mens Healthineers, Forchheim, Germany) with 70 mAs
(reference tube current), at 100 kVp with Sn filter (me-
dian CTDIvol 0.38 mGy, range 0.19-1.34 mGy). The
pitch was 1.5 for RD-CT and 1.6 for ULD-CT. The field
of view was adjusted to the individual patient size for
each scan (range 317−500 mm). Scans were recon-
structed with slice thickness/increment of 1.0/0.7 mm,
filtered back projection and a soft kernel. The two ker-
nels used B30f and Br40, respectively, are suggested by
the vendor as similar and are generally treated in litera-
ture as comparable [11].

Image analysis
Analysis was performed with an in-house developed
MATLAB script (MATLAB R2020b, The Mathworks,
Natick, MA, USA). The complete function is available
online via http://tiny.cc/YL3BNUQ4. The choice for a

Table 1 Patient cohort characteristics (n = 49)

Characteristic Value

Age (years) 66 ± 7

Sex 34 males (69%), 15 females (31%)

Body mass index (kg/m2) 28.0 ± 5.3

FEV1 (% of predicted) 53 ± 16

FEV1/FVC (%) 42.4 ± 11.2

CTDIvol (mGy), regular CT protocol 3.04

DLP (mGy × cm), regular CT protocol 105.1 (86.3−134.1)

CTDIvol (mGy), ultra-low dose CT protocol 0.38 (0.19−1.06)

DLP (mGy × cm), ultra-low dose CT protocol 16.6 (7.3−29.8)

Values are given as mean ± standard deviation or median (range), unless stated otherwise. To facilitate comparison, the DLP for the regular-dose CT is expressed
as median (range), despite a normal distribution (p = 0.103). CT computed tomography, FEV1 forced expiratory volume in 1 s; FVC forced vital capacity, CTDIvol
volumetric CT dose index, DLP dose length product
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stand-alone analysis script was made to avoid time-
consuming efforts to determine the variability of manual
measurements. The simulation method is a best-case
scenario for what a human reader would achieve. The
noise level was defined as the SD of the selected voxels.
To obtain the ground truth for the noise level for intra-
thoracic air, a section of the tracheobronchial tree (cau-
dal trachea and proximal bronchi) was segmented in a
61 × 61 ×61 voxel region (referred to as trachea segmen-
tation or segmentation in the remainder of this paper).
Due to the patient-specific field of view, the size in milli-
meter of this cubic region differed case by case. See the
flow chart in Fig. 1 for a description of each step in this
process. For the ROI and VOI, a standardized measure-
ment location was used (a fixed distance above the car-
ina ridge). The edge of the segmentation was removed
with a morphological erosion (a mathematical operation
removing boundary pixels) to avoid edge artifacts.
To simulate repeated manual measurements, a jitter

was applied, meaning the centroid was moved one voxel
in x, y, and z-direction, resulting in 27 possible locations.
For all 27 centroids, the noise was measured with both a
circular ROI and spherical VOI. The radius was based
on an area of 1.0 cm2, resulting in a VOI of approxi-
mately 0.75 cm3. Due to these definitions, the number of

voxels used for these analyses depended on the FOV and
the slice thickness. For the ROI, between 101 and 261
voxels were included (median 177 voxels), for the VOI
between 1117 and 2789 voxels (median 1849 voxels). If
either the ROI or VOI contained voxels outside, the seg-
mentation (prior to the previously mentioned morpho-
logical erosion), both ROI and VOI were excluded from
further analysis for that measurement position, mimick-
ing manual measurements. The values obtained at the
level above the carina ridge that resulted in the fewest
rejections was used for the remainder of the analysis (at
either 1.0, 1.5, or 2.0 cm), to further mimic a manual
measurement accounting for anatomical variation. This
height selection was done separately for each scan.
To estimate the extra time required for a VOI-based

measurement, a trained researcher (HJW) measured the
noise ten times manually with each strategy. The Syngo.-
Via software (version VB40A, Siemens Healthineers,
Forcheim, Germany) was used to perform the measure-
ments. To account for the imprecision of a manual
measurement and considering that a precise area or vol-
ume may not be possible given the voxel size of a spe-
cific scan, a radius difference of up to 5% with the area
or volume described below was considered acceptable
when measuring the noise. The order of the measure-
ments was randomized.

