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Abstract

Purpose: To characterize variability in image quality and radiation dose across a large cohort of
computed tomography (CT) examinations and identify the scan factors with the highest influ-
ence on the observed variabilities.

Approach: This retrospective institutional-review-board-exempt investigation was performed
on 87,629 chest and abdomen-pelvis CT scans acquired for 97 facilities from 2018 to 2019.
Images were assessed in terms of noise, resolution, and dose metrics (global noise, frequency
in which modulation transfer function is at 0.50, and volumetric CT dose index, respectively).
The results were fit to linear mixed-effects models to quantify the variabilities as affected by scan
parameters and settings and patient characteristics. A list of factors, ranked by #-value with
p < 0.05, was ascertained for each of the six mixed effects models. A type III p-value test was
used to assess the influence of facility.

Results: Across different facilities, image quality and dose were significantly different
(p < 0.05), with little correlation between their mean magnitudes and consistency (Pearson’s
correlation coefficient < 0.34). Scanner model, slice thickness, recon field-of-view and kernel,
mAs, kVp, patient size, and centering were the most influential factors. The two body regions
exhibited similar rankings of these factors for noise (Spearman’s correlation coefficient = 0.76)
and dose (Spearman’s correlation coefficient = 0.86) but not for resolution (Spearman’s corre-
lation coefficient = 0.52).

Conclusions: Clinical CT scans can vary in image quality and dose with broad implications for
diagnostic utility and radiation burden. Average scan quality was not correlated with interpatient
scan-quality consistency. For a given facility, this variability can be quite large, with magnitude
differences across facilities. The knowledge of the most influential factors per body region may
be used to better manage these variabilities within and across facilities.
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1 Introduction

Computed tomography (CT) has established itself in the clinic as an indispensable tool for medi-
cal diagnosis across all ages. Even so, the practice of CT imaging is an inherently heterogenous
operation as every CT scan may have different quality (e.g., Fig. 1), which can translate to
differences in diagnostic utility. This variability is due to variation in the way different imaging
facilities practice CT imaging.'” For a given facility, there are often variations in makes and
models of the equipment. Further, these are differences in the imaging protocols used. Ideally,
conscious decisions and philosophies regarding sufficient image quality or dose govern the prac-
tice. However, many choices are made on an ad hoc basis. The diversity of patient anatomy and
physiology only adds to this landscape of heterogeneity, creating an intrafacility variability in
image quality and radiation dose at a given facility across its patient population.'® Further with-
out a systematic standard, there exist systematic differences from facility to facility, influencing
image quality and dose associated with clinical images across facilities. This interfacility vari-
ability of quality is one aspect that leads to overall variability in CT imaging as practiced today.
Variability in the quality of images can influence the efficacy and confidence of detection and
diagnostic tasks.” Thus there is a need to understand and manage this variability to improve
consistency of care and overall utility of CT imaging.

The first step toward improving consistency in diagnostic value is understanding the scope
and magnitude of the variability. Initiatives like the American College of Radiology’s “Dose
Index Registry” emphasize the importance of quantifying the variability of current practice
in terms of CT radiation dose and its derivatives.> The multitude of dose monitoring solutions
further shows the widespread recognition of this need in clinical communities. Although radi-
ation burden incurred by CT is important, it is not the entire story. Image quality is perhaps as

' ' TR

Sharper resolution

Fig. 1 Four slices from different CT scans show how noise and resolution differ between different
scans—uwith differences in (a) image resolution and (b) image noise showcased. In the chest
exams (a), the sharpness difference is evident in the depiction of vessels. In the abdomen-pelvis
exams (b), the difference is evident in the noisiness of the patients’ livers.
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much or more relevant than dose and more clearly attributable to enhancing care. Aspects of
image quality such as noise and resolution should likewise be managed to improve consistency.
Recent studies have shown how noise and resolution can be efficiently and effectively
assessed in large numbers of individual patient exams.®® These studies have been important
first steps toward understanding the variability of patient imaging, but they have been
limited either in (1) their scope and number of facilities included or (2) their focus on
only dose or noise, rather than dose, noise, and resolution simultaneously across a large
population.':6-10-12

This investigation aimed to characterize the current state of variability in both dose and
image quality in clinical CT imaging at multiple facilities by assessing each on 87,629 CT
scans from 97 facilities. The study tested how dose, noise, and resolution are variable among
different facilities and reported both the intrafacility and interfacility variabilities. The study
further aimed to identify which clinical scan parameters are most related to the observed vari-
ability in scan dose, noise, and resolution as a guide toward improving consistency in clinical
imaging.

