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Abstract

Noise magnitude is a key indicator of CT image quality. As such, different methods have been
implemented to measure noise in vivo. The two most common approaches consider the estimation of
noise in soft tissues (GNI) and in the air surrounding the patient (AIRn). An effective comparison of the
two methods is practically impossible because the anatomy of the patients, the scanner models, and the
acquisition protocols introduce nonsystematic biases. An objective and comprehensive analysis can be
performed only by repeated scans of the same patients which is unethically impractical due to the
excessive radiation burden. A feasible solution is to simulate these repeated scans using Virtual Imaging
Trials (VITs). In this study, XCAT phantoms were imaged 50 times at three dose levels using a VIT platform
(DukeSim) and reconstructed with three kernels using both FBP and IR algorithms for Chest and
Abdominopelvic protocols (a total of 1800 image datasets). By applying different HU thresholds, AIRn was
calculated and compared with GNI. The differences between AIRn and GN/ ranged between -64% and -
47% in abdomen and between -57% and -33% in chest studies. The AIRn’s underestimation of noise did
not show any correlation with kernels, reconstruction algorithms, and dose levels. Noise measured in the
air surrounding the patient cannot represent the noise magnitude in soft tissues. Care should be exercised
when designing and implementing optimization actions relying on methods that estimate image quality
in areas of the diagnostic images that are not clinically relevant.

1. Introduction

A key indicator of CT image quality is noise magnitude (1-3). In particular, noise magnitude is measured
as a surrogate to evaluate the outcome of a radiological procedure, to inform protocol design and
optimization actions, and to compare different techniques and clinical protocols. Several methods are
currently used to assess noise magnitude in patient populations both in the patient’s soft tissues (4) and
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in the air surrounding the patient (5). Such methodologies rely on different image segmentation
strategies, HU thresholds, and regions of interests in which the noise is calculated and do not provide
consistent measurements even within the same CT dataset. As a consequence, it is impossible to
objectively perform technology assessment, effective justification and optimization of the radiological
procedures, as well as protocol comparison across institutions that implement different strategies to
estimate noise in CT images(6).

This scenario is furtherly complicated because an objective comparison of the two methodologies is
ethically impossible. Even if the noise magnitude is calculated in soft tissue and in the air surrounding the
patient within the same patient population, it is impossible to estimate the bias induced by the anatomy,
the scanner output, and the reconstruction techniques. An objective and comprehensive analysis can be
performed only by repeated scans of patients across various dose levels and reconstruct kernels and
algorithms which is ethically prohibitive.

Such impasse can be surmounted using Virtual Imaging Trials (VITs) (7) that repeatedly generate clinical
scenarios using computer-based simulations. In this study, we compared two different noise magnitude
estimation methods in a total of 1800 image datasets virtually generated. The comparison can determine
if a method can be used to represent tissue noise effectively, informing technology assessment, procedure
optimization, and protocol design(8,9).

2. Materials and Methods

A total of 1800 CT image datasets were included in this study. In particular, two XCAT phantoms (Chest
and Abdominopelvic) were imaged using DukeSim, an established CT simulator for x-ray imaging
modalities (10-14). DukeSim utilizes a GPU-accelerated combination of ray-tracing and Monte Carlo
techniques to produce a final sinogram incorporating both primary and scatter signals. DukeSim faithfully
emulates many scanner-specific features including scanner geometry, bowtie-filtered source spectrum,
automatic tube current modulation, flying focal spot wobbling, anti-scatter grid, electronic noise, and
poly-energetic detector response. DukeSim has also been integrated with manufacturer-specific
reconstruction software.

With DukeSim set to model the Definition Flash scanner (Siemens Healthineers, Erlangen Germany), the
two phantoms were imaged at three dose levels (50, 100, and 150 mAs) a total of 50 times each. Images
were then reconstructed using an offline reconstruction prototype (ReconCT 15.0.35098.0, Siemens
Healthineers) using a 5.0 mm slice width and 500 mm field of view. Each projection image dataset was
reconstructed six times using three kernels (Br32f, Br46f, and Br62f) and both the weighted filtered back
projection (FBP) and iterative reconstruction (IR) modes.

Noise magnitudes were calculated in soft tissues (GNI) and in the air surrounding the patient (AIRn) by
applying thresholds of [-300, 100] HU and HU < -900, respectively, across all the image datasets (Figure 1
and Figure 2) (4,5). Median noise magnitude values from different methods were compared in terms of
percentage difference. The analysis was performed separately for reconstructed images with each set of
dose level, kernel, and reconstruction algorithm.
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Figure 1. Example of one Chest image considered in the study reconstructed with FBP (a); when GNI
threshold is applied (b); when AlRn threshold is applied (c). (WW: 2500; WL: 250).

