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Abstract

Objective To characterize the use and impact of radiation dose reduction techniques in actual practice for routine abdomen CT.

Methods We retrospectively analyzed consecutive routine abdomen CT scans in adults from a large dose registry, contrib-

uted by 95 hospitals and imaging facilities. Grouping exams into deciles by, first, patient size, and second, size-adjusted

dose length product (DLP), we summarized dose and technical parameters and estimated which parameters contributed
most to between-protocols dose variation. Lastly, we modeled the total population dose if all protocols with mean size-
adjusted DLP above 433 or 645 mGy-cm were reduced to these thresholds.

Results A total of 748,846 CTs were performed using 1033 unique protocols. When sorted by patient size, patients with

larger abdominal diameters had increased dose and effective mAs (milliampere seconds), even after adjusting for patient size.

When sorted by size-adjusted dose, patients in the highest versus the lowest decile in size-adjusted DLP received 6.4 times

the average dose (1680 vs 265 mGy-cm) even though diameter was no different (312 vs 309 mm). Effective mAs was 2.1-fold

higher, unadjusted CTDI,; 2.9-fold, and phase 2.5-fold for patients in the highest versus lowest size-adjusted DLP decile.

There was virtually no change in kV (kilovolt). Automatic exposure control was widely used to modulate mAs, whereas kV

modulation was rare. Phase was the strongest driver of between-protocols variation. Broad adoption of optimized protocols

could result in total population dose reductions of 18.6-40%.

Conclusion There are large variations in radiation doses for routine abdomen CT unrelated to patient size. Modification of

kV and single-phase scanning could result in substantial dose reduction.

Clinical relevance Radiation dose-optimization techniques for routine abdomen CT are routinely under-utilized leading to

higher doses than needed. Greater modification of technical parameters and number of phases could result in substantial

reduction in radiation exposure to patients.

Key Points

® Based on an analysis of 748,846 routine abdomen CT scans in adults, radiation doses varied tremendously across patients
of the same size and optimization techniques were routinely under-utilized.

o The difference in observed dose was due to variation in technical parameters and phase count. Automatic exposure control
was commonly used to modify effective mAs, whereas kV was rarely adjusted for patient size. Routine abdomen CT should
be performed using a single phase, yet multi-phase was common.

o kV modulation by patient size and restriction to a single phase for routine abdomen indications could result in substantial
reduction in radiation doses using well-established dose optimization approaches.
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Abbreviations
AEC Automatic exposure control

CTDI,,, Volume computed tomography dose index

DICOM Digital Imaging and Communications in
Medicine

DLP Dose length product

kV Kilovolt

mAs Milliampere seconds

mGy Milligray

Introduction

CT utilization has grown significantly in the last three
decades, with an estimated 91 million scans performed
in the United States in 2019 [1] and 90 million scans in
the European Union in 2020 [2]. Concern over the cor-
responding increase in exposure to ionizing radiation has
led to broad interest in radiation dose optimization and
in avoiding unnecessary exams and non-indicated scan
series [3—11]. Despite this attention, large variation in
dose persists [9, 12—-15].

Extensive work has been published on dose reduction
approaches. There have been meaningful technological
developments, such as automatic exposure control (AEC)
and iterative reconstruction [16], as well as educational
efforts to encourage modification of technical parameters,
such as the use of lower tube potential (kilovoltage, kV) and
size-specific protocols [17-20]. However, little is known to
what extent radiology providers employ these techniques,
or the impact on radiation dose when they are used. Under-
standing current practice could drive improvement.

Using observed CT data from a large radiation dose regis-
try, we describe the frequency with which different technical
parameters are used for routine abdomen CT and the impact
on patient radiation dose when dose reduction strategies are
or are not implemented.

