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ARTICLE INFO ABSTRACT

Keywords: Purpose: To develop and characterize individualized dose and quality measures at organ level compared to their
Computed tomography generic counterparts across a clinical CT dataset.

organ dose

Materials and methods: The study included 9801 chest-abdomen-pelvis and abdomen-pelvis CT exams (7,763
patients, mean age, 56 + 17 years; 4113 women) representing 20 unique protocols. For each exam, patient-
specific organ dose of all radiosensitive organs was estimated using a validated method by generating person-
alized computational phantoms and Monte Carlo simulations. Effective dose (Eop) was calculated by weighted
sum of the organ doses. Liver dose, ODj;,,, noise in the liver, Ny, and observer model detectability, d’, were
assessed within the liver as examples of individualized, organ-based image assessment measurements. The organ-
based measurements (ODjyer, Eop, and Njy,r) were compared to their generic counterparts: ssize-specific ddose
estimates (SSDE), effective dose based on dose length product (Ep.p), and whole-body noise (Ngopa), respectively.
Results: Generic dose values were substantially higher than individualized estimates for SSDE vs. ODj;,, (median
of all exams: 51.2 %, p < 0.001) and Ep;p vs. EDop (median: 41.0 %, p < 0.001). Ngepq Was generally lower than

Quality control
computational phantom
Monte Carlo

Niyer (median: —7.2 %, p < 0.001). The correlation relationships of Eop and d’ were substantially varied (R?
range: 0-0.5) for different patient sizes and scan parameters.

Conclusions: Demonstrated across a population of exams, individualized organ-based measurements of dose and
quality are feasible. Generic measures cannot fully represent individualized organ-based values. The correlation
relationships between individualized dose and image quality values varies for different vendors and protocols,
implying imaging optimization is best when done semi-independently for each factor using individualized

measurements.
1. Introduction radiation doses vary substantially for a given exam type due to the dif-
ferences in patient attributes and scan settings [2]. As medicine is ulti-
While computed tomography (CT) continue to provide an undis- mately about patient care, accurate and patient-centered assessment of
puted clinical value [1], in practice, CT image quality and associated radiation dose and image quality can provide more relevant reflection of
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this variability to improve consistency and to ensure sufficient image
quality at appropriate radiation dose [3-5]. Such individualized data
can further help to evaluate the relationships between radiation dose,
image quality, patient attributes, and scan parameters in vivo; and to
inform the design and optimization of the technology in view of its
clinical output.

In clinical practice, patient radiation dose is often represented by
surrogates such as size-specific dose estimates (SSDE), which incorpo-
rate the volume CT dose index (CTDIy,) with patient-size adjustment
[6-8]. Further, effective dose based on the dose length product (Epp),
though originally defined for reference dose estimation, is commonly
used to reflect the overall exposure of a given scan [3; 7; 9]. However,
both SSDE and Ep;p quantify dose from idealized models, instead of
accounting for individual patient anatomies with unique geometries and
organ-specific radiation sensitivities [10]. Moreover, these metrics do
not reflect dose dependencies to personalized dose reduction techniques
such as tube current modulation, which are routinely used in modern
clinical practice [11]. In contrast, patient-specific organ dose and organ
dose-based effective dose (Eop), calculated as the weighted sum of organ
dose, offer more clinically relevant metrics to quantify patient radiation
burden [4,12]. Organ doses can be precisely estimated using patient-
specific computational models and exam-specific radiation field. How-
ever, achieving accurate dose modeling in clinical settings remains
challenging due to variability in patient anatomy, scanners, and pro-
tocols [10].

More important than radiation dose, image quality is vital for im-
aging justification and optimization as it represents the effectiveness of
an image to provide for a diagnostic task [13]. Clinical image quality is
often assessed either qualitatively or via a multi-observer study [14].
These approaches are either too subjective, or infeasible for practical
clinical optimization. Alternative in vivo measures on patient images
have recently been demonstrated feasible [15]. As diagnostic tasks
typically take place at the organ level, such measures are most relevant
at the organ level.