2 Methods

2.1 Study Framework

Scans belonging to (1) chest and (2) combined abdomen-pelvis scan protocols were identified
for 97 facilities. On each diagnostic scan series, noise and resolution were measured and
combined with dose estimates and Digital Imaging and Communication in Medicine (DICOM)
standard information corresponding to the scan acquisition into a dataset. The considered dose
metrics were the volumetric computed tomography dose index (CTDI,,; in mGy) and the size-
specific dose estimate (SSDE in mGy). Statistical models were used to assess: (1) the impact of
facilities on image quality, (2) the interfacility variability, (3) the intrafacility variability, and
(4) the scan parameter settings with highest impact on the observed results.

2.2 Multi-Center Dataset and Patient Cohort

2.2.1 Statistics on facilities included in the study

Cases for this study were drawn from a retrospective, IRB-exempt, multi-center survey of image
quality, dose, and scan parameters of adult scans for 97 facilities that were users of Imalogix dose
monitoring system during a 6-month period from June 2018 to January 2019. Data for this study
were collected in partnership with the Imalogix Research Institute, which is a conduit to access
deidentified DICOM scan information and dose information for all CT scans from participating
facilities. All scanners were under the customary imaging physics quality control oversight.
Through an agreement with Author Institution Redacted, previously developed algorithms for
automated measurements of noise and resolution of CT exams were applied to the cases thus
measuring resolution and noise of the images.®® The Imalogix Research Institute utilized Author
Institution Redacted-written, image-quality-measuring, executable code and provided the meas-
urement results along with deidentified dose and DICOM information for review and analysis
by the Author Institution Redacted research team, which was blind to information about the
participating facilities.

2.2.2 Determination of scan cohort

From all scans in the multi-center survey, two protocols were selected, namely “chest”
(N = 34,137) and “abdomen-pelvis” (N = 53,492) CT exams, as they constitute two most com-
monly performed CT procedures today.'*'* These protocol types were composed of multiple
protocol subtypes, which were all included in the study. The breakdown of the frequency of
these protocols is shown in Appendix Table 3. In total, 87,629 CT scans were analyzed and
contributed to results of this study.
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2.3 Image Quality Measurements

2.3.1 Noise measurement

Noise measurements were made according to a previously published methodology.” The method
identified regions of soft tissue in the patient’s body and measured the standard deviation using a
9 pixel X 9 pixel square region of interest in the soft tissues. All standard deviation measure-
ments in a particular scan were compiled into a histogram and the mode of that histogram was
reported as the noise estimate for the entire scan.

2.3.2 Resolution measurement

Resolution measurements were made using a previously published methodology.® The
method used sections of the air—skin interface of the patient as an edge to measure an
oversampled edge spread function, which was differentiated and Fourier transformed to
yield a modulation transfer function (MTF) at the air—skin interface. Sections of the air—
skin interface were binned by their radial distance from scanner isocenter, and an MTF
was measured separately for each radial distance bin. The frequency in which the MTF is
at 0.50 (fso, mm™") was calculated for each MTF and measured f5, values were interpolated
by least squares fit to the fs, at a reference distance of 5 cm from isocenter. This reference
fso value was reported for all possible cases. To remove uncertainty in the measurement
process, suspicious f5o values were deemed as owing to bad fits and were discarded leading
to a missing rate for the resolution in 65.8% of chest cases and 72.9% of abdomen-pelvis
cases.

2.4 Dose Data

The scanner-reported CTDI,,; in mGy of each scan series were included in the database. The
information was extracted from data provided by the scanner manufacturer, either from the
DICOM Structured Dose Report, the DICOM header information, or optical recognition of
the “Dose Report Screen” of each exam.

2.5 Relevant DICOM Header Data

DICOM header protocol technique data were acquired and compiled for each series by the
Imalogix Research Institute to be incorporated into the model. The list of DICOM header tags
that were incorporated is shown in Appendix Table 4.

