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that use ionizing radiation (radiation) such as computed tomography (CT) and

with increased cancer risk. It is unknown how much radiation pediatric PH
patients receive. The objective of this study is to quantify radiation received
Funding information from imaging and compute associated lifetime cancer risks for pediatric

Patient-Centered Outcomes Research patients with PH. Electronic health records between 2012 and 2022 were
Institute, Grant/Award Number: CDCD-
1304-7043-1304-7043 and DI-2018C1-

11375) using Monte Carlo modeling. Cancer risks for each patient were calculated

reviewed and radiation dose data were extracted. Organ doses were estimated

from accumulated exposures using National Cancer Institute tools. Two
hundred and forty-nine patients with PH comprised the study cohort; 97% of
patients had pulmonary arterial hypertension, PH due to left heart disease, or
PH due to chronic lung disease. Mean age at the time of the first imaging study
was 2.5 years (standard deviation [SD]=4.9 years). Patients underwent a
mean of 12 studies per patient per year, SD = 32. Most (90%) exams were done
in children <5 years of age. Radiation from CT and cardiac catheterization
accounted for 88% of the total radiation dose received. Cumulative mean
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INTRODUCTION

Pediatric pulmonary hypertension (PH) is a chronic
condition with high illness severity.' Advances in
diagnostic and therapeutic management strategies have
led to decreasing mortality rates and improved quality of
life.> Diagnostic and treatment guidelines for pediatric
PH recommend the use of cardiac catheterizations, chest
computed tomography (CT), nuclear medicine studies,
and radiographs to diagnose, risk stratify, and guide
management decisions.” A significant side effect of using
these imaging modalities is increased exposure to low
dose ionizing radiation (radiation).

Radiation used in medical imaging is associated with
increased cancer risk, cardiovascular disease, immune
dysfunction, cataracts, and neurologic disorders.*”® The
Linear No Threshold Model is a model commonly used
by public health regulatory bodies and occupational
oversight organizations that proposes no safe threshold
dose exists below which there is zero increased cancer
risk from radiation. This means that even at low doses,
the cancer risk is linearly proportional to the radiation
dose.” Evidence supporting this model has been con-
tributed by cohort studies that have documented an
increased cancer risk associated with exposure to CT,
where the observed cancer risks are consistent with what
would be predicted based on this model.**

Radiation dose exposures needs to be quantified to
estimate future cancer risk. However, understanding
patient exposures from routine medical imaging is
challenging. First, machine generated radiation dose
metrics and exam characteristics must be merged with
patient characteristics to quantify organ doses which are
needed to estimate cancer risk; bone marrow doses
are associated with leukemia risks, whereas breast doses
are associated with breast cancer risk. Details of patient
size, position in the scanner, and anatomy are necessary
to understand which organs may be directly or indirectly
irradiated during each irradiation event. These data are
then used to estimate organ doses, which are in turn are
used to calculate cancer risk.>’

effective dose was 19 mSv per patient (SD = 30). Radiation dose exposure
resulted in a mean increased estimated lifetime cancer risk of 7.6% (90%
uncertainty interval 3.0%—14.2%) in females and 2.8% (1.2%—5.3%) in males.
Careful consideration for the need of radiation-based imaging studies is
warranted, especially in the youngest of children.

bronchopulmonary dysplasia, cancer risk, congenital heart disease, pulmonary hypertension

The number, type, and intensity of irradiation events
used during the diagnosis and ongoing treatment of
pediatric patients with PH have not been previously
reported. Acquiring and analyzing these data is the first
step in exploring how radiation use might be optimized
for these patients and reduced where appropriate. The
goal of this study was to characterize sources of radiation
exposure, compute radiation doses received, and calcu-
late the associated excess lifetime cancer risk in pediatric
patients with PH given typical exposures at a tertiary
care, pediatric PH center of excellence.

