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Abstract

Since the turn of the last millennium, the pediatric radiology community has blazed a patient-quality and safety trail in helping to
effectively address the public and the news media’s concerns about the implications of ionizing radiation from CT scanners in
children. As such, this article (1) reviews the potential deleterious effects of ionizing radiation, (2) discusses why limiting radiation
exposure in children is so important, (3) tells the history of pediatric CT radiation exposure concerns, (4) explains the interventions
that took place to address these concerns and (5) touches on the current school of thought on pediatric CT dose reduction.
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Introduction

Since the turn of the last millennium, the pediatric radiology
community has blazed a patient-quality and safety trail in
helping to effectively address the public and the news me-
dia’s concerns over the implications of ionizing radiation
from CT scanners in children. Our coordinated, effective
and highly convincing actions alerted patients, practitioners
and the public at large as to how these issues should be
addressed. It also demonstrated what we as a professional
body could do to ensure that the unrecognized dangers of
ionizing radiation were being addressed and that informa-
tion concerning this topic was available, understandable and
rectifiable. This mechanism of addressing concern over
medical imaging radiation exposure quickly spread to the
adult community and led to a national debate on the neces-
sity of keeping ionizing radiation from medical imaging as
low as reasonably achievable (ALARA).

As such, this article (1) reviews the potential deleteri-
ous effects of ionizing radiation, (2) discusses why limit-
ing radiation exposure in children is so important, (3) tells
the history of pediatric CT radiation exposure concerns,
(4) explains the interventions that took place to address
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these concerns and (5) touches on the current school of
thought on pediatric CT dose reduction.

Biological effects of ionizing radiation

Radiation is all around us [1]. It emanates from the earth and
from the sky and is in the air. Its presence is unavoidable and
its effects, while often harmless, can also be extremely severe.
Radiation is a mechanism whereby energy travels through
space and takes the form of an electromagnetic wave.
Different types of radiation exist on an electromagnetic spec-
trum, with indolent low-frequency radio waves at one end and
damaging high-frequency ionizing radiation on the other [2].
These high-frequency electromagnetic waves include X-rays
and, unlike low-frequency waves, contain enough energy to
displace electrons from atoms, hence their term “ionizing.”
The reason for the deleterious effects of radiation stems
from this ionization potential. Although an ionized atom can
adopt a different structure, this does not cause any problems
unless the atom in question is part of a critical molecule such
as that in a chromosome. However the electron displaced by
the X-ray can also cause damage as it moves through neigh-
boring structures. The results of this can include cell death or
damage to critical cell components, such as chromosomes.
The consequent radiation effects on the human body can
therefore be divided into two categories: deterministic and tissue
effects (also known as stochastic) [3]. Deterministic effects are
those that occur as a result of cell death and include effects such
as erythema, epilation, tissue necrosis and cataracts.
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Deterministic effects only occur over a known threshold and
therefore are avoidable during routine medical imaging.
Despite this, deterministic effects have been encountered in in-
terventional radiology and in CT studies [4] where excessive
doses were given. Stochastic effects occur because of chromo-
somal damage, and while theoretically these can result in birth
defects, they are more commonly recognized as a potential cause
of carcinogenesis. Indeed, since 2012 the International Agency
for Research on Cancer has classified ionizing radiation as a
carcinogen [5]. Unfortunately these stochastic effects do not have
a known dose threshold, although the risk of occurrence rises as
the dose increases. The cause of stochastic effects is thought to be
a result of cell mutations taking place secondary to chromosomal
damage. The human body addresses these mutations in three
ways: successful repair with cell survival, unsuccessful repair
with cell death, and unsuccessful repair resulting in an ongoing
mutation. This last outcome has the potential to cause cancer.