Methods
Study population

Drawing from the University of California, San Francisco
(UCSF) International CT Dose Registry (“registry” [13]),
we retrospectively analyzed consecutive diagnostic CT
scans performed from January 1, 2015 to October 21, 2020,
in patients aged 18 years and older. The registry pools 100%
of CT scans performed at imaging facilities from 27 health-
care organizations in 7 countries, all of which submitted
data via Radimetrics© dose management software (Bayer
HealthCare). The data include the four largest CT manufac-
turers (Table 1) [12, 13]. The UCSF Committee on Human

Table 1 Routine abdomen and pelvis CT scans included in this report

n %
Total number of scans 748,846 100.0
Sex
Men 321,648 43.0
Women 426,840 57.0
Non-binary or unknown 358 0.0
Age
18-19 9,169 1.2
20-29 67,695 9.0
30-39 89,195 11.9
40-49 110,103 14.7
50-59 138,768 18.5
60-69 142,551 19.0
70-79 111,508 14.9
80-89 63,881 8.5
90-99 15,976 2.1
Manufacturer
Canon 58,815 7.9
General Electric 298,316 39.8
Philips 146,937 19.6
Siemens 244,778 32.7
Country
Germany 6,565 0.9
Israel 33,941 4.5
Japan 8,732 1.2
Netherlands 13,829 1.8
Switzerland 8,963 1.2
UK 11,515 1.5
USA 665,301 88.8

Research approved this study with a waiver of informed
consent. Collaborating institutions obtained local Institu-
tional Review Board approval or relied on UCSF approval
to contribute to the registry.

For each CT scan, patient sex and age, effective patient
diameter, CT category (reflecting the body region and image
quality requirements [21]), scanner manufacturer and model,
and the radiation dose metrics and technical parameters
of the scan were extracted from the registry [12, 13, 22].
These analyses focus on scans obtained for routine abdomen
CT, determined using information contained in the Digi-
tal Imaging and Communications in Medicine (DICOM)
headers. Abdomen scans obtained for low-dose indications
(e.g., suspected renal stones) or high-dose indications (e.g.,
cancer surveillance or assessment of acute intra-abdominal
bleeding) are not included in this manuscript. A full list
of indications included/excluded in routine abdomen CT,
and the validation of the framework for assigning CT scans
to categories demonstrating 90% accuracy compared with
expert review, has been previously published [21]. Routine
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abdomen is one of the most common reasons patients
undergo CT imaging, accounting for approximately 24% of
all CT scans [21]. This category most closely aligns with the
EUCLID abdomen, appendicitis category [12].

Radiation dose variables

Radiation dose metrics included the machine-reported
volume computed tomography dose index (CTDI,,;) and
dose length product (DLP), and effective dose, which is
calculated by Radimetrics and reflects future cancer risk.
Radiation dose varies non-linearly by patient size, so that in
general larger patients require asymmetrically higher doses
than smaller patients to achieve sufficient image quality.
To minimize the impact of patient size on variation across
practices, we calculated size-adjusted CTDI,; and size-
adjusted DLP by normalizing these metrics using the log-
linear mixed regression between them and effective patient
diameter (patient diameter, defined as the average diameter
measured by Radimetrics on axial or scout images); the
facility at which the scan was performed was included as a
random effect. The following equations were used where the
population median abdominal diameter =303 mm:

ADICTDI,, = CTDI,,

X exp (—(EFFECTIVE PATIENT DIAMETER - 303) x 0.007682)

ADIDLP = DLP
X exp(—(EFFECTIVE PATIENT DIAMETER - 303)

% 0.008678)

This differs from size-specific dose estimate, which
normalizes to obtain consistent dose per unit of tissue as
reflected in a phantom [23, 24]. Our size normalization miti-
gates the effect of patient size on dose, using the relationship
between size and dose observed in our dataset. The goal
of our approach—in the context of comparing dose across
protocols and hospitals—is to ensure the impact of patient
size on doses is eliminated.

Patient size

Patients were divided by size in several ways to analyze the
variation in radiation dose and technical parameters. First,
patients were divided into deciles based on patient diam-
eter in millimeters [21]. Second, because deciles may be
too crude to measure changes in technical parameters that
occur with change in patient diameter, as a second approach,
patients were double-stratified into three size categories
based on patient diameter, defined as small if they were less
than or equal to the 25" percentile, medium if between 25
and 75" percentiles, and large if above the 75" percentile.

@ Springer

Then within each size category, patients were divided into
deciles (=30 deciles).

Characterization of imaging protocols

We identified each protocol in the registry used for routine
abdomen and pelvis indications (including all scans of the
abdomen, pelvis, or combined abdomen and pelvis), defin-
ing a protocol as a unique combination of protocol name and
specific scanner used. We determined whether each protocol
was used in one, two, or all three patient size categories. To
qualify, at least 20 patients in a size category had to have
been imaged with a given protocol.

