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Organ Doses from Chest Radiographs in Tuberculosis Patients in Canada and
Their Uncertainties in Periods from 1930 to 1969

David C. Kocher,1 A. Iulian Apostoaei,1 Brian A. Thomas,1 David Borrego,2

Choonsik Lee,2 and Lydia B. Zablotska3
Abstract—This paper describes a study to estimate absorbed doses
to various organs from film-based chest radiographs and their un-
certainties in the periods 1930 to 1948, 1949 to 1955, and 1956 to
1969. Estimated organ doses will be used in new analyses of risks
of cancer and other diseases in tuberculosis patients in Canada
who had chest fluoroscopic and radiographic examinations in those
periods. In this paper, doses to lungs, female breast, active bone
marrow, and heart from a single chest radiograph in adults and
children of ages 1, 5, 10, and 15 y in the Canadian cohort and their
uncertainties are estimated using (1) data on the tube voltage (kV),
total filtration (mmAl), tube-current exposure-time product (mA s),
and tube output (mR [mA s]−1) in each period; (2) assumptions
about patient orientation, distance from the source to the skin of
a patient, and film size; and (3) new calculations of sex- and
age-specific organ dose conversion coefficients (organ doses per
dose in air at skin entrance). Variations in estimated doses to each
organ across the three periods are less than 20% in adults and up
to about 30% at younger ages. Uncertainties in estimated organ
doses are about a factor of 2 to 3 in adults and up to a factor of
4 at younger ages and are due mainly to uncertainties in the tube
voltage and tube-current exposure-time product.
Health Phys. 119(2):176–191; 2020
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INTRODUCTION

STUDIES OF a cohort of approximately 64,000 tuberculosis
patients in Canada who had multiple chest fluoroscopic ex-
aminations provided estimates of risks of lung cancer,
female breast cancer, and heart disease associated with
fractionated exposures to ionizing radiation at moderate
dose rates of about 0.5 to 0.6 mGy s−1 and mean total doses
of about 1 to 2 Gy (Miller et al. 1989; Howe 1995; Howe
andMcLaughlin 1996; Zablotska et al. 2014). Similar anal-
yses of risks of cancer and heart disease associated with
chest fluoroscopic examinations were conducted in a smaller
cohort of tuberculosis patients in Massachusetts (Boice et al.
1978, 1991; Davis et al. 1987, 1989) and in the two cohorts
combined (Tran et al. 2017).

As part of a study to estimate risks of cancer and other
diseases in tuberculosis patients in the Canadian fluoros-
copy cohort using a new dosimetry system and an extended
period of follow-up of disease incidence and mortality, esti-
mates of absorbed doses to various organs from film-based
chest radiographs and their uncertainties will be included
for the first time. Chest radiographs were used in diagnosing
disease and monitoring disease status in patients during
treatment for tuberculosis. Although organ doses from a
single chest radiograph were about 2 orders of magnitude
lower than doses from a single fluoroscopic examination,
doses from chest radiographs are potentially important when
about 1% of patients in the Canadian cohort had more than
100 radiographic examinations (maximum nearly 1,000),
and more than half of patients with chest radiographs did
not have any fluoroscopic examinations. The average num-
ber of chest radiographs per patient was 21.

This paper describes a study to estimate organ doses
from a single chest radiograph and their uncertainties in tuber-
culosis patients in the Canadian fluoroscopy cohort. Doses to
lungs, female breast, active bone marrow, and heart in adults
and children of ages 1, 5, 10, and 15 y and their uncertainties
are estimated using (1) data on machine parameters in chest
radiography in three periods from 1930 to 1969 when expo-
sures of the cohort occurred; (2) assumptions about patient
orientation, distance from the source to the skin of a patient,
and film size; and (3) new calculations of sex- and age-specific
organ doses (Gy) per dose in air (Gy) at skin entrance, referred
to as organ dose conversion coefficients (DCCs). Organs in
www.health-physics.com
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177Organ doses from chest radiographs c D.C. KOCHER ET AL.
which doses are estimated in this paper are the primary organs
in the field of view of an x-ray beam in chest radiography.

Ideally, organ doses from chest radiographs in the
Canadian fluoroscopy cohort could be estimated using
patient-specific information on machine parameters in each
examination. However, the only information on chest ra-
diographs in medical records of patients in the cohort is
the total number of examinations, year of admission to a
sanatorium, and age at admission. There is no information
on machine parameters and other important exposure con-
ditions noted above, and the years in which each patient had
chest radiographs can only be inferred from the year at first
admission, total number of examinations, and an assump-
tion about the number of examinations per year. In addi-
tion, there is no information on chest radiographs prior to
or after treatment in tuberculosis sanatoria or radiographic
examinations in outpatient settings.

Given the lack of data on chest radiographic procedures
in Canadian sanatoria, it is not feasible to estimate doses to in-
dividual patients in each period that account for the possible
variability in exposure conditions in patients of the same sex
and age and from exam to exam in the same patient. Rather,
probability distributions of organ doses in each period devel-
oped in this paper are intended to represent uncertain average
doses from a single chest radiograph in males or females of
specified ages in the Canadian fluoroscopy cohort.
MACHINE PARAMETERS

Important parameters in operations of