Specific importance of radiation exposure
in pediatric patients

Data from the atomic bomb survivors have been used by many
authors and research groups to demonstrate that children are more
vulnerable than adults to the effects of ionizing radiation [6].
Conclusions from the literature suggest that the higher sensitivity
of children to radiation could be attributed to some specific con-
siderations. One is children’s longer life expectancy from the time
of exposure, which provides more time for a cancer to manifest.
Because of their longer latency period, many radiation-induced
malignancies, particularly solid cancers, do not manifest for de-
cades. Therefore radiation effects and associated cancer risk in
children are evidently higher in children than in adults. Another
consideration is that radiation effects are more likely to occur in
proliferating cells [6, 7]. Growing children have more dividing
cells, and hence greater radiation sensitivity than adults.

Earlier studies on leukemia among atomic bomb survivors
reported “significantly higher risk” of acute and chronic gran-
ulocytic leukemia among those at a younger age at the time of
radiation exposure [7-9]. Figure 1 shows the effect of age at
time of exposure on the incidence of all forms of leukemia

Fig. 1 Incidence of all forms of
leukemia (except chronic
lymphocytic leukemia) and the
effect of age at the time of
exposure among the atomic bomb
survivors [7, 10]. (Reprinted with
permission from Wolters Kluwer)

Incidence of Leukemia

(except chronic lymphocytic leukemia) among atomic bomb
survivors [7]. This figure shows that the younger the person
was at the time of exposure, the shorter the cancer latency
period and the period of expression. Bushberg [10] suggested
that “this evidence, together with subsequent studies of med-
ically and occupationally exposed cohorts, indicate that excess
leukemia cases can be detected within a year or two after
exposure and would peak at about 10-12 years after. Those
findings were subsequently supported by reports on children’s
medical and occupational exposure to radiation. Indeed, the
BEIR VII [11] summary on studies of children treated with X-
rays or gamma radiation for tinea capitis, large-appearing thy-
mus, and benign head and neck tumors reported high excess
cancer risk among the exposed population.

In a follow-up study of patients with ankylosing spondylitis
treated using therapeutic X-rays [12], the authors also noted a
correlation between excess risk increase for developing leuke-
mia and age at treatment. Similarly, age—time patterns in
radiation-associated cancer risk for solid cancer incidence
and leukemia mortality has also been reported [11, 13].
Leukemia mortality expressed as function of age at exposure
obtained from gender-averaged estimates of the risk from an
effective whole-body dose of 1 Sv also shows increased risks
at younger ages [11] (Fig. 2). Figure 3 shows the lifetime
attributable risk of solid cancer mortality by age of exposure
and demonstrates the increased risk effect of age on radiation
sensitivity. Table 1 data, obtained from Fig. 3, compare solid
cancer mortality risk and cancer incidence at ages 0, 5 and
15 years old to that at 30 years old for females and males.
The table shows an increase in children’s excess cancer risk
and about a factor of two difference in sensitivity between
girls and boys. Those results are consistent with updated
atomic bomb survivor data by Brenner [14], which showed a
noticeable increase in lifetime cancer risk mortality in children
compared to adults and in females compared to males.

It is worth mentioning that although there seems to be no
disagreement in the scientific community on children’s in-
creased sensitivity to radiation [15], there is considerable dis-
agreement on the carcinogenicity of low-dose radiation to all
age groups, including children. BEIR VII defines low effective
doses as those in the range of near 0 mSv to about 100 mSv.
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Fig. 2 Leukemia mortality expressed as function of age at exposure
obtained from gender-averaged estimates of the risk from an effective
whole-body dose of 1 Sv [10, 11]. (Reprinted with permission from
Wolters Kluwer)

The disagreement centers around attempts to extrapolate excess
cancer risk from high-dose exposures, like those from atomic
bomb and radiation incidents, to obtain low-dose risk estimates
[16] as a conservative measure of radiation safety. Many reports
emphasize that credible evidence of carcinogenic risk from
imaging-related low dose (below 100 mGy) are nonexistent,
or if they exist, would be too small to demonstrate [16—18].