Statistical analysis
Statistical analysis was performed with MATLAB
R2020b (The Mathworks, Natick, MA, USA). Bland-
Altman analysis was used to determine the systematic
bias between the true noise level and measured noise
[13]. The difference between the systematic biases of the
two measurement strategies was tested with the Wil-
coxon signed-rank sum test. Variability was defined as
the distance between the limits of agreement. Because
this is directly related to the variance, Levene’s test was
used. Each characteristic in Table 1 (except sex) was
tested separately for normality with the Shapiro-Wilk
test.

Results
The seed point location and the segmentation of the air
in the trachea was visually confirmed for each recon-
struction. One representative case is depicted in Fig. 2,
showing successful segmentation without excluding
large parts of the trachea or main bronchi, or including
parenchyma or bronchial wall. For RD-CT, 66 of 1323
jitter-scan combinations (5.0%) were discarded because
the ROI or VOI contained voxels outside the trachea.
For ULD-CT, 84 of 1323 combinations (6.3%) were dis-
carded. This led to a total exclusion rate of 150 of 2646
values (5.7%). The range of true noise based on the tra-
chea segmentation was 17−29 HU for RD-CT and 26

Fig. 1 Flow chart of the steps to determine the ground truth noise
and the isocenter for the measurements. ROI, region of interest; VOI,
volume of interest
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Fig. 2 Subsection of the CT images around the carina (window width 1600 HU, window level −700 HU). The red part is the position of the
region of interest, the blue is the volume of interest, the yellow is used to measure the ground truth, and the green area was removed from the
segmentation to prevent edge artifacts like the partial volume effect. This image shows the measurement with the isocenter 1.0 cm above the
carina ridge. a Axial images. b Coronal images, interpolated to account for the anisotropic dimensions of the voxels. c Volume render of the
yellow segmentation

Fig. 3 Results of the Bland-Altman analyses. Each plot shows the difference between the noise measured with either ROI or VOI and ground
truth noise on the y-axis, versus ground truth on the x-axis. Regular radiation dose computed tomography protocol measured with an ROI (a) or
a VOI (b), same data for ultra-low dose protocol (c and d, respectively). ROI, region of interest; VOI, volume of interest; LoA, limits of agreement;
HU, Hounsfield units
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−39 HU for ULD-CT. As these ranges are based on the
true noise, only a single value per patient has been ob-
tained. For the ranges of the noise measured with a ROI
or a VOI, all valid measurements were considered. The
range of noise measured with a ROI was 11−32 HU for
RD-CT (based on 1257 measurements) and 23−44 HU
for ULD-CT (based on 1239 measurements). The re-
spective ranges for the VOI-based measurement were 13
−30 HU for RD-CT and 25−43 HU for ULD-CT.
The results of the Bland-Altman analysis in residual

plots are shown in Fig. 3. As the noise was measured in
27 different locations, there are multiple dots for each
scan. Because every scan has only one ground truth
noise value, this results in vertical patterns. For the VOI-
based approach, the distance between limits of agree-
ment, compared to the ROI-based approach, decreased
from 10.0 to 5.9 for RD-CT (40% reduction, p < 0.001)
and from 9.9 to 4.7 for ULD-CT (53% reduction, p <
0.001), indicating a lower inter-measurement variation
when using the VOI-based method. There was a min-
imal effect on the systematic bias for both the RD-CT
(−1.6 to −0.9 HU, p < 0.001) and ULD-CT (0.0 to 0.4
HU, p < 0.001).
The manual ROI measurement by the trained re-

searcher took 6.8 s on average; for the VOI measure-
ment, this increased by 2.9 s to 9.7 s (+43%) and would
therefore not meaningfully increase the time required to
read a CT scan.