The purpose of this study was to estimate patient-specific organ dose
and image quality automatically across a population of chest-abdomin-
pelvis (CAP) and abdomen-pelvis (AP) CT studies with different scan
parameters. The data were used to assess inherent variabilities and
assess differing conclusions that may be drawn from such individual-
ized, organ-based measures in contrast to those from generic measure-
ments of radiation dose and image quality.

2. Materials and methods

This retrospective, HIPAA compliant study had been approved by the
Institutional Review Board with waived informed consent.

2.1. CT scan protocols and series selection

A total of 9,801 CT exams from 7763 patients (mean age, 56 + 17
years; 4,113 women) from March 24, 2015 to Dec 30th, 2017 were
randomly selected out of 10,625 exams based on sufficient image vol-
ume and completeness of scan parameter information. The data were
from five scanner models (SOMATOM Definition Flash and SOMATOM
Force of Siemens Healthineers, Erlangen Germany; and LightSpeed VCT,
Discovery CT750 HD, and Revolution CT of GE Healthcare, Waukesha,
WI). For each exam, one primary axial series with slice thickness closest
to 3 mm was selected to reflect diagnostic preference at our institution.
Exams were grouped so that each group used a unique combination of
scan settings of scanner model, bowtie filtration, beam collimation,
pitch, kV, reconstruction algorithm, and slice thickness resulting in 20
different condition groups (Table 1). All exams were contrast enhanced
scans.
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Table 1
Summary of scan parameters and patient age and gender.

Manufact LightSpeed VCT,
Discovery CT750 HD,

Revolution CT

SOMATOM Definition Flash,
SOMATOM Force

Filter type Body Filter Wedge3, Wedge3/Sn, Flat
Collimation (mm) 40 38.4

Pitch 0.992 1.375 0.8

KVP 120, 140 90, 100, 110, 120, 140, 100/

140

Reconstruction FBP Standard, FBP SAFIRE-2 131f, ADMIRE-2
algorithm Detail Br40d

Slice thickness (mm) 2.5,5 3,5

CTDIvol (mGy) 12.0+5.9

DLP (mGy-cm) 654.0 + 330.3

Patient Age (mean + 55 +18 57 £17

SD)

Number of patients 4047 (2217 women) 4481 (2310 women)

Note — Twenty different sets of scan parameters were evaluated in this study.
Some patients were scanned by multiple exams both from vendor A and vendor
B.

2.2. Image assessment

The CT studies were assessed by individualized organ dose, Eqp,
noise, and d’ (detailed below). The flowchart for individualized organ-
based assessment is shown in Fig. 1.

2.3. Patient-specific organ dose

For each CT exam, patient-specific computational phantoms (virtual
patient) were generated adapting a previously-developed framework
[16]. Specifically, based on CT images, relatively distinguishable organs
and structures were segmented using a Unet-based multi-organ seg-
mentation model [17]. The segmented anatomies were used as an initial
target for other unsegmented radiosensitive organs to be filled-in
deformably from an anatomical template from a library of adult XCAT
phantoms matched according to sex, height, and effective diameter. A
diffeomorphic transformation was calculated between the XCAT and the
initial patient target [18]. The resulting diffeomorphic field applied to
the template filled in unsegmented radiosensitive organs resulting in a
complete model of the patient.