History of pediatric CT radiation exposure

Computed tomographic imaging was instituted in radiology
departments in the 1970s, but early scanners were initially

Fig. 3 Lifetime attributable risk 0
of solid cancer mortality ¢
representing the number of deaths
per 10,000 persons exposed to a
whole-body dose of 10 mSv. The
graph is based on data adapted
from Table 11-7 published by
Bushberg [10] and from

Table 12D-2 in BEIR (Biologic
Effects of lonizing Radiation) VII
[11]. (Reprinted with permission
from Wolters Kluwer)
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too slow to be used routinely in pediatric practice. The orig-
inal single-slice models required anesthesia or sedation for
young children and, while revolutionary in terms of cross-
sectional imaging, had limited pediatric indications.
However with the advent of slip-ring technology and spiral
capabilities in the late 1990s, CT became faster and much
more attractive to pediatric radiologists. The technique be-
came popular and children in the United States were in-
creasingly being exposed to CT [19] because it quickly be-
came an available and effective imaging modality.

At about the same time, studies were appearing in the lit-
erature citing the first estimates for medical imaging radiation-
induced fatal cancer risks in adults [20]. These were based on
data collated from the Radiation Effects Research Foundation,
with risks from imaging being extrapolated from dose and
outcomes encountered in the ensuing 40 years following the
Hiroshima and Nagasaki atomic bomb drops. In view of these
findings in adults, it soon became apparent that the lifetime
risks for cancer from medical imaging ionizing radiation ex-
posures were more marked in children [21]. Studies estimated
that a CT scan on a child delivered a dose sufficient to increase
the lifetime radiation risk of cancer at an order of magnitude
higher than that of adults. They also demonstrated that the
collective ionizing radiation dose (high-dose CT studies
being delivered with increasing frequency to pediatric
patients) was affecting the quantitative lifetime radiation risk
for children. In one study at this time, a university center
demonstrated that while their pediatric CT activity accounted
for only 11% of cases, these patients received 70% of the total
radiation dose being delivered from medical imaging expo-
sures [22]. The situation was compounded by additional re-
search showing that the doses being given to children from CT
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Table 1 Effect of age at time of
exposure and gender on excess
cancers: risk ratios obtained from

Newborn compared to

5 years compared to 15 years compared to

Fig. 3 and calculated for 0, 5 and
15 years old to that at 30 years old F

at time of exposure

30 years old 30 years old 30 years old
M F M F M
Cancer incidence  4.58 3.86 3.26 2.77 1.98 1.78
Cancer mortality ~ 3.49 3.24 2.64 2.46 1.75 1.68

F female, M male

were unnecessarily high because of the suboptimal imaging
parameters being used [23]. This was illustrated in a sobering
study performed in a pediatric radiology department where
researchers analyzed the scan dose parameters on all CT cases
transferred from non-pediatric centers [23]. The results from
this analysis showed that children would often receive doses
six times higher than necessary because, in part, of the scan
parameters (tube current or mA) not being adjusted for the
specific needs of pediatric patients. Whether this neglect in
catering to the specific imaging needs of a powerful tool was
a result of lassitude, ignorance or a combination was not
known, but the news media had their story. Multiple articles
appeared in the news media during this time spelling out the
dangers of CT scanning and the risks of children developing
cancer as a result. Pediatric radiologists at the time recall the
difficult conversations they were having with concerned par-
ents and the increasing reluctance by providers to refer chil-
dren for CT imaging. Pediatric radiologists were concerned
about the potential liability of performing CT scans in chil-
dren, and the concept of requiring consent surfaced [24]. It
became clear that something needed to be done if CT scanning
in pediatric practice were ever going to be deemed an accept-
able, safe and trusted tool. This rehabilitation was going to
require concerted efforts from multiple stakeholders to restore
the profession, the referrers and the public’s faith in CT.
Interestingly, industry was also going to need to be part of
the solution. CT equipment at the time was designed almost
exclusively for speed and for image quality, with little empha-
sis (or perceived need) being placed on dose-reduction fea-
tures. It was clear that the profession was reaching a watershed
moment; how would it respond?