Figure 2. Example of one Abdominopelvic image considered in the study reconstructed with FBP (a); when
GNI threshold is applied (b); when AIRn threshold is applied (c). (WW: 2500; WL: 250).

3. Results

Table 1 summarizes median GNI and A/Rn values and the related percentage differences. AIRn
underestimated GNI in both chest and abdominopelvic exams. As expected, the noise values decreased
with the radiation dose and increased with the kernel sharpness. The difference between A/Rn and GNI/
ranged -64% and -47% in Abdominopelvic and between -57% and -33% in Chest studies. The
underestimation is not correlated with kernel, reconstruction algorithm, and dose level.

4. Discussion

This study provided an unbiased comparison of two methods to estimate noise magnitudes utilizing a
Virtual Imaging Trials platform simulating 1800 image datasets representing different dose levels,
anatomical areas, and reconstruction techniques.
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Table 1. Median GNI and AIRn and relative difference for Chest and Abdominopelvic images per each
kernel, mAs values, and reconstruction algorithm involved in the study.

Chest
FBP IR
median GNI median AIR difference median GNI median AIR difference
50 mAs 7.4 4.1 -45% 6.0 3.2 -46%
br32f 100 mAs 5.4 3.0 -45% 4.4 2.4 -45%
150 mAs 4.5 2.5 -44% 3.7 2.1 -44%
50 mAs 215 14.3 -33% 14.4 9.5 -34%
brda6f 100 mAs 15.2 10.0 -34% 10.2 6.7 -34%
150 mAs 12.5 8.1 -35% 8.4 5.5 -34%
50 mAs 102.8 44.0 -57% 57.7 30.2 -48%
br62f 100 mAs 74.4 35.9 -52% 41.0 25.4 -38%
150 mAs 61.6 32.0 -48% 34.0 22.8 -33%

Abdominopelvic

FBP IR
median GNI median AIR difference median GNI median AIR difference
50 mAs 10.8 4.8 -56% 8.9 3.8 -58%
br32f 100 mAs 7.8 3.4 -56% 6.3 2.8 -56%
150 mAs 6.4 2.9 -56% 5.2 2.3 -55%
50 mAs 32.2 17.1 -47% 22.0 11.5 -48%
brd6f 100 mAs 22.6 12.0 -47% 15.4 7.9 -48%
150 mAs 18.5 9.6 -48% 12.5 6.5 -48%
50 mAs 143.5 51.5 -64% 84.5 33.8 -60%
br62f 100 mAs 103.6 40.2 -61% 60.0 27.4 -54%
150 mAs 86.1 35.8 -58% 48.9 24.8 -49%

The study showed that noise measured in the air surrounding the patient underestimates the noise
measured in soft tissue, both in chest and abdominopelvic exams, between -64% and -33%. Therefore,
AIRn cannot represent GNI. Moreover, because the data showed no correlation of such underestimation
with dose level, kernel, and reconstruction algorithm, it is not possible to define adjustment or calibration
factors that can be applied to the noise measured in the air surrounding the patient to better estimate
noise magnitude in soft tissue. Compared to GNI, AIRn is measured in areas of the diagnostic images that
are not clinically relevant, therefore, care should be exercised when using it as a surrogate for image
quality assessment. An accurate and relevant image quality estimation, in fact, is essential in protocol
design, in the effective evaluation of the technology, as well as in assessing the preference of the
radiologists (3,8). Moreover, when comparing the quality of the images obtained with different scanners,
reconstruction methods, or protocols, becomes essential to provide also the method applied in the
calculation of the noise magnitude.
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This study was limited to the comparison of two different noise magnitude estimation methods. However,
the gold standard in noise estimations is the ensemble noise obtained by scanning a patient multiple times
and sampling each pixel noise within the ensemble of images (5). Future studies should investigate AIRn
and GNI relationships with such ensemble noise to establish calibration factors that can be applied to
better represent tissue noise.

5. Conclusion

Virtual Imaging Trials enable the objective and unbiased comparison of different noise magnitude
estimation methods in vivo. Such information is crucial to improve consistency of diagnostic performances
and to effectively and objectively perform CT technology assessment, protocol comparison, as well as
justification and optimization of the procedures. The analysis showed that noise magnitude calculated in
the air surrounding the patient largely underestimated the noise in soft tissue without a clear trend with
the kernel sharpness and with the radiation dose. Care should be exercised when designing and
implementing optimization actions relying on methods that estimate image quality in areas of the
diagnostic images that are not clinically relevant.
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