For each protocol, we used medians to summarize the
radiation dose metrics and technical parameters of its con-
stituent CT exams, including those directly reported by the
scanner (CTDI,,;, DLP, kV, mAs, collimation, pitch, and
scan length) and those calculated (patient diameter, size-
adjusted CTDI,,,, size-adjusted DLP, effective dose, effec-
tive mAs, and number of phases). The scan length was
defined as the total irradiated region and for multiple-phase
studies was the average across irradiating events. For each
exam, when there were multiple irradiating events, the
DLP, size-adjusted DLP, ED, and number of phases were
summed across the irradiating events, whereas the CTDI,
size-adjusted CTDI,;, mAs, effective mAs, scan length, and
pitch were averaged and weighted by scan length across irra-
diating events. Bolus scans were not included.

Statistical analysis

CT scans missing dose metrics or technical parameters were
not included. In order to exclude outliers, we dropped scans
with values less than the 0.1" percentile. Because scanner
model may contribute to dose, we included only CT scans
obtained on scanner models where at least 5 individual scan-
ners of that model exist in the registry.

Each CT scan was assigned to one of the three patient size
categories (small, medium, large). Descriptive statistics were
examined for demographic variables, radiation dose metrics,
and the technical parameters as they varied by patient size.
Stratifying by decile of patient size, we calculated mean (and
95% CI calculated using bootstrapping) percent increase in
radiation dose metrics and technical parameters per decile
increase in size, and we calculated the percent increase (and
95% CI using bootstrapping) of the dose metrics and technical
parameters in the highest compared with lowest deciles. We
then repeated these analyses for each of the three patient size
categories.

Protocols were next stratified by decile of size-adjusted
DLP to illustrate the variation in dose. For each protocol, we
calculated the median size-adjusted DLP, and then sorted and
grouped into deciles of median size-adjusted DLP. Within
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each decile of size-adjusted DLP, we calculated the mean
values (and 95% CI) of dose and technical parameters for
the constituent protocols, and—to quantify variation in dose
and parameters—we calculated the mean percent change
(and 95% CI using bootstrapping) for each variable per decile
increase in size-adjusted DLP and between the 1° (lowest
dose) to 10 (highest dose) deciles. We then repeated these
analyses for each of the three patient size categories.

To identify which technical parameters contributed the
most to observed between-protocols variation in dose, we
combined the observed percent increases between deciles
of the technical parameters with established understanding
of parameter-dose relationship in medical physics. Specifi-
cally, for an exam in which a single technical parameter
sees an X% increase with all other factors kept constant, the
DLP will see the same X% increase for effective mAs, scan
length, or number of phases, whereas the DLP will see an
even greater increase [(1 +X)>3-11% for an X% increase in
kV [25]. Using these established equations, for each techni-
cal parameter, we computed the expected increase in size-
adjusted DLP per decile due to the observed change in the
parameter. Technical parameters that contribute strongly to
between-protocols dose variation should induce an expected
DLP increase per decile similar to the observed size-adjusted
DLP increase per decile.

Finally, to estimate the potential impact of widespread
adoption of optimized protocols for routine abdomen CT,
we first calculated the total dose to all patients in this study
by summing the size-adjusted doses for all examinations.
We then recalculated the total dose under two scenarios.
First, we defined the target routine abdomen protocol dose
as 433 mGy-cm. This is the median (achievable dose (AD))
for acute appendicitis in Europe using the EUCLID frame-
work [26]. We then (1) summed all observed doses for
patients who were scanned with protocols with a mean at
or below 433 (their doses do not change), (2) summed all
observed doses for remaining patients who were scanned
with size-adjusted DLP at or below 433 (their doses also
do not change), and (3) multiplied the remaining patients
by 433 mGy-cm (to reflect their new optimized doses in
this hypothetical calculation), and (4) summed the values
produced by (1), (2), and (3) to produce a “post-optimiza-
tion population total dose.” Second, we repeated this cal-
culation using a target dose of 645 mGy-cm, which reflects
the median dose of acute appendicitis in the USA using
the EUCLID framework [26]. This value is similar to the
median dose for abdomen CT reported by the American
College of Radiology (AD =615 mGy-cm for abdomen and
pelvis with contrast and AD =657 mGy-cm for abdomen and
pelvis without contrast) [15]. We then estimated the total
dose saved by computing the percent reduction between the
observed and hypothetical post-optimization population total
doses in both scenarios.