METHODS
Patients

Patients with PH were identified using the Pediatric
Pulmonary Hypertension Registry at University of
California San Francisco (UCSF). Patients were included
in this registry if they were evaluated by the pediatric
pulmonary hypertension service between 2012 and 2022
and had evidence of PH on cardiac catheterization
evaluation. Children always had imaging as part of their
evaluation Because of this, length of follow-up was
defined as the time between first and last imaging study
done at UCSF. To adjust for length of follow-up, total
number of imaging studies and associated radiation dose
per patient were divided by the number of years each
patient was seen at UCSF. Etiology of PH was categorized
using the Nice classification system."”

Radiation dose data extraction and dose
estimation

Patient demographic data, PH diagnosis information,
tally of imaging exams that utilize radiation (e.g.,
radiographs, CT, cardiac catheterization, nuclear medi-
cine studies, and fluoroscopic procedures) were extracted
from the electronic health record (EHR).
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For CT, the dose metric and dose-length product
(DLP) were extracted from CT imaging reports found in
the EHR.!! When DLP was unavailable, doses were
imputed using the available technical parameters. For
cardiac catheterization, the dose metric, dose area
product (DAP) was extracted for each run (individual
irradiating event) in the Digital Imaging and Communi-
cations In Medicine (DICOM) report created from
cardiac catheterization equipment. In addition to DAP,
data including beam energy, height, width, and location
of the irradiated field, and beam angle were extracted
from the DICOM report. Because beam location was not
accurately reported in DICOM reports, location was
estimated to be directly in the anteroposterior (AP) plane
and centered on the chest. As a result, the exam's total
DAP was modeled as a single long exposure. Using an
organ-centric approach to estimate dose localization has
been accepted for cardiac catheterization cases given
current capacity of available technology and models
used."”” When DICOM reports were unavailable, DAP
was extracted from procedure notes describing the
cardiac catheterization case in the EHR. When X-ray
beam data were unavailable, beam energy, height, width,
and location of the irradiated field, and beam angle
measurements were imputed using median of data based
on age.

Organ specific radiation doses and effective doses for
each exam were estimated using Monte Carlo simula-
tions using a previously described methodology.'* Organ
doses for cardiac catheterization were computed using
Monte Carlo simulations through the National Cancer
Institute dosimetry system.'* Doses for nuclear medicine
and radiographs were estimated using a detailed dose
map generated for an unrelated National Institutes of
Health funded study.'® Radiation doses for fluoroscopy
exams (swallow evaluations, upper and lower gastro-
intestinal [GI] studies, and upper GI studies with small
bowel follow through) were estimated using a detailed
exam specific estimate created for an unrelated study
quantifying cancer risk in children.'® If patients under-
went less common fluoroscopy studies, doses were not
included. The UCSF Institutional Review Board (IRB)
approved this study and provided a waiver for individual
informed consent (IRB Number 21-34589).

Effective radiation doses

Effective dose is defined as the tissue weighted sum of
the radiation doses to each of the organs irradiated where
the weightings reflect the radiosensitivity of the organ
irradiated and future cancer detriment.'”” This dose
metric allows radiation doses from different types and
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anatomic locations of imaging studies to be compared
with each other because it reflects the stochastic health
risk of radiation for the whole body. Mean effective doses
per patient by imaging modality and Nice classification
group were described.

Statistical analysis

Summary statistics for patient demographics were
reported. Total number of studies done by modality,
per patient overall, and per year observed in the cohort
by Nice classification group were calculated. Total
number of studies by year of birth and total number of
studies by age at which the study was done were plotted.
Individual data points reflecting total number of studies
per patient were not shown for patients in Groups 4 and
5 because of concern for sharing protected health
information, given the small number of patients present
in each group. Mean effective dose by Nice classification
and imaging type are also described.