2.6 Statistical Analysis

Statistical analysis was carried out to answer four questions of note regarding the consistency of
imaging. The first was whether or not image quality (i.e., noise and resolution) and dose varied
as a function of facility. The second was to determine the magnitude of variability in noise,
resolution, and dose across patients within each facility (“intrafacility variability”). The
third was to estimate the variability in noise, resolution, and dose across different facilities
(“interfacility variability”’). The fourth was to identify which scan parameters were most signifi-
cant predictors of image quality and dose performance and thus might be helpful as a path to
achieve improved consistency.

2.6.1 Data transformation and prediction intervals

Three pairwise 95% probability prediction intervals were assessed with the noise, resolution, and
dose treated as outcomes. The univariate distributions of noise and dose were found to be
skewed, so a log transform was applied to these distributions. Resolution values were not found
to be skewed, so no transformation was made to them.
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2.6.2 Variability at and across facilities: random effects model A

To test the impact of facility on image quality or dose of a scan, a set of linear mixed-effects
models was fit to the data for each of the outcomes of noise, resolution, and dose. A different
model was fit for each outcome (i.e., noise, resolution, and dose) and protocol subset (i.e., abdo-
men-pelvis and chest) resulting in a total of six models. Facility ID was incorporated as a random
effect, with no other fixed effects. Observations with missing features or outcomes were dropped
when fitting the models, so that estimates of a subset of the total 97 facilities were reported.
These models were also used to estimate the intrafacility and interfacility variability.

Effect of facility. Type IlI test of p-value of the facility ID was used, with p < 0.05 denoting
significance, to assess the role that facilities played in affecting noise, dose, and resolution. If the
facility ID was found to be a statistically significant factor, then noise, resolution, and dose were
deemed different across these facilities.

Estimate of interfacility variability. To estimate the degree of variability of image quality
and dose across multiple facilities, the parameter estimates of the facility ID random intercept term
was reported for each of the six outcome-by-protocol models. These magnitudes estimates signify
the expected noise, resolution, or dose at each facility. Differences in the estimates reflect system-
atic differences in image quality and dose between facilities. Facilities that are similar in noise,
resolution, or dose will have similar estimates for the corresponding outcome (and vice versa).

Estimate of intrafacility variability. To estimate the degree of variability of image quality
and dose across the patients at each given facility, the 95% confidence limit of estimate the
facility ID random intercept term was reported for each of the facilities considered. The width
of this interval reflects the variability among noise, resolution, and dose for each facility. A
narrower confidence interval in the facility ID estimate denotes a facility with greater consistency
in the outcome. Gaussian kernel density estimates (KDE) of the bivariate probability density
function of noise, resolution, and dose were calculated for abdomen-pelvis and chest exams
at every facility (using “Gaussian_KDE” within SciPy’s “stats” module, using Scott’s rule for
bandwidth estimation).'®!”

2.6.3 Identification of relevant imaging parameters: mixed effects model B

To understand the source of variability, a second set of six linear mixed-effects models was fit
to the data. This time, a list of potentially important DICOM tag data corresponding to scan
parameters and protocol technique was related to outcomes of noise, resolution, and dose using
a mixed-effects model. Features consisted of changeable scan technique parameters (e.g., con-
volution kernel, tube voltage, tube rotation time, and average tube current) and accounted for
differences in patient characteristics (e.g., effective diameter, age, and sex). The mixed-effects
models consisted of a combination of fixed and random effects. The full list of features used in
the model is shown in Appendix Table 4. Each feature was nested under facility ID random
effect to account for systematic differences at different facilities. The allocation of features as
fixed or random effects was different for each of the six models and was assigned to result in
the best fitting of the models. Table 2 lists the fixed effects used in the fitting of each model.
The analogous information regarding the random effects terms are shown in Fig. 5 in
Appendix. As before, observations with missing features or outcomes were dropped when
fitting the models, so that subsets of the data from the 97 facilities were reported. p-values for
type III tests of all features in the model were reported. A list, ranked by the magnitude of each
term’s #-value with p < 0.05 in each of the six models, was reported for relevant fixed effects.