The organ dose was estimated using a validated Monte Carlo pro-
gram [19]. The program explicitly modeled the exam-specific scanner
geometry, bowtie filtration, spectrum, and scan protocols including
beam collimation and pitch. The angular tube current was synthesized
using a scanner-specific technique [20]. In detail, patient attenuation
was estimated using the CT images for anterior-posterior and lateral
projections, which were used to interpolate a normalized tube current
for all projection angles. Finally, the tube current values were calibrated
to match the DICOM header value ‘XrayTubeCurrent’ in each slice. The
combined use of the patient-specific phantom (i.e., generated by seg-
mentation and diffeomorphic deformation) and the matched whole-
body template enabled estimating doses to organs both within and
outside the scan field of view. Based on the patient-specific organ doses,
the Eop was calculated as the weighted sum of the organ dose using
tissue weighting coefficients from the ICRP Publication 103 [21]. As a
comparison, Ep;p was calculated as the product of DLP and conversion
coefficients (k = 0.015) according to ICRP Publication 102 [9].

2.4. In vivo organ-based image quality assessment

In this study, organ-based image quality was focused on the liver, one
of the most common diagnostic targets in abdominal CT. For each exam,
the liver region was automatically segmented from CT images using our
organ segmentation model [22]. Noise was estimated for both the entire
CT volume (Ngopq) and within the liver region (Nyy,) using a validated
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Fig. 1. Flowchart of individualized organ-based radiation dose and in vivo image quality assessment.

algorithm [23]. Specifically, the CT images were thresholded to remove
high contrast features. Then standard deviation filters were applied, and
the mode of the standard deviation value was used as the image noise.
The liver detectability index (d’) was estimated using a non-pre-
whitening observer model for a reference task of detecting a lesion
with a 15 Hounsfield unit (HU) contrast and 5 mm diameter as a func-
tion of the noise power spectrum (NPS), modulation transfer function
(MTF), and detection task [15]. NPS for d’ calculation was estimated
from patient CT images using a previously validated approach [15].
First, patient-specific noise magnitude was calculated using the same
method as for Nliver and Nglobal .Scan-specific NPS shapes were
selected from a library of prior measurements acquired using a Mercury
phantom (Duke University), matched to each scan based on scan pa-
rameters [24]. The NPS was then calculated by scaling the selected NPS
shape with the variance of the measured noise. The MTF was calculated
based on the edge spread function from patient image air-skin bound-
aries [25].

2.5. Data analysis

The individualized organ-based measurements for CT exams across
different scan settings were compared with their generic counterparts:
liver dose versus SSDE, Eop versus Eprp, and Ny, versus Nggpq via 1)
linear regression resulting in R?, slope, intercept, and root mean square
error of the fit (NRMSE), 2) percentage difference at median, 25th
percentile (Q1), and 75th percentile (Q3), and 3) a paired t-test.

2.6. Clinical applications

To evaluate the utility of the metrology for clinical application, the
organ-based metrics were applied to three common clinical scenarios.
The first scenario was to determine diagnostic reference levels and
variabilities of radiation dose. The median and interquartile (Q1-Q3)
were estimated for liver dose, SSDE, Ep;p, and Epp for patients with
different ranges of water equivalent diameter (WED)[7]. The WED
ranges (21-24.9 cm, 25-28.9 cm, 29-32.9 cm, 33-36.9 cm, 37-40.9 cm)
were adopted from previous studies [26]. The second scenario was to
identify outlier exams with large radiation dose and noise above 99th
percentile thresholds. In the third scenario, the range of values and the
relationships between Egp and d’, reflecting the overall radiation risk
and diagnostic performance of a diagnostic task, were estimated for
patients with different WED ranges to determine the relationships be-
tween dose, image quality, and patient sizes across different scan

settings. The median and 75th percentile of d’ and Eop were estimated
across all exams, exams group by the scan parameters, and exams
further grouped by WED ranges. Note that d’ was estimated for both CAP
and AP protocols together; while Egp was estimated separately, as the
latter can be affected by the scan coverage alone. Additionally, analysis
of variance (ANOVA) was performed among exams with different WED
ranges within the same scan setting group.