Cancer risk calculation

The estimated organ doses were averaged within strata
defined by sex, age, and study type. These doses were
used to compute the mean excess lifetime cancer risk for
each stratum using the radiation risk assessment tool
version 4.3 developed by the National Cancer Institute.'®
Stratum-specific risks were then summed to estimate
excess lifetime cancer risk for the entire cohort given the
appropriate weighting of each stratum. This method was
equivalent to calculating the risk to each patient given
the entirety of their different exposures and then
summing these risks across the cohort. The mean excess
risk is the excess absolute cancer risk beyond baseline
that is attributed to radiation from the medical imag-
ing.'> Cancer risk is reported as the mean excess
increased cancer risk with the 90% uncertainty interval.
A sensitivity analysis of excess lifetime cancer risk in
patients who were alive at the end of the study period
was also performed.

RESULTS

There were 249 patients with PH with mean age of first
imaging study of 2.5 years (SD = 4.9 years). Mean length
of follow-up was 3.2 years (standard deviation [SD] = 4.0
years). Patients in Groups 1—3 (pulmonary arterial
hypertension, PH due to left heart disease and chronic
lung disease) comprised 97% of the cohort (Table 1).
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Stratification of the etiology of PH for Groups 1-3 is
shown in Supporting Information: Table 1. Overall, 17%
of patients died during the follow-up period, with a mean
age at the time of death of 2.8 years (SD = 4.9 years). The
mortality was highest in patients with PH due to left
heart disease (Group 2) at 29% (4/14).

A total of 18,199 medical imaging exams that used
ionizing radiation were performed. On average, patients
received a total of 73 imaging studies (SD = 88) with a
mean of 12 studies per patient per year (SD=32) -
(Figure 1). Average number of studies per patient per
year ranged from 5.0 (SD=3.0) in patients with
chronic thromboembolic with PH (Group 4) to 61.0
(SD =71.0) in patients with PH due to left heart disease
(Group 2) (Table 2). Most imaging exams were performed
in younger children: 70% of exams were done on children
<1 year of age, and 90% were done on children <5 years
of age (Figure 2). Radiographs (chest, abdomen, and
combined chest and abdomen) were the most commonly
performed imaging exam in all groups (Table 1). CT
scans were performed commonly in the youngest
children in this cohort. For patients with pulmonary

Pulmonary Circulation

arterial hypertension (Group 1) and PH due to chronic
lung disease (Group 3) disease, 50% of CT scans were
done in children less than 7 months of age. For children
with left sided heart disease (Group 2) 30% of CT scans
were done in patients who were less than 7 months of
age (Figure 2). Patients in Group 2 received a mean of 1.8
cardiac catheterizations per patient (SD = 1.2), the high-
est of all groups. Those with pulmonary vein stenosis
received the highest mean number of catheterizations
per patient (mean = 2.4, SD =1.9).

Cumulative mean effective dose was 19 mSv per
patient (SD =30) and varied across groups and ranged
from 18.6 mSv per patient (SD =21.2) in patients with
pulmonary arterial hypertension (Group 1) to 107.0 mSv
per patient (SD = 129.0) in patients with PH with unclear
multifactorial mechanisms, Group 5 (Figure 3). Patients
with pulmonary vein stenosis had an average cumulative
exposure per patient of 27.5 mSv per patient (SD = 32.8).
Average total dose per patient per year ranged from
5.6 mSv (SD = 5.6) in patients with PH from chronic lung
disease (Group 3) to 21.0mSv (SD =23.2) in patients
with chronic thromboembolic PH (Table 2).

600
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Total Number of Studies Per Patient

200

Pulmonary Arterial
Hypertension (Group 1)
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Total Number of Studies Per Patient

200
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Left Heart Disease (Group 2)
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FIGURE 2 Number of studies done at every age by imaging study type and Nice classification. Each dot represents the total number of
studies done for all patients in the Nice classification group at a given age.