3 Resulis

Gaussian KDE of the probability density function of noise, resolution, and dose were calculated
for abdomen-pelvis and chest exams. The contour areas where the bivariate kernel density rises
above 50% of max are shown in Fig. 2. The results of the random effect model A are shown in
Table 1, indicating that the facility ID random intercept term is significant in all six models.
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Figure 3 shows the estimates and associated confidence intervals of the facility ID random inter-
cept terms from random effects model A for each of the six models. The standard deviation of the
estimates for noise, resolution, and dose for abdomen-pelvis exams across facilities were 0.27,
0.06, and 0.20, respectively. The corresponding values for chest exams were 0.25, 0.07, and
0.23, respectively. The average width of the 95% confidence interval at each facility in noise,
resolution, and dose were 0.50, 0.17, and 0.77, respectively, in abdomen-pelvis exams. The
corresponding values for chest exams were 1.06, 0.54, and 0.94, respectively. The greatest
Pearson’s correlation coefficient between the estimates for noise, resolution, or dose at facilities
and the associated confidence interval widths for either abdomen-pelvis or chest exams was 0.34.

The results of a type III test for significant features in mixed effects model B are shown for an
abridged list of features in Fig. 4. Figure 4 also details the list of which features were most
impactful on noise, resolution, and dose. Fit statistics regarding the random effects and residual
error are shown in Fig. 5 in Appendix.
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Fig. 2 Relationships between image quality and dose at each facility (differentiated by color) for
(a) abdomen-pelvic exams and (b) chest exams. (c) A carve-out of the regions of three sample
facilities for the noise versus dose plot [(b), column 2). In all columns and (a)-(c), each color area
represents the range of likely values for a facility via Gaussian KDE. Displayed are the contour
areas of 50% of max of the KDE (this used to estimate probability density function) regions for
noise, resolution, or dose. Variability in the imaging enterprise shows itself in two ways: (1) inter-
facility variability is demonstrated by the different x — y locations of each of the colored regions and
(2) higher intrafacility variability is demonstrated by those regions that encompass a greater area
(and thus less consistent image quality/dose values). Each of three example facilities in (c) exhibits
a different amount of intrafacility variability in image quality and dose (denoted by their areas),
as well as interfacility variability between them (denoted by their locations).
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Table 1 The fit results of random effect model A show that the noise, resolution, and dose are
different at different facilities for both abdomen-pelvis and chest exams.

Outcome Degrees freedom Sum of squares Mean square F-value p-value

Abdomen-pelvis

Log (noise) 94 3828.43 40.73 410.06 <0.0001
Log (dose) 94 2082.23 22.15 93.57 <0.0001
Resolution 92 39.63 0.43 64.13 <0.0001
Chest

Log (noise) 80 2055.84 257 65.94 <0.0001
Log (dose) 80 1870.7 23.38 75.88 <0.0001
Resolution 70 48.16 48.16 41.9 <0.0001

Specifically, the fit results here show that for each of the combinations of outcome and body part, the facility
(the random intercept term) has a significant effect. The degrees of freedom denote the number of facilities in
the dataset that are considered in each of the models. The missing resolution values are responsible for the
lower degrees of freedom in the model. The sum of squares and mean square (sum of squares divided by
the degrees of freedom) reflect variability in measurements in the dataset, higher values indicating higher
variability. The F-value reflects the degree to which the facility-ID is correlated with noise, dose, or resolution.
The high F-values, and low p-values together point to the fact that the noise, dose, and resolution all change
significantly at different facilities. Observations with missing covariates or outcomes were dropped when fitting
the models so that a subset of 97 facilities were reported.

4 Discussion

Providing consistently high-quality care is the goal of medical practices. For diagnostic imaging,
providing high-quality care means providing an accurate diagnosis. Certain image quality con-
ditions make it easier for radiologists to provide confidence in accurate diagnoses. Facilities
should aim for diagnostic consistency with requisite radiation dose. In diagnostic imaging, image
quality and dose are quantitative metrics that can be used as indicators of consistency in exami-
nation performance. Some works have aimed to measure these quantities at and across imaging
facilities. This work differs in that it reports on automated assessment of noise and resolution,
in addition to dose, as measured from clinical images across a wide pool of facilities.