3. Results
3.1. Comparison of organ-based and non-organ-based dose measurements

In terms of dose, the generic, non-organ-based metrics were higher
compared to the individualized, organ-based metrics (Fig. 2a and 2b).
The SSDE were larger than ODy, by a median of 51.2 % (Q1-Q3:
32.7-70.75 %, p < 0.001) estimated across all exams; the median values
for each exam group ranged from 14.9-82.8 % (p < 0.001 for all groups).
The higher values were also observed in the SSDE vs. ODy;,, linear fits
with positive intercept for all 20 groups (median 1.1 mGy; range
5.2-13.4 mGy). The group-wise R? showed a median of 0.65 (range
0.2-0.8); the slopes showed a median of 1 (range 0.6-1.3); the NRMSE
showed a median of 1.8 mGy (1.2-3 mGy). Likewise, Ep;p was higher
than Egp (p < 0.001) for all exams except for a few cases with relatively
low dose values. The median percentage differences between Eppp vs.
Eop was 41 % (Q1-Q3 21.2-65.6 %) across all exams and ranged from
19.8 % to 107.9 % across all groups (p < 0.001 for all groups). The Eprp
vs. Eop linear fits in each group showed a median R? of 0.60 (range
0.38-0.89), a slope of 1.5 (range 1.1-2.0), intercept of —0.1 mSv (range
—3.2-8.4 mSv), and NRMSE of 1.8 mSv (range 0.88-4.5 mSv).

3.2. Comparison of organ-based and non-organ-based noise assessment

The Ngopa Was found to be mostly lower than Ny, by median per-
centage differences of —7.2 % (Q1-Q3 —16.5-1.1 %) for all exams and
ranged from —1% to —17.4 % across all 20 groups (p < 0.001 for all
groups, Fig. 2c). The linear fits of Ngopq VS. Njer showed slopes < 1 for
all groups. The linear fits varied for different groups with an R? range of
0-0.8, slopes range of 0-0.9, intercept range of —0.9-12.5 HU, and the
NRMSE range of 0.9-2 HU.

3.3. Clinical applications

The diagnostic reference levels and variabilities were significantly
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Fig. 2. Linear regression plots of non-organ-based vs. organ-based metrics in terms of size specific dose estimate vs. liver dose (a), in terms of effective dose based on dose
length product (Epip) vs. effective dose based on organ dose (Eop) (b), and in terms of global noise vs. liver noise (c). Each subplot shows exams with scan parameters VA
T1 to VB T10 (VA or VB represent vendors; T represents techniques). Each data point is one exam measurement plotted with a linear regression line (solid orange

line) and identical line (black dashed line).

different between organ-based and non-organ-based radiation dose es-
timates (Fig. 3). Further, the exam outliers with either high value for
dose or noise were not identical using organ-based and non-organ-based
measurements. When both organ-based and non-organ based metrics
were used, the number of outlier exams in terms of liver dose, effective
dose, and noise were 150, 151, and 167, respectively, but a third of those
(namely 52, 52, and 69, respectively) were not identified as outlier if
only non-organ-based metrics were used.

The median and 75th percentile of Egp and d’ for each sized-group,
protocol-group, and across all exams are shown in Table 2. Fig. 4a and
4b show scatter plots of Egp vs. d along with their histograms for
different patient sizes and scan parameters for CAP and AP scans,
respectively. In general, Eop and & value-range and their relationships
for different WED ranges substantially varied for different CT vendors.
For example, with increasing WEDs, Eop moderately increased for
vendor A but largely remained unchanged for vendor B; d’ increased for
vendor A but slightly decreased for vendor B. A few cases with relatively
small or large WED from vendor A showed an opposite trend. With
increasing Eop, d moderately increased for vendor A (R? range 0-0.5)
but maintained or slightly decreased for vendor B (R? range: 0-0.2).
Overall, the relationships between Eop, d’, and WED substantially varied
for different scan settings.