Overall, 66% of radiation was received from CT, 22%
from cardiac catheterization, 7% from nuclear medicine
studies, 4.5% from radiography, and 0.5% from fluoros-
copy. Doses from CT accounted for most of the radiation
exposure across all groups, ranging from 57% of total
effective dose in patients with pulmonary arterial
hypertension (Group 1) to 93% in patients with PH with
unclear multifactorial mechanisms (Group 5) (Figure 3).
Corresponding mean effective dose per patient per year
from CT ranged from 6.3 mSv/year (SD = 4.4) in patients
with PH due to chronic lung disease (Group 3) to

20.2 mSv/year (SD =12.4) in Group 5 patients (Table 2).
Less than 1% of CT scans used an effective dose of
<0.1 mSv. Most CT scans (85%) in this cohort of patients
occurred in or after 2016.

Cardiac catheterization accounted for the second
largest source of radiation ranging from 2.2% of total
effective dose in Group 5 patients to 33% in patients with
PH due to left sided heart disease (Group 2). The
contribution of nuclear medicine studies ranged between
for 1.2% of effective dose in Group 2 patients to 22% in
patients with chronic thromboembolic PH (Group
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4) (Figure 3). Radiographs ranged between 0.5% of
effective dose in Group 5 patients to 7% in Group 3
patients with PH due to chronic lung disease (Figure 3).
However, for some patients, the effective dose from
radiographs was comparable to doses delivered from CT
scans; 23%, 43%, and 31% of patients with pulmonary
arterial hypertension (Group 1), left side disease (Group
2), and chronic lung disease/hypoxia (Group 3),
respectively.

Cancer risks

Overall, patients in this cohort have a mean excess
lifetime cancer risk of 7.6% in females (90% uncertainty
interval 3.0%—14.2%) and 2.8% in males (1.2%—5.3%)
(Table 3). Patients with pulmonary arterial hypertension
(Group 1, the largest group) have the highest excess
cancer risk; female: 7.9% (3.3%—14.6%) and male: 2.9%
(1.3%—5.0%). Patients with PH secondary with unclear
multifactorial mechanisms (Group 5) had the lowest
excess cancer risk; females: 1.3% (0.5%—2.5%) and males:
0.6% (0.3%—1%) (Table 3). A sensitivity analysis of excess
cancer risk in patients who survived to the end of the
study showed similar increased cancer risk for the whole
population: females; 7.9% (3.0%—14.3%) and males: 2.2%
(0.9%—4.0%) (Supporting Information: Table 2).

DISCUSSION

Patients with PH underwent large numbers of imaging
procedures that used low dose ionizing radiation. Most of
the radiation exposures came from CT (66%) followed by
cardiac catheterizations (22%) and most were performed
in children less than 5 years; an age when children are
most sensitive to developing cancer from such exposures.
For a significant minority of patients, radiation from
radiographs resulted in radiation exposure comparable to
the dose received in CT scans because they received so
many chest and abdomen radiographs. The radiation
exposure from medical imaging studies resulted in a
mean increased absolute lifetime risk that is considered
higher than what is trivial: 7.6% in females (90%
uncertainty interval 3.0%—14.2%) and 2.8% in males
(1.2%—5.3%). Similar increased absolute lifetime risk of
cancer was found after excluding patients who died
during the study period.

Cancer risks are driven by doses received and the age
when doses were received. Older patients presenting
with PH received (on average) significantly more
effective radiation dose than children who presented
with PH in early childhood. However, the risk of cancer
in children receiving their CT and cardiac catheterization
studies at older ages was significantly less than those
receiving these studies in infancy. The greater risks based
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§ 'g z same clinical information can be obtained as a CT
& < . o
EER RS & scan and if there are no metallic implant or other
E < _g % Llr contraindications to an MRI scan.
g g § SE Study for study, radiography delivers little radiation
% g EC < compared with CT** However, 25% of patients received
= xR W . . .
4 & E a2 so many radiographs during their treatment course, they
5 o - received radiation doses from radiographs equivalent to
% £ 5 E CT scans. Children with prolonged hospital length of
= < T stays such as those with bronchopulmonary dysplasia or
) y p Iry dysp
8 §: § § patients with complex congenital heart disease receive
& T = o= hundreds of radiographs during their admissions.*
o = S Assessing the clinical indication for every radiograph
ﬁ 2 that is ordered in these patients is important to minimize
2 = £ unnecessary exposures, as some radiographs contribute
= = & little to clinical decision making.*®
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Current radiation doses used for CT are at dose
ranges that can cause harm to patients, especially for
patients receiving multiple CT scans at young ages.
While CT doses have decreased from the 1990s, there has
been relatively little change in typical radiation dosing
used for CT during the study period included in these
analyses.*® Newer technology (such as ultra-low dose CT)
are not commonly used in children.”” Only 1% of CT
scans included in our cohort used such ultra-low doses.
Environmental radiation exposure contributes very little
to the increased cancer risk this cohort of patients
receives as doses used for CT scans in children are
significantly higher than annual background environ-
mental radiation exposure.*®