Results

A total of 748,846 routine abdomen CT scans were included
(Table 1). There were more CT scans obtained in women
(n=426,840, 57%) and the number of scans increased with
age and peaked in those aged 60—69 years (n= 142,551,
19%). Most scans were obtained on GE (n=298,316,
39.8%) or Siemens (n=244,778, 32.7%) scanners, and
most were performed in the USA (n= 665,301, 88.8%).
The data included 1033 protocols collected from 95 facili-
ties and 242 scanners. The mean number of scans per protocol
was 725 (median = 159, range =20-22, 733). About half of all
protocols (n=547, 53%) were not used in a size-specific fash-
ion, meaning they were used for patients across all three size
categories (Supplemental Table 1). Of protocols used selec-
tively, 225 (21.8%) were used in patients from two size cat-
egories, while 261 (25.3%) were used in patients from a single
category: 23 (2.2%) were used only in small patients; 172
(16.7%) in medium patients; and 66 (6.4%) in large patients.

Variation in radiation dose and technical
parameters by patient size category

The mean values for patient diameter, radiation dose met-
rics, and technical parameters overall, and stratified by the
three size categories, are provided in Table 2. As expected,
the unadjusted CTDI,; and DLP values increased across
the categories, more than doubling between small and
large. Effective dose also increased steadily between
categories. By contrast, size-adjusted CTDI,; and size-
adjusted DLP did not change meaningfully by size cate-
gory, demonstrating that the radiation dose variation attrib-
uted to patient size was eliminated through size adjustment.

Some technical parameters also increased across the
size categories: e.g., mAs and effective mAs were approx-
imately twice the value in large as small patients, which
suggests automatic exposure control (AEC) may have been
used. Notably, average kV and scan length were virtually
unchanged with size category, while the number of phases
as expected did not change (Table 2).

Variation in radiation dose and technical
parameters by patient size deciles

Mean dose metrics and technical parameters by decile of
patient diameter are shown in Table 3. Each decile includes
between 74,883 and 74,888 CT scans. Average patient diam-
eter ranged from 238 mm for patients in the first decile to
395 mm in the highest decile, reflecting an average 6% increase
per decile (Table 3). Again, we observed the expected increase
in unadjusted CTDI,; and DLP by size, reflecting an aver-
age increase of 15% and 16% per decile, respectively (0.2%
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Table 2 Radiation dose metrics
and technical parameters overall
and stratified by patient size
category

Variable (units)

Patient size category

All patients Small Medium Large

n=748,846 n=165,816 n=360,850 n=222,180

Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

Patient diameter (mm)
CTDI,,, (mGy)

DLP (mGy-cm)

Effective dose (mSv)

mAs

Pitch”

Effective mAs

kV (kilovoltage)

Scan length (cm)

Slice thickness (mm)
Number of phases

Calculated size-adjusted variables
Size-adjusted CTDI,; (mGy)
Size-adjusted DLP (mGy-cm)

309 (45) 252 (17) 301 (16) 363 (28)
13 (72 8 (33) 12 (49 20 (18
798 (546) 447  (283) 701  (404) 1217 (629)
13 ® 9 (©) 2 O 16 (9
181 (89) 120 (55) 166 (68) 251 (94)
10 (03 10 (02 1.0 (03 1.0 (03
183 (95) 118 (54) 166 (67) 260 (106)
119 (750 116 (8.0) 118 (74 121 (6.8
48 (92) 45 (88 48 (90 51 (92)
37 16 37 (17 37 (16 37 (1.6
13 07 13 07 13  ©7 13 (0.6
12 @6 11 (50 12 46 12 (42
702 (389) 690 (448) 701  (388) 712 (33%)

Abbreviations: CTDI,,,; volumetric computed tomography dose index, DLP dose length product, mAs milli-
ampere-seconds, mGy milliGray, mSy millisieverts