Interventions to reduce CT dose in pediatric
radiology

In 2001, Dr. Tom Slovis of the Society for Pediatric Radiology
(SPR) organized a multidisciplinary conference on the con-
cept of ALARA (as low as reasonably achievable) as applied
to pediatric CT radiation dose [25]. The concept was an old
one, commonly invoked in the context of nuclear radiation
safety; the SPR’s application of it to medical dosing was rev-
olutionary. The following year, the National Council on
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Radiation Protection held a 2-day symposium on the topic of
CT radiation dose [26]. The symposium was attended by ra-
diologists, medical physicists, scanner manufacturers and ra-
diologic technologists. Attendees recognized a need to record
doses for children (and for that matter, adults) undergoing CT
scans, or at least to record reasonable estimates thereof,
allowing for prospective and retrospective studies to be done.
Actual patient dose recording at the time was much less
straightforward than today [27, 28]. In 2002, with dose met-
rics in its infancy, there was a veritable alphabet soup of terms
in the lexicon, with CTDI (CT dose index), CTDI 100, CTDI,,
(weighted CT dose index), CTDI,,, (volumetric CT dose in-
dex), MSAD (multiple scan average dose) and DLP (dose—
length product) being examples, and with none of these pa-
rameters reporting actual patient dose. The need for a stan-
dardized language was pressing. A respected professor of
medical physics and biomedical engineering from the Mayo
Clinic suggested “a moratorium on any new dose concepts or
terms until we can sort out what we have now” [26].
Attendees at the National Council on Radiation Protection
and Measurement (NCRP) Symposium were also determined
to facilitate child-sizing the dose. Many existing CT scanners
in 2002 had the capabilities to expose the child to lower levels
of radiation, but this required technical adjustments that could
be impractical for time-pressed CT technologists. In addition,
technologists were often learning how to scan on the job rather
than as part of their education, making the onus of added
attention to patient dose burdensome. Improved training for
technologist students was established as a goal. There was
also a plea for manufacturers to create scanners with more
automation [26]. As a stopgap measure, technique charts were
created; these were intended to be machine-specific and to
assist the technologist in making appropriate adjustments. In
the years following, technological innovations, including
more dose automation, became widespread practice, with dose
modulation (automatic exposure control) being one of the
most powerful mechanisms. Dose modulation is automatic
adjustment of tube current as the gantry rotates around the
patient [29]. Many current scanners can perform these adjust-
ments in three dimensions (X, y and z planes). Other key
innovations included the ability to scan at lower voltage
(kV) and the reintroduction of iterative reconstruction.
Iterative reconstruction had actually been used on the earliest
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CT scanners [30]; however it was limited by processing speed
and consequently was replaced by filtered back-projection by
about 2000. Much faster computer processors were developed
subsequently, allowing for the reintroduction of iterative re-
construction. State-of-the-art scanners used either partial- or
model-based iterative reconstruction methods to produce im-
ages with better image quality at a lower doses [29, 30].

Another important recommendation to come out of the
2002 meeting was that of a collaborative effort on dose
reduction across many professions. Effective action to re-
duce CT dose would require a commitment from not only
radiologists and radiologic technologists but also referring
clinicians [31, 32], medical physicists, manufacturers and
regulatory bodies [26]. The seeds were planted for the
second red-letter moment on this journey.

In 2006, a committee was formed within the SPR to
address the topic of radiation exposure from medical im-
aging in children; this was the origin of the Image Gently
Alliance [33, 34]. In 2007, the SPR leadership partnered
with the American College of Radiology, the American
Society of Radiologic Technologists and the American
Association of Physicists in Medicine (AAPM) to form a
true alliance: the formal Image Gently campaign was
launched that summer. The primary objective of the
Image Gently Alliance was “to raise awareness in the im-
aging community of the need to adjust radiation dose when
imaging children. The ultimate goal is to change practice.”
With respect to CT, the Alliance made several simple rec-
ommendations, such as to scan only when necessary, scan
only the indicated region, and scan only once. In addition
to these straightforward recommendations, the Alliance
initially (in 2008) published CT protocols for children on
its website; these protocols were “independent of equip-
ment manufacturer, age of machine, or number of detec-
tors” [33]. Despite good intentions, automatic exposure
control and an inability to select lower tube voltages or
the use of iterative reconstruction made adoption difficult.
Other innovations after 2000 such as bow-tie filters, focal-
spot to detector distance, and detector efficiency contribut-
ed further to the complexity of the issue. Ironically, the
better the scanners got at reducing dose, the harder it be-
came to create a universal child-size protocol. By 2014, it
was impossible to do so. The Image Gently Alliance ac-
cordingly revised its website. In place of the earlier “uni-
versal” protocols for children, there is now an 8-page doc-
ument titled “Pediatric CT Protocols and Instructions
2014” [34]. However the creation of this useful document
would not have been possible had early efforts by the
Image Gently Alliance not taken place.