As in other studies, we see that there are differences between the practice at different insti-
tutions and that these choices impact dose and quality."*!®!! The facilities exhibited a wide
range of noise, resolution, and dose in their examinations—meaning that there are considerably
different practices at different facilities. Additionally, there was a considerable range of different
variabilities in image quality and dose within facilities. There was, however, little correlation
between the magnitude of the image quality and dose estimates at a given facility and their
variability at that facility (Pearson correlation coefficient < 0.35 in all cases), as demonstrated
for abdomen-pelvis cases in Fig. 3. One may have hypothesized that facilities that image with
higher quality (i.e., a lower noise or sharper resolution) would have less variability (higher con-
sistency) in their images. However, that was not proven to be the case. The results suggested
that the magnitude or level of image quality or dose at a facility is largely uncorrelated with the
consistency in those quantities at the facility.

Next, in an effort to understand this variability in image quality and dose, we ranked the
features fit in mixed effects model B. Here we simultaneously account for the effects of many
factors on the quality and dose of a scan, including both intentionally selected and changeable
scan parameters (e.g., tube kV, mAs, and reconstruction kernel), practical aspects (e.g., patient
misalignment), and non-alterable realities (e.g., patient size and scanner model). The #-values
provided in Fig. 4 give a ranking of the most influential fixed effects on noise, resolution, and
dose. These rankings in Table 2 focus only on the magnitude of the effect of that parameter
choice value (i.e., a t-value of 10 and —10 would be displayed with the same color), but in
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Fig. 3 (a) The best linear unbiased parameter estimates of the facility ID term for random effects
model A reflect both high levels of interfacility variability and intrafacility variability (shown in the
whisker plots). (b) However, there is little correlation between noise/resolution/dose values at a
facility and variability at that facility. The blue points show the most likely value of noise, resolution,
and dose at each facility for abdomen-pelvis exams. Thus differences in the location of these
points reflect interfacility variability in image quality and dose. The error bars denote the 95% con-
fidence interval of the estimate and reflect intrafacility variability at each facility in the same quan-
tities—i.e., shorter bars at a facility denote more consistency and less variability within the scan
population at that facility. (b) shows these estimate values for each facility against the uncertainty
in the estimates with associated correlation coefficients between the two values. The low corre-
lation values show that there is little relation between the most likely image quality/dose level at a
facility and the variability in quality/dose across patients at that facility. That is, consistency and
magnitude of noise/resolution/dose level are not well-correlated.

principal the effect of a parameter choice can increase or decrease image quality or dose.
Additionally, although a parameter could have multiple nested values (e.g., scanner model can
take on values of “Siemens Flash,” “GE Revolution”, etc., each with their own effect on image
quality and dose), the maximum magnitude for each category is shown as a means of under-
standing broadly which factors have the greatest effect of image quality and dose. The most
impactful changeable parameter for noise (for both exam types) was the slice thickness followed
by reconstructed field-of-view (FOV); for resolution were the reconstructed FOV and the recon-
struction kernel selection; and for dose models were tube current (mAs) and tube voltage (kV).
Additionally, simple practical considerations like mis-centering of the patient in the scanner were
found to impact the quality and dose, which is consistent with the results of other studies.'®°
The impact of scanner technology on quality, which was previously observed for noise, is also
present for resolution and dose.® Each of these insights generates potential avenues for improve-
ment of consistency at and across facilities. Although the patients’ sex was found to have a
significant effect on noise, resolution, and dose for all abdomen models, and on noise and dose
for chest models, the magnitude of the estimates of the patient sex fixed effect was close to zero,
and thus the effect of patient sex may be disregarded.

Both of the rankings of features for noise and dose models for abdomen-pelvis and chest were
considerably similar. The Spearman correlation coefficient of the magnitude of the ¢-values for
abdomen-pelvis and chest models for noise and dose were 0.76 and 0.86, respectively, (for res-
olution, the corresponding value was 0.52) suggesting the ranking of the importance of fixed
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Fig. 4 A summary of the fit results of a mixed effects model B for abdomen-pelvis and chest
exams. This figure shows which fixed effects were most explanatory for resolution, noise, and
dose (with p < 0.05). Colors denote the magnitude of an effect (using log scale). Black cells denote
the effects that were not significant. For discrete features with sublevels, sublevel with largest
magnitude is shown.