“Table distance traveled in one 360° gantry rotation divided by beam collimation

and —0.54% per decile in the corresponding size-adjusted dose
metrics). Similarly, effective mAs increased with patient size
(12% per decile), yet again there was minimal (1%) change per
decile inkV (116 in the 1% compared to 122 in the 10" reflect-
ing an average percent increase per decile=0.54% [95% CI
0.53-0.54%])). Figure 1 show the distribution of effective mAs
and kV by patient decile, demonstrating a consistent increase
in effective mAs with patient diameter but no change in kV.
We replicated this analysis separately by deciles within
each of the three size categories with similar results (Table 4
and Supplemental Table 2). Across the categories, the average
kV was 116 in the 1% decile of small patients (average diam-
eter=217 mm) and 123 in the 10" decile of large patients
(average diameter =423 mm). The average change in kV was
0.1-0.3% between deciles. This contrasts with effective mAs
where the average change in effective mAs between deciles
was 20-fold higher, 3.0-6.0% per decile. The magnitude of
the changes in the other radiation dose metrics and technical
parameters was greatest among large patients (Table 4). For
example, unadjusted CTDI,,; and DLP both increased by 4%
per decile in small patients and 7% in large patients (Table 4).

Variation in technical parameters by radiation dose
deciles

The 1033 unique protocols were next sorted by median

size-adjusted DLP, and the average (mean) values of tech-
nical parameters and radiation dose metrics for each decile

@ Springer

in size-adjusted DLP are shown in Table 5. The mean
size-adjusted DLP increased 535% between the lowest and
highest deciles. This difference was not driven by patient
size, as diameter changed little across the deciles (range
309-321 mm). Rather, high size-adjusted DLPs resulted from
acquisition techniques, most notably effective mAs and the
number of phases. The effective mAs increased from 125 to
266 from the lowest to highest decile (113% increase), and
the average number of phases more than doubled from 1.1 to
2.6 across deciles (149% increase). The fact that size-adjusted
CTDI,, increased considerably across the deciles (166%), but
nowhere close to the rate of adjusted DLP (535%), suggests
that phase number is a strong driver of the change in DLP.

The contribution of each technical parameter to the
observed 24% increase in size-adjusted DLP per decile is
also shown in Table 5. For kV, the observed 0.4% increase
in kV per decile is expected to result in only a small (1%)
increase in size-adjusted dose. Because this is far smaller
than the observed 24% change in size-adjusted dose, it sug-
gests that kV was not a large contributor to between-pro-
tocols variation. Conversely, the larger observed increase
in effective mAs (10%) and number of phases (12%) sug-
gests these to be greater contributors to between-protocols
dose variation, with number of phases being the most
contributory.

This analysis was repeated, stratified within size cate-
gory, producing similar results (Supplemental Table 3), with
the range of size-adjusted DLP remarkably similar for all
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three size categories. For small patients, the size-adjusted
DLP ranged from 259 to 1546 mGy-cm; medium patients
258-1705; and large patients 294—1549.

Impact of population dose optimization

The broad adoption of optimized protocol thresholds would
result in population dose reductions of 40.0% (using a target
of 433 mGy-cm) or 18.6% (using 645 mGy-cm) from cur-
rent practice.

Discussion
We have described the technical parameters and dose met-

rics for almost 750,000 routine abdomen CT scans across
diverse radiology practices. These show tremendous

262 mm
277 mm
283 mm
300 mm
311 mm
323 mm
337 mm
357 mm
432 mm

variation in radiation dose (535% in size-adjusted DLP)
that is not driven by patient size but rather by how patients
are scanned, particularly by manipulation of effective mAs
and phase. The results also demonstrate that while auto-
matic exposure control (AEC) is widely used to modify
mAs, kV is almost never adjusted despite this being a
demonstrated best practice [19, 27, 28]. Unindicated
scan phases are the leading source of unnecessarily high
radiation doses [29] and our results demonstrate high cor-
relation of phase number with dose increases; protocols
with the lowest size-adjusted doses used one scan phase,
whereas those in the highest decile used an average of 2.6.