Although the Image Gently Alliance struggled with simpli-
fying pediatric protocols, it was phenomenally successful
when it came to education, outreach and collaborative efforts.
The Alliance is now an international organization with more

than 100 member groups with a presence on all six populated
continents. Since its inception, a vast amount of scholarly
work has gone into the topic of radiation safety in medical
imaging and dose optimization for children [35-40].

In the post-Image Gently campaign world, radiologists and
referring providers were also encouraged to consider alterna-
tive modalities such as ultrasound or MRI for pediatric eval-
uation. A 7-year effort to reduce CT dose at St. Louis
Children’s Hospital included not just lower CT dose protocols
but also streamlined access to US and MRI for pediatric pa-
tients. A subsequent decline in CT volume at the St. Louis
hospital coincided with an increase in its US and MRI vol-
umes. Meanwhile, the CT volume at the adjacent adult hospi-
tal increased, suggesting that the St. Louis efforts to provide
alternative methods of diagnosis were successful [36]. At our
hospital, CT is rarely used on pediatric patients for indications
other than cancer staging (primarily lung and lymphoma as-
sessment), or emergent indications. In the emergency setting,
US is now the initial imaging modality for appendicitis. These
practices are now commonplace across the United States and
the rest of the world.

Pediatric radiology’s effect on CT dose
reduction

CT dose monitoring for adult and pediatric patients during the
last 10 years has shown a favorable trend in patient dose re-
duction and better dose management concurrent with optimal
image quality. Collective and collaborative implementation
efforts made by the radiology community, professional orga-
nizations in imaging, the clinical medical community and the
radiation imaging industry were instrumental in lowering risk
from the relatively higher-dose CT procedures. This was
mainly a result of different levels of technical, scientific, clin-
ical and regulatory interventions proposed and implemented
by these groups. Over the last decade, improvements in CT
acquisition chain technology using pediatric-size-based CT
protocols and innovations in image reconstruction algorithms
have made it possible to achieve lower doses at the same, if
not better, image quality. From study justification for the exam
to dose optimization at the exam time, to dose management,
reporting and benchmarking after the exam, a team of pro-
viders works to achieve the scan optimization objective of
balanced risk versus benefit.

As mentioned in the previous section, one of the challenges
radiology providers faced was identifying a dose descriptor
that could be used to make a patient dose estimate and deter-
mine associated risk. A weighted CT dose index (CTDI,,) and
dose—length product (DLP) were the most common CT dose
descriptors. With the introduction of helical CT scanning of a
volume of tissue in one rotation, CTDI,,; was introduced and
was estimated from the CTDI,, adjusted for the scan pitch. It is
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important to remember that those dose descriptors were mea-
sured in tissue-equivalent phantoms of specific size and diam-
eter (head, body) when scanned under similar patient scanning
parameters and system radiation output. They are, to a large
extent, dependent on and correlate well with changes in CT
acquisition parameters and post-processing methods. Those
parameters include kilovoltage (kV), milliamperes (mAs),
dose modulation, detector configuration, scan field of view,
beam filtration, scan mode (helical/axial), patient positioning,
dose reduction algorithms, reconstruction algorithms and
post-processing kernels.