4. Discussion

The expanding usage of CT necessitates clinical safety and quality
assessment in a relevant, informative, and patient-centric manner.
Despite the recent development of patient-based and task-based proto-
col optimization techniques, the assessment of such tasks still relies
exclusively on scanner output-based and phantom- or global-based
indices (i.e., CTDIy,], global noise, etc.). These indices are powerful
but clearly the radiation dose and image quality measures can be more
individualized at the organ level where imaging tasks commonly take
place. In this study, we assessed images with scan-specific, patient-
specific, and organ-based dose and image quality measurements for a
population of exams across 20 scan techniques. The data were compared
with their non-organ-based counterparts to assess their value and utility.

The study demonstrated that the generic dose and quality measures
cannot fully represent their reflection at the level of an individual values
(p < 0.001); these measures are most meaningfully characterized in vivo
at individual organ levels and optimized as semi-independents attributes
of the exam. Specifically, Ep.p was higher than Eop by as much as 109 %
(0.95 quantile), consistent with previous studies [27,28]. Furthermore,
SSDE was higher than liver dose by as large as 103.9 % (0.95 quantile),
consistent with a recent study [8]. Moreover, global noise was lower
compared to liver noise. This is expected as global noise is dominated by
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fat or muscle regions that have a different noise profile. Overall, the
differences indicate that more specific surrogates of radiation dose and
image quality are needed to better represent the individualized, organ-
based radiation burden and diagnostic qualities.

The patient dose (Egp) and image quality (d) value ranges varied
significantly for different patient sizes and scan settings (p < 0.001).
Although ideally, clinical exams show consistent quality across different
patient anatomies, our results (Fig. 3) instead show substantial varia-
tions due to different interplay of differing scanners and patients. The
presented methodology offers unique patient-specific data to precisely
characterize clinical images and to inform protocol design targeting
consistent and optimum clinical practice.

Generic image assessment measures as opposed to individualized one
can lead to differing conclusions about a practice. For example, the
variability in radiation dose was assessed to be 10.8-29.6 mSv (5th-95th
percentile) when done based on EDp;p for large-sized (WED: 37-40.9
cm) patients compared to 4.8-15.3 mSv based on EDgp. Likewise, the
radiation dose versus image quality showed differing results for generic
vs. individualized data. Generic data, usually based on uniform phan-
toms resulting in unrepresentatively consistent CT radiation and
reconstruction output, showed strong correlation between dose and
image quality [29]. However, a patient triggers modulated radiation
output, and adaptive reconstruction algorithms, which further interact
with heterogeneous anatomies effecting the individualized measures. As
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such, the correlation between individualized organ-based dose and
image quality was found to be dependent on the vendors and protocols.
As observed, patients with equal dose showed a wide range of possible
image quality values and vice versa. This implies image quality cannot
be strongly predicted with increasing or decreasing dose as often
assumed. These implies that targeting acceptable ranges of image
quality may best be done in a semi-independent and individualized
manner using patient-specific measurements.

We did not include a targeted assessment of errors of the measurands
themselves. An earlier study [30] notes that such uncertainties are
notably small. These variations are mainly originated from individual
components adapted in this study. Specifically, for segmentation, across
the 50 XCAT phantoms, the liver dose and effective dose showed dif-
ferences of 1.4 + 1.2 % and 2.7 £ 0.5 % compared to those using
phantoms generated by the iPhantom framework and manual reference
approaches [16]. The noise assessment showed discrepancies of 4.7 %
compared to observer measurements, lower than reported multi-
observer variabilities [23]. The patient-specific d’ showed RMSE of
2.7 % and 2.3 % for images reconstructed using filtered back projection
and iterative reconstruction, respectively.

The correlation coefficients of liver d’ and Eop were calculated to
reflect the relationship between the performance of a typical diagnostic
task and overall radiation risk. As an additional comparison, the corre-
lation relationship between d’ and liver dose was calculated. Compared
to R? between d’ and Eqp, R? between d’ and liver dose was about 0.1
higher for scans from Vendor A and similar for scans from Vencor B for
most of the protocols, with similar trends. The results indicate that the
relationship between dose and image quality varies for different vendors
and protocols.