Survivors of congenital heart disease experience
significantly higher rates of cancer than the baseline
population.?®° It is unknown if the observed increased
risk of cancer is caused by a genetic susceptibility to
cancer (associated with their congenital heart disease),
the radiation doses associated with their treatment, an
increased susceptibility to radiation, or a combination of
factors.’** Given the high illness severity pediatric
patients with PH experience, we anticipate that the need
to use multiple radiation-based imaging technologies to
aid in diagnosis and treatment will be necessary despite
advances in technology to use nonionizing radiation-
based imaging modalities. Careful attention to reduce the
use of radiation delivering modalities, and to reduce the
radiation from each exposure is imperative to decrease
unnecessary exposure and risk.

Our study has several strengths. UCSF is a pediatric
PH center of excellence that follows a large and diverse
cohort of patients. We have leveraged use of the EHR and
were able to link clinical data with patient specific
radiation dose data to quantify risk of cancer in clinically
relevant cohorts. We also used state of the art modeling
to estimate organ doses and estimated increased cancer
risk. Modeled organ doses from CT were similar to
previously reported values.® Cancer risk estimates were
on the same scale as other patients receiving cardiac
catheterization for congenital heart disease.>® The study
also has several limitations. Doses for procedures
received at other hospitals were not captured, and UCSF
exposures before the introduction of the EHR at UCSF
(2012) are not reliably available. Importantly, radiation
doses overall are likely higher than we report because of
missing data, and therefore estimates are conservative.
While our data show that children born after 2015 have
more radiation-based imaging, this likely reflects im-
proved record keeping in the EHR in recent years. In
addition, fluoroscopy units at UCSF were not configured
to collect DICOM reports so estimates were used for
fluoroscopic exams, and technical parameters were

missing for some patients including many with cardiac
catheterization and had to be imputed. While novel and
state-of-the are models were used to estimate organ
dosing for cardiac catheterization, the estimates are
imprecise with large error bars in part because we did not
know the exact locations of organs irradiated. There were
only a handful of patients with Groups 4 and 5 PH in our
cohort reflecting the rarity of these diagnoses. However,
the small number of patients made generalization about
these patient groups difficult. Finally, this study is a
single-center study. Differences in diagnostic approaches
amongst centers warrant investigation in additional
centers.

Children with PH are at high risk for needing on
going radiation-based procedures such as CT scans and
cardiac catheterizations given the illness severity and
chronic nature of the disease. The excess lifetime risk for
cancer secondary to medical radiation in this cohort of
patients will therefore grow, making the risk of radiation
from imaging even greater than we report. To better
characterize radiation exposure, improved dosimetry is
needed for cardiac catheterization to take into account
positioning, and different pediatric anatomies (e.g.,
heterotaxy or congenital diaphragmatic hernia). In
attempt to reduce future cancer risks, careful considera-
tion for the need of radiation-based imaging and
modality of imaging is warranted, especially in the
youngest of children. Consideration of calculating a
cumulative lifetime of imaging and radiation exposure in
these children may be warranted to influence their future
exposures, but more comprehensive data are needed to
do this.
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