Table 2 A ranked list in descending order of the fixed effects that were found to be significant
(p < 0.05) in mixed effects model B for abdomen-pelvis and chest exams. For discrete features
with sublevels, only the sublevel with largest t-value magnitude is shown. Features that appear
toward the top of the list are more impactful on the corresponding outcome.

Abdomen-pelvis Chest
Noise Resolution Dose Noise Resolution Dose
1 Slice thickness Scanner model  Eff. diameter  Slice thickness Kernel Eff. diameter
2 Patient sex Recon. FOV mAs Patient sex Recon. FOV mAs
3 AP. mis- AP. mis- kVp Recon. FOV AP. mis- kVp
centering centering centering
4 Recon. FOV Patient sex Scanner model AP. mis- Scanner model Scanner model
centering
5 mAs Kernel Bowtie filter Kernel Slice thickness Total collimation
6 kVp mAs AP. mis-centering kVp Pitch Recon. FOV
7 Lat. mis- kVp Recon. FOV Scanner model Eff. diameter Patient sex
centering
8 Eff. diameter Total collimation Total collimation  Eff. diameter Bowtie filter
9 Kernel Slice thickness Slice thickness mAs AP. mis-centering
10 Rotation time Kernel Rotation time Lat. mis-centering
11 Scanner model Rotation time Lat. mis-centering Pitch
12 Total collimation Patient sex Total collimation Kernel
13 Pitch Pitch
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effects for the abdomen-pelvis and chest models was similar in noise and dose. This similarity in
ranking makes sense as the same physics affects both noise and dose in both anatomical regions,
but allows for differences in the settings that facilities use to accommodate for necessary trade-
offs in imaging for the two anatomical regions. For resolution, concordance between the two
exam types was weaker, likely due to differences in the applied protocols for the two regions.
This lowered concordance may also be an artifact of a poorer fit of mixed effects model B for the
resolution data (fit information displayed in Appendix Table 4). Appendix Table 4 shows the
corresponding results for the random effects used to control variability in the models and shows
how four of the six instances of mixed effects model B presented excellent fits to the data. The
models fit for resolution outcomes had a weaker fit to the data, likely owing to missing values,
an issue that needs to be improved in the future.

This study had some limitations. In the process of measuring image quality and dose over
such a wide population of facilities and scans, some intentional simplifications to the quanti-
fication and methodology were necessary. The metrics of image quality used in this study were
task-generic metrics. Although task-generic methods of measuring image quality are appropriate
for quantifying the perceptual properties of the image, the ideal measure of quality would be to
use a clinically relevant task-specific measure (e.g., detectability index), which is strongly cor-
related with task performance (e.g., lesion detection’'~>®). Using a task-specific measure of
image quality would allow for a specific investigation of how noise and resolution combine
to influence perception and thus diagnosis, which is the ultimate goal. For example, using only
task-generic image quality metrics, it may not be clear which of the panels in Fig. 1 shows the
optimal trade-off between the resolution and noise for perception of a specified task. High res-
olution, for example, may not always be deemed optimal, as enhanced sharpness of the pathol-
ogy of interest may be counter-balanced with enhanced features of or artifacts in the underlaying
background that hinder the interpretation of the pathology. This points out the need for task-
based evaluation and optimization. Other studies have made important strides to investigate
interfacility variability via task-based image quality but were limited to the use of phantom
images in their analysis.”* As a result of this limitation, phantom-based studies are necessarily
limited by the number of different types of “patients” the phantoms can represent. This study
used measures of image quality, which were derived entirely from patient images and thus
patient-specific. Though task-generic themselves, noise and resolution of fs, are relevant mea-
sures of image quality and contributors to task-based image performance.