This study has certain limitations. First, the study only included two
vendors, one institution, and an adult population. The same methodol-
ogy can be applied to other vendors, institutions, or pediatric cohort.
Second, the assessment involved automated organ segmentation. The
feasibility and generalizability of segmentation models were investi-
gated in a previous study [22]. Organ dose and image quality reflect
mean or median values within a voxelized organ volume; thus, auto-
mation proved sufficient in this study. Third, we demonstrated patient
safety and quality assessment with limited metrics. However, the as-
sessments are portable to other customized metrics such as patient risk
or other diagnostic tasks in other organs. Forth, d’ was calculated using
an identical 15 HU lesion and a consistent contrast enhancement among
all patients. Further study may consider the differences of patient
contrast enhancement in determining image quality. Fifth, recent
studies have shown that the presence of iodine contrast agents may in-
crease dose to organ volumes. The findings by Mazloumi et al. reported
that accounting for iodine in dose assessments in abdominal CT scans
resulted in a 20-40 % increase in absorbed dose to key organs within the
scan coverage [31]. In our work, organ dose was defined as the absorbed
dose by tissue within each organ, excluding contributions from contrast
agents. While this approach may underestimate the total energy
deposited in contrast-enhanced scans, it reflects the biologically relevant
dose to native tissue. Future studies may need to incorporate iodine
contrast into dose calculations. Sixth, in this study, NPS was calculated
using previous measured shapes derived from a homogeneous phantom
and scaled by patient-specific noise estimated from patient CT images.
Future work could explore alternative methods, such as using subtrac-
tion method, to estimate NPS directly from patient images. Seventh, this
study focused only on individualized dose and image quality assessment.
Further study is warranted to apply the methodology and data for
optimization of CT devices, procedures, and protocols.

In summary, patient-specific organ-based dose and image quality
were assessed in nearly 10,000 clinical CT cases using automated ap-
proaches. The results demonstrate the clinical feasibility of the patient-
specific organ-based approach and show that non-organ-based metrics
cannot fully represent individualized metrics of quality and safety.
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Table 2
Median and 75th percentile of effective dose based on organ dose (Eop) for chest-abdomin-pelvis exams (a) and Eop for abdomen-pelvis exams (b) and in vivo model
observer detectability (d) for both chest-abdomen-pelvis and abdomen-pelvis exams (c).

(a) E_OD for chest-abdomin-pelvis

21-24.9 cm 25-28.9 cm 29-32.9 cm 33-36.9 cm 37-40.9 cm All sizes

Exam group 50th 75th 50th 75th 50th 75th 50th 75th 50th 75th P Value 50th 75th
VAT1 6.4 6.4 9.7 11.9 13.2 14.4 12.8 14 10.5 11 <0.001 12.3 13.8
VA T2 4.9 5.9 6.5 8.3 9.8 11.6 11.6 12.3 12.2 12.2 <0.001 9.3 11.6
VA T3 16 17.9 13.8 14.4 0.4 14.9 16.3
VA T4 14.4 15.4 16 16.4 0.8 15.2 16.4
VAT5 6 6.1 6.5 7.3 8.8 10 121 13.1 12.6 16.5 <0.001 9 11.5
VA T6 6 6.1 6.6 7.1 9 10.4 12.4 13.7 13.3 14.4 <0.001 9.5 11.6
VA T7 5.6 5.9 5.7 6.1 7.4 8.4 10.1 10.9 12.4 14.4 <0.001 7.3 9.2
VA T8 12.8 14.5 13.8 16.2 0.2 13.4 15.2
VAT9 3.9 4 5 5.5 6.9 7.9 9.2 10.8 12 12.3 <0.001 6.9 8.5
VA T10 3.3 3.5 5.1 5.4 7 7.9 8.8 9.7 7.2 8 <0.001 7 8.3
VB T1 3.9 4.1 4.6 5.2 5.2 5.8 5.7 6.3 6 6.6 <0.001 5.1 5.8
VB T2