The effective dose, which was intended for developing
occupational dose limits and radiation safety measures as
stated in the International Commission on Radiological
Protection (ICRP) report 103 [41], has been widely used
by the imaging community to predict cancer incidence in
large populations exposed to medical radiation. Effective
dose is defined as the dose that, if delivered uniformly to
the whole body, would produce the same effects as those
produced by a dose delivered to one or more specific
organs [41]. As a CT dose descriptor, the effective dose
has been linked to the CTDI,,; and the DLP [14, 42-44].
It became the most reported dose descriptor relating CT
doses delivered to specific organs to cancer risk predicted
in BEIR VII report from the Japanese survivors model
[11, 45, 46]. Effective dose is calculated by multiplying
the dose delivered to organs in the body by an organ-
specific biological factor and a radiation-type weighting
factor (1 for X-rays), and summing the products for all
exposed organs [41, 47].

Using these measurements, the introduction of patient-
size and age-specific acquisition parameters had a signifi-
cant effect on lowering both adult and child CT doses.
Table 2 compares the evolving CT acquisition parameters
used by several authors over the years and their consequent
effect on CT effective doses [14, 21, 23, 37, 48-51]. Some
authors reported using actual scan parameters on physical
phantoms to determine organ doses, while others used syn-
thesized data from computer-based models. Data from our
institution are based on our departmental patient age- and
weight-based pediatric CT protocols. We obtained CTDI,,
and DLP from individual patient scan dose reports through
the picture archiving and communication system (PACS)
and by using a commercial radiation dose reporting and
management system (Radimetrics Enterprise Platform;
Bayer HealthCare, Whippany, NJ). Review of the refer-
enced authors’ notes and results in Table 2 demonstrates
success in lowering pediatric CT doses through better uti-
lization of available technology, lowering scanner radiation
output to a reasonable minimum, and reducing scanned
volume of irradiated tissue. Using age- or weight-based
mAs values and using pitch values above 1 helped reduce
reported effective doses. An example from Table 2 shows
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5-year-old effective doses from head CT in 2001 and
2007 at about 70 mSv and 52 mSyv, respectively, when
adult protocols were used for pediatric head CT exams
[21, 51]. The subsequent use of more appropriate pediatric
head protocols [48, 51] shows reduced effective doses to
about 4 mSv and 1.4 mSv. Our results show mean effective
doses to the same age group at values about 1 mSv. The
same can be seen with abdominal CT studies. Effective
doses reported by the same authors from body CT showed
lower mAs values and consequently reduced effective
doses over the years. For a 5-year-old child, effective doses
from body CT obtained over time were 33 mSv in 2001
[21] and 9 mSv in 2012. With advanced dose modulation
technology, our results show a 5-year-old effective dose
from chest/abdomen CT to now be about 0.4 mSv. These
figures illustrate the remarkable achievements in pediatric
CT dose reduction that have taken place over the years.

Current thinking

Have we gone too far on pediatric CT dose reduction? At
our institution, as described, weight- and age-based pro-
tocols are readily available. One of our scanners has the
capability to scan at a tube voltage as low as 80 kVp with
no compromise in diagnostic ability. However, major chil-
dren’s hospitals are still moving forward, using size-
specific dose estimates as a patient dose estimate. This
makes sense because the photon path depends more on
patient thickness than on patient weight or age.
Cincinnati Children’s Hospital Medical Center, which
has measured every fluoroscopy patient to ensure appro-
priate machine settings, now does the same for its CT
patients. The ultimate goal is to gather enough data to
develop target dose guidelines based on patient thickness
(K. Strauss, personal communication). In the meantime,
the AAPM has individualized pediatric protocols (brand-
specific) for select scanners freely available on its
website; these protocols can serve as a starting point for
hospitals unaccustomed to scanning pediatric patients.
These take patient thickness into account, and more than
30 scanners are included in the chest section [52]. This
suggests there is still room for improvement.