There are several approaches for dose optimization. One
method is to develop protocols tailored to patient size, as it may
be difficult for a single protocol to work across a large range of
sizes even when AEC is available [18-20]. In addition to adjust-
ing mAs and kV, a well-optimized protocol would also adjust

Table 4 The average percent increase in patient diameter, dose metrics, and technical parameters per decile increase in patient size within each
of the three size categories (small, medium, large). Results shown to the nearest 0.1%

Patient CTDI,, Size-adjusted ~ DLP (mGy- Size-adjusted Effective Effective Kilovoltage  Scan length
Diameter (mGy) CTDI,,; (mGy) cm) DLP (mGy- dose (mSv) mAs kV) (cm)
(mm) cm)
All Patients  5.8% 14.7% 0.2% 15.8% -0.5% 9.6% 12.5% 0.5% 1.7%
Patients by size category
Small 2.5% 3.7% -1.1% 3.8% -1.5% 2.9% 3.0% 0.1% 1.0%
Medium 1.9% 52% 0.8% 5.7% 0.8% 3.1% 42% 0.2% 0.6%
Large 2.6% 6.6% -1.0% 7.1% -1.6% 5.3% 6.0% 0.3% 0.7%

Abbreviations: CTDI,; volumetric computed tomography dose index,

@ Springer

DLP dose length product, mAs milliampere-seconds
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wscan speed allowing dose adjustment for size. For example,
if moving from a larger to a smaller patient protocol, in addi-
tion to using a lower kV and less mA, the helical pitch might
increase and the tube rotation time decrease, which increases
scan speed while lowering the maximum dose delivered [20].
However, we did not observe a systematic pattern of protocols
being used in a size-specific manner, with only a quarter used in
one size category. If this reflects a belief that multiple protocols
are an administrative burden, approaches for simplified protocol
management exist to ease this obstacle [30].

A second strategy is to tailor kV by patient size [31],
which would lower doses particularly among smaller
patients. Manufacturers have offered some scanners in recent
years that make it easy to modify kV (such as Siemens’ Care
KV, Canon’s SURE kV, and GE’s kV assist), but manual
manipulation is and always has been available on all scan-
ners. Yet we found kV is virtually never changed, even on
machines that can automate kV selection. Reducing kV not
only would reduce dose, but can also provide image quality
advantages, such as improving contrast conspicuity in CT
angiography, improved assessment of mural hyperenhance-
ment in Crohn’s disease, and reducing contrast volume in
a patient with chronic kidney disease. A third approach is
to reduce unnecessary scan phases. While routine abdomen
scans should be performed using a single-phase approach
[21], we observed strong variation in number of phases, and
more than half of scans used more than one phase.

The hypothetical dose optimization analyses demonstrate
the magnitude of dose reduction that could be achieved
(18.6-40.0%) if more practices adopted the optimized pro-
tocols widely used at some facilities. The target dose of
433 mGy-cm reflects a protocol around the 3™ decile in our
distribution of size-adjusted DLP (where the mean effective
mAs is 167, CTDI,; is 10 mGy) whereas the target dose of
645 mGy-cm reflects a target protocol around the 6 decile
(mean effective mAs is 181 and CTDI,; 13 mGy).

The strengths of this study are its large sample size, inclu-
sion of diverse practices, and detailed technical parameter
data. There are several limitations. First, we classified scans
as being done for routine abdomen indications based on the
study description and protocol name in the DICOM data,
and we have shown this approach to be 90% accurate com-
pared to expert chart review [21]. Nonetheless, some scans
will have been misclassified as routine, but this is unlikely
to impact the primary conclusions. Second, we calculated
size-adjusted DLP based only on patient diameter and did
not adjust for patient height, and taller patients may be
represented more among those who received higher dose
examinations. However, this is expected to have contributed
only minimally to the larger variation in dose, as scan length
changed only modestly across the observed deciles in dose.
Third, we have only focused on a single indication for CT
(albeit the most common indication); future studies should

@ Springer

explore other reasons for imaging, such as oncologic care.
Lastly, we did not assess image quality in this study, and
thus cannot assess the impact of the observed dose variation
on radiologists’ satisfaction with quality. However, all scans
were obtained for routine care and were deemed adequate for
diagnosis when they were obtained.

This work shows, in the actual practice of almost 100 imag-
ing facilities, a large variation in radiation doses exceeding
that required by patient size or scanning indication, as well as
widespread failure to implement best practices beyond use of
AEC. Broader adoption of evidence-based practices including
using size-specific protocols, increasing manipulation of kV,
and eliminating multiphase protocols would reduce this vari-
ation and improve the safety of routine abdominal imaging.
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tary material available at https://doi.org/10.1007/s00330-023-10076-6.
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