VB T3

VB T4 6.5 7.1 8 9 8.1 10.8 8.3 8.9 <0.001 8.1 9.6
VB T5 5.3 5.6 5.9 6.4 6.4 6.9 6.9 7.5 7.5 8.2 <0.001 6.4 6.9
VB T6 9.8 11 10.3 11.3 10.6 15.8 10.9 12 0.6 10.8 12.2
VB T7 9.6 9.6 10.1 11.1 11 11.7 0.2 10.7 11.4
VB T8 5 5.4 5.2 6 5.9 6.9 <0.001 5.6 6.4
VB T9 5.9 6 6.4 6.8 6.9 7.8 7.2 8 7.6 7.6 <0.001 6.8 7.7
VB T10 7 7 7.7 8.3 7.6 8 0.3 7.6 8.1
All 5.3 5.8 5.7 6.5 6.7 8.3 8.3 11.5 11.1 13 <0.001 6.6 8.6

b. E_OD for abdomen-pelvis exams

21-24.9 cm 25-28.9 cm 29-32.9 cm 33-36.9 cm 37-40.9 cm All sizes
Exam group 50th 75th 50th 75th 50th 75th 50th 75th 50th 75th P Value 50th 75th
VAT1 4.1 4.3 5.9 6.7 8.6 9.5 9.3 10.1 7.6 8.4 <0.001 8.1 9.3
VA T2 2.7 2.9 4.4 5.1 6.7 7.5 8.4 9.2 8.2 10.2 <0.001 6.3 7.9
VA T3 10.5 10.5 12.2 13.4 10.8 12.2 <0.001 11 13.1
VA T4 8.6 9.3 11.5 11.8 11.1 12.5 0.2 10.9 119
VA T5 3.7 4.1 4.1 4.9 6.5 7.5 9 10.1 9.8 11.2 <0.001 6.5 8.4
VA T6 4 4.5 4.2 4.5 6.5 8 9.1 10.3 9 10.9 <0.001 7.3 9
VA T7 3.6 4 3.6 4 5.1 5.9 7.8 8.8 8.7 9 <0.001 5 7
VA T8 9.4 10.7 10.5 12.5 0.2 10.1 11.1
VA T9 2.9 3.1 2.8 2.9 4 4.8 6 6.8 7.5 7.5 <0.001 4.2 5.4
VA T10 2.1 2.1 3 3.6 4.5 5.4 6.3 7.1 6.3 6.3 <0.001 4.3 5.7
VB T1 2.5 2.6 3.2 3.6 3.7 4.2 4.4 5 4.7 5.5 <0.001 3.7 4.4
VB T2 3.4 3.7 4.1 4.6 4.6 5.1 5 5.7 <0.001 4.4 5.1
VB T3 3.7 4.1 4.3 4.7 4.8 5.5 5.3 5.8 5.5 5.6 <0.001 4.7 5.4
VB T4 4.9 5 5.2 5.4 6.9 7.7 6.6 7.1 <0.001 6.5 7.4
VB T5 3.8 3.9 4.2 4.6 4.8 5.3 5.5 6 5.9 6.5 <0.001 4.7 5.4
VB T6 8.7 9.5 8.5 10 0.8 8.6 9.9
VB T7 9.7 9.7 8.3 8.7 8.6 10.4 0.2 8.4 9.4
VB T8 3 3.2 3.7 4 3.9 4.3 4.2 4.3 <0.001 3.7 4.2
VB T9 4.1 4.1 4.7 5.3 5.2 5.5 5.8 6.2 5.4 5.7 0.1 5.1 5.7
VB T10 4.5 4.5 5.9 6.5 5.7 7 6.5 6.9 0.6 5.9 6.9
All 3.5 4 4.3 5 5.4 7.1 7.3 9.1 7.9 10.4 <0.001 5.4 7.5
(c) d for all exams