One of the results of this study is a report of the magnitude of variability of scan quality and
dose at and across facilities. To do so, we sampled the image quality and dose for 97 different
facilities that represented a wide range of facility types and sizes. However, this may still not be a
perfectly random sampling of facilities. All facilities considered in this study were clients of the
Imalogix dose monitoring system. One might say that these facilities may be preferentially more
attuned to the quality and doses that they deliver to their patients, and that the interfacility sta-
tistics reported here may not be representative of the wider population of imaging facilities. Thus
we suggest that these statistics may be a lower bound on the variability across facilities. Some of
the variability in image quality and dose between patients may be conscious and intentional, even
necessary, as a result of differences in clinical information or pathology of interest. However,
many such differences are not governed by conscious choices. Further, there remain significant
differences between facilities. This study makes an effort to control for certain aspects of the
imaging process that may contribute to this variability, thus providing an outcome-based guid-
ance to improve the consistency of CT images. The list of the controlling factors, however, was
not exhaustive. For example, some aspects of CT equipment technology, such as the use of iter-
ative reconstruction or tube current modulation, were not specifically accounted for. Further
studies can increase the number and scope of features and generalizability of the estimation
across the national profile.

5 Conclusions

The consistency in image quality and dose and key metrics in radiology practice are reported for
97 facilities. There are considerable differences reported in both the magnitude and consistency
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of image quality and dose at and across facilities. The results can be used on a basis to form peer-
based criteria for acceptable levels of consistency based on best practices. A ranked list of
changeable parameters that affect noise, resolution, and dose for abdomen-pelvis and chest
exams is reported. This list can be considered as a first step toward improving consistency
in clinical imaging.

6 Appendix: Materials

Table 3 shows the breakdown of which protocol sub-types were included in the study.
Table 4 gives the list of predictors used in Mixed Effects Model B and their origins.

Table 3 The frequency of different protocols within the abdomen-pelvis
and chest protocol types included in the study. Each of the protocols at
each facility was matched to a corresponding RadLex protocol where
possible, or to a more specific subprotocol named in the style of the
RadLex Playbook.'

Protocols subtype Frequency Percent

Abdomen-pelvis

Abd pelvis 9338 17.46
Abd pelvis adrl W IVCon 2 0.00
Abd pelvis appx 142 0.27
Abd pelvis appx W IVCon 1 0.00
Abd pelvis colongrphy 129 0.24
Abd pelvis entero 144 0.27
Abd pelvis entero multiph 33 0.06
Abd pelvis entero W IVCon 51 0.10
Abd pelvis kidney calc 9878 18.47
Abd pelvis kidney calc WO IVCon 127 0.24
Abd pelvis kidney cancer 16 0.03
Abd pelvis kidney cancer W IVCon 4 0.01
Abd pelvis kidney WO and W IVCon 4 0.01
Abd pelvis lo dose kidney calc 107 0.20
Abd pelvis multiph 254 0.47
Abd pelvis multiph liver 423 0.79
Abd pelvis multiph panc 85 0.16
Abd pelvis multiph WO and W IVCon 1 0.00
Abd pelvis uro 3604 6.74
Abd pelvis uro multiph 45 0.08
Abd pelvis uro W IVCon 240 0.45
Abd pelvis uro WO and W IVCon 56 0.10
Abd pelvis W IVCon 20,206 37.77
Abd pelvis WO and W IVCon 1644 3.07
Abd pelvis WO 1VCon 6958 13.01

Journal of Medical Imaging 052105-11 Sep/Oct 2021 « Vol. 8(5)



Smith et al.: Variability in image quality and radiation dose within and across 97 medical facilities

Table 3 (Continued).

Protocols subtype Frequency Percent
Chest

Chst 7781 22.79
Chst 3D image airway 35 0.10
Chst airway 22 0.06
Chst heart 9 0.03
Chst heart calc score 22 0.06
Chst heart W IVCon 1 0.00
Chst hi res 1518 4.45
Chst hi res WO IVCon 21 0.06
Chst liver multiph 27 0.08
Chst lo dose 57 0.17
Chst lo dose Itd nodule 1 0.00
Chst lo dose screen 2010 5.89
Chst lo dose WO IVCon 274 0.80
Chst Itd nodule WO 1VCon 105 0.31
Chst pulm arts embo 1669 4.89
Chst pulm arts embo lo dose 1034 3.03
Chst pulm arts embo lo dose W IVCon 5 0.01
Chst pulm arts embo W IVCon 5768 16.90
Chst pulm arts lo dose WO 1VCon 3 0.01
Chst pulm vns 58 0.17
Chst pulm vns W IVCon 2 0.01
Chst research 8 0.02
Chst super dim 878 2.57
Chst super dim W 1VCon 18 0.05
Chst W IVCon 2814 8.24
Chst WO and W IVCon 19 0.06
Chst WO IVCon 9951 29.15
RT plan breast 26 0.08
Stith chst 1 0.00
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Table 4 A list of the predictors used in mixed effects model B and their origins.