Discussion
In this study, we showed that a VOI-based noise meas-
urement approach significantly improves precision com-
pared to a ROI-based approach, especially in CT scans
with a higher intrinsic noise level, without a relevant
trade-off in terms of measurement time.
As early as 1978, an alternative method for objective

measurement of image noise was published: a noise
power spectrum (NPS) [14]. This has the benefit of not
relying on the measured region being homogeneous and
of providing a more detailed description of noise, instead
of relying on a single descriptive value. Despite the NPS
method being available for decades, clinical studies have
continued to use the ROI method [8–12] while the NPS
method is only used in highly technical applications
[15]. To our knowledge, no clinical system provides the
option to compute the NPS. Thus, the calculation of the
NPS will most likely require exporting the scans for ex-
ternal processing, making it less desirable for either re-
search or clinical use. This same limitation applies to
using the segmented trachea to measure the noise.
Other studies proposed other methods to improve on

the ROI-based method, e.g., by subtracting two adjacent
slices (similar to how digital subtraction angiography
works) before calculating either a local (pixel-by-pixel)

SD, a regional SD, or multiple regional SDs [16–19].
Such methods are particularly useful in situations where
noise does not have a Gaussian distribution, or where
pixel value differences exist due to anatomical structures
[17, 18]. Another commonly proposed method is to
average multiple regions [16, 17]. This is mostly used for
liver parenchyma, where multiple smaller ROIs are
sometimes used to ensure a measurement area that bet-
ter reflects the organ as a whole [8]. To our knowledge,
none of the previously mentioned alternatives to the
ROI-based method are available for routine clinical use.
Given the increased use of artificial intelligence (AI),

any specific application of a ROI-based measurement
may eventually be replaced by an AI tool. Such tools
may forgo measuring a specific density or noise level in
favor of directly assessing the intended biomarker [20,
21]. Up to the moment that an AI tool (for this specific
application) does become available, the VOI-based
method proposed in this work is a simple and quick op-
tion, to be preferred over ROI evaluation.
The potentially quick and easy applicability is one of

the main advantages of using a volume-based approach,
which may help implementation in both research and
clinical practice. A VOI-based measurement should be
widely available in PACS reading systems, often in the
same drop-down menu as the ROI-based measurement
option. The extra time required is limited.
More generally, volumetric analyses on CT scans are

increasingly common. An example of this is the volu-
metric assessment of lung nodules, which increasingly
replaces the diameter-based approach [22]. Additionally,
some nuclear medicine guidelines also require the use of
volumetric measurements [23]. To our knowledge, only
one previous study has focused on the use of volume-
based noise measurements in radiology [24], outside of
recent technical quality standards like the QIBA lung
density profile [25]. This is unfortunate, as the applic-
ability is likely not limited to measuring noise, but may
also extend to other situations where a density measure-
ment is performed, e.g., when measuring liver density or
muscle density [8, 11]. Future research should be con-
ducted to confirm this expectation.
Some aspects of this study may potentially limit the

generalizability of these results. The scans were made on
CT systems from one vendor only in a relatively small
COPD patient cohort, without including healthy con-
trols. However, only testing scans from a single vendor
is not expected to influence the conclusion. To improve
generalizability of the results, scans were acquired with
many differences in the scan protocol like radiation
spectrum, mAs, and reconstruction kernel. Importantly,
the aim of our study was not to compare noise between
an RD and an ULD CT scan protocol, but to investigate
the method to quantify the noise. This means the scans
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should not be analyzed as pairs, but should be treated as
two study arms that are independently analyzed. The re-
sults from both scanners support the same conclusion,
even with the different scan protocols. The small size of
the cohort is unlikely to affect the conclusion, even if a
larger cohort size would further increase confidence in
quantifying the difference between the two methods.
Similarly, there is no technical reason why the presence
or absence of COPD would influence the noise charac-
teristics in the trachea of an ROI compared to a VOI.
Lastly, switching from an automated script to a human
reader is unlikely to substantially change the results.
In conclusion, in chest CT protocols, measuring image

noise with a VOI-based approach instead of a ROI-based
approach reduces variability by 40-53%, without a rele-
vant effect on systematic bias and measurement time.
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