21-24.9 cm 25-28.9 cm 29-32.9 cm 33-36.9 cm 37-40.9 cm All sizes
Exam group 50th 75th 50th 75th 50th 75th 50th 75th 50th 75th P Value 50th 75th
VATI1 1.2 1.2 1.2 1.3 1.3 1.3 1.2 1.3 1.1 1.2 <0.001 1.2 1.3
VA T2 1.4 1.5 1.4 1.5 1.5 1.6 1.6 1.7 1.6 1.8 <0.001 1.5 1.6
VA T3 1.5 1.5 1.4 1.5 1.3 1.4 0.001 1.3 1.5
VA T4 1.6 1.6 1.9 2.1 1.9 2.1 0.144 1.9 2
VA TS 1.9 2.1 1.6 1.7 1.7 1.9 2 2.2 2 2.1 <0.001 1.8 2
VA T6 2.5 2.7 2.4 2.8 2.9 3.2 3.4 3.6 3.3 3.5 <0.001 3 3.4
VA T7 2.3 2.5 2 2.1 2 2.2 2.4 2.6 2.6 2.9 <0.001 2.1 2.4
VA T8 2.2 2.3 2.3 2.4 0.369 2.2 2.3
VA T9 2.1 2.1 2.1 2.2 2.4 2.7 2.6 2.7 2.5 2.5 <0.001 2.4 2.6
VA T10 2.7 2.8 3.1 3.3 3.3 3.5 3.3 3.5 3 3 <0.001 3.2 3.4
VB T1 1.6 1.7 1.4 1.6 1.3 1.4 1.2 1.3 1.1 1.2 <0.001 1.3 1.5
VB T2 1.7 2 1.6 1.7 1.6 1.7 1.4 1.4 <0.001 1.6 1.7
VB T3 2.4 2.6 2.1 2.3 2 2.2 1.8 1.9 1.5 1.6 <0.001 1.9 2.2
VB T4 1.7 1.8 1.6 1.7 1.4 1.5 1.3 1.5 <0.001 1.4 1.6
VB T5 2.1 2.4 1.9 2.1 1.8 1.9 1.6 1.7 1.3 1.5 <0.001 1.7 2
VB T6 2.1 2.1 1.9 1.9 1.6 1.8 1.4 1.6 <0.001 1.5 1.7
VB T7 2 2 1.9 2 1.7 1.9 0.318 1.7 2
VB T8 1.3 1.4 1.2 1.4 1.2 1.3 1.3 1.4 0.54 1.2 1.4

(continued on next page)
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(c) d for all exams

21-24.9 cm 25-28.9 cm 29-32.9 cm 33-36.9 cm 37-40.9 cm All sizes
Exam group 50th 75th 50th 75th 50th 75th 50th 75th 50th 75th P Value 50th 75th
VB T9 1.5 1.5 1.3 1.5 1.2 1.3 1.1 1.2 1 1.1 0.003 1.2 1.4
VB T10 1.5 1.7 1.3 1.5 1.2 1.3 1 1.1 <0.001 1.2 1.4
All 1.7 2.3 1.6 2 1.6 1.9 1.6 2 1.5 1.9 <0.001 1.6 2
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Fig. 4. Scatterplots of detectability (d") vs. effective dose based on organ dose Eqp with their histograms on the margins for chest-abdomen-pelvis exams (a) and for
abdomen-pelvis exams (b). Each subplot shows exams with scan parameters VA T1 to VB T10 (VA or VB represent vendors; T represents techniques). Different colors
represent different water equivalent diameter ranges. Each data point is one exam measurement plotted with linear regression line (black solid line). Note the empty

plots indicate no exams were found for the specific scan settings.

Further, the results show varied relationships between dose and image
quality in actual patient cases, which implies imaging optimization is
best done at a personalized level and semi-independently.
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