Variable Description Source
Categorical predictors
T-shirt size Estimated t-shirt size of the patient Calculated

Scanner model
Patient sex
Scan protocol
Kernel

Bowtie filter

Intercept (facility)

Model of scanner

Gender

Matched protocol of the series
Reconstruction kernel

Bowtie filter type

Facility that performed the exam

DICOM header
DICOM header
Calculated
DICOM header
DICOM header

Assigned

Continuous predictors

kVp

Reconstruction diameter
Slice thickness

mAs

CTDI*

DLP

Effective size
Effective dose

Rotation time

Max slice thickness

Total collimation width

Pitch
SSDE
Lateral mis-centering

AP mis-centering

Kilo-voltage potential of the x-ray tube
Diameter of the reconstructed image
Thickness of reconstructed slice

Average milli-ampere seconds of the x-ray tube

Radiation output of x-ray tube (*included
only in “noise” and “resolution” models)

Dose-by-scan-length product

Effective size of the patient
Effective dose to the patient

Amount of time of a single revolution
of the CT gantry

Max thickness of reconstructed
slice in acquisition

The width of the total beam collimation
(in mm) over the area of active x-ray detection

Pitch of the CT scan
Size-specific dose estimate

Offset from isocenter in lateral direction

Offset from isocenter in anterior-posterior direction

DICOM header
DICOM header
DICOM header
DICOM header
DICOM Structured
Dose Report, or optical
recognition of the
Dose Report Screen
DICOM Structured
Dose Report, or optical
recognition of the
Dose Report Screen
Calculated

Calculated

DICOM header

DICOM header

DICOM header

DICOM header
Calculated
Calculated

Calculated

Figure 5 contains the fit result information for random effects in Mixed Effects Model B.
Table A details how much variance is explained by each random effect. Table B shows the

number of facilities with a significant p-value for the random effect.
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A: Random effect explained variance
Abdomen-pelvis Chest
Noise Noise
Covariates Estimate Perce‘r;:?ientc): et Covariates Estimate Perce\r;;:igaen:: et
Facility ID 0.71 36.98% Facility ID 0.08411 15.53%
Rotation time 0.1 5.20% Rotation time 0.3093 57.12%
Pitch 1.047 54.54% Pitch 0.05589 10.32%
Kernel 0.046 2.38% Kernel 0.06079 11.23%
Residual 0.017 0.89% Residual 0.03143 5.80%
Dose Dose
e Estimate Percenta.ge of total e Estimate Percenta.ge of total
variance variance
Facility ID 0.359 42.00% Facility ID 0.4083 45.37%
Rotation time 0.03 3.55% Rotation time 0.2606 28.95%
Pitch 0.461 53.89% Pitch 0.2238 24.87%
Residual 0.005 0.55% Residual 0.007325 0.81%
Resolution Resolution
Covariates Estimate Percenta.ge of Total i Estimate Percenta.ge of Total
Variance Variance
Facility ID 0.0002 2.09% Kernel 0.005392 30.80%
Kernel 0.001 17.21% Rotation time 0.00591 33.75%
Residual 0.006 80.70% Residual 0.006207 35.45%
B: Random effect significance
Abdomen-pelvis Chest
Random effects Random effects
Significant in N facilities Significant in N facilities
Feature Noise Resolution Dose Feature Noise Resolution Dose
Intercept 5 8 Intercept 5 15
Rotation time 14 17 Rotation time 22 5 16
Pitch 9 9 Pitch 8 13
Kernel 14 Kernel 2 9

Fig. 5 Random effects from mixed effects model B indicating the contribution of leading protocol
factors to the total variability in noise/resolution/dose between scans. Random effects with greater
contribution are denoted by a darker green. The residual terms account for the fixed effects as well
as the estimation error of the models. Table A details how much variance is explained by each
random effect. Table B shows the number of facilities with a significant p-value for the indicated
protocol factor. A darker green denotes which effects were more commonly significant at facilities.
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