However the recent focus on quality and outcomes in
patient care further complicates matters. Historically, we
have spoken about dose optimization with reference to
factors such as contrast-to-noise ratios. While dose reduc-
tion is a challenging goal in isolation, successfully man-
aging imaging quality requires simultaneously consider-
ing patient-centered care needs, operational variability
and efficiency, along with dose. But if measuring dose is
challenging, try simultaneously measuring dose (or even
just exposure) with quality with a capital Q. This requires
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accounting for additional factors such as patient-centered
care needs, operational variability, and efficiency. All
these need to be considered in moving forward.

Manufacturers have also responded with admirable vigor
to the challenge of record-keeping for CT radiation exposure
and dose tracking. There are 13 software packages and three
open-access packages on the market. About two-thirds of
these can send data directly to the ACR National Radiation
Dose Registry. If users are appropriately trained, dose alerts
can now be sent to smartphones, so institutions must assess
their needs before choosing from the (numerous) options. This
adds another layer of complexity to the issue of CT dose.

The issue of dose metrics appearing in patient reports
has also become one of legislative concern. Select states,
including Connecticut, California, Texas and New York,
have passed legislation regarding some form of mandato-
ry CT dose reporting [53]. An well-known case in
California where a young boy was mistakenly subjected
to the equivalent of 151 CT scans within 68 min [54]
precipitated the first legislative effort to report “dose” (ac-
tually CTDI,,;, phantom used, and DLP). Some benefits
of such legislation include public reassurance, more expe-
rience with dose tracking for trainees, technologists and
radiologists, and potentially useful data archiving.
However, as mentioned, these numbers are not actual pa-
tient doses and can be misleading. The method of
reporting dose tracking is not yet standardized, and there
is concern that such documentation could encourage mal-
practice litigation [55].

Finally, to come full circle, it has also recently been
pointed out that the linear-no-threshold model of radia-
tion risk is a hypothesis [56]. While this has generally
been acknowledged in articles on CT dosimetry, it is
usually mentioned in passing before the ensuing detailed
discussion of dose optimization or reduction. Is there a
problem with using an unproven hypothesis as the basis
for a worldwide patient safety campaign? It sounds like a
rhetorical question, and indeed certain authors have ag-
gressively attacked the idea, claiming that the ALARA
concept is actively harmful to patients and even that the
Image Gently Alliance should be dissolved [57, 58]. The
argument is that no increased cancer risk has been dem-
onstrated at dose levels below 100 mSv, and to empha-
size continuing dose reduction serves only to fuel public
fear and unnecessarily compromise image quality.
However, these authors concurrently endorse the contro-
versial principle of hormesis, itself unprovable in the ab-
sence of massive population cohort studies [17]. While
there is no proven harm at doses of 10 mGy, neither is
there proven benefit. Hypothetical statements to the con-
trary notwithstanding, the lowest effective CT dose is a
laudable goal, as is the lowest effective medication dose.
Large cohort studies are underway to more directly assess
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radiation risk, at least at the population level. However,
even with an expected cohort of 1.2 million patients, the
studies will only be adequately powered to assess leuke-
mia and possibly brain tumor risk. A cohort of 5 million
patients would be needed before any accurate quantifica-
tion of cancer risk could be definitively performed for
doses of 10 mSv. Even size-specific dose estimate
(SSDE), likely the next step forward, is not individual-
ized; individual patients are more or less radiation sensi-
tive depending on their unique genome, epigenetic fac-
tors, and confounding radiation sensitization at any given
time. All of this invites the question, just how accurate
are we going to need to be?

Summary

Pediatric CT dose optimization is a work in progress and will
continue to be for several years. Measuring dose to actual
patients is not easy. Optimizing an entity that is hard to mea-
sure is harder still. However, since the beginning of the mil-
lennium, the medical imaging community has shifted its focus
from best possible image quality to a balance of image quality
with patient safety. On the way, we have partnered with tech-
nologists, medical physicists, manufacturers, referring clini-
cians and regulatory bodies. This partnership, rising in large
part out of concerns for our children, has and will continue to
benefit our patients, child-size and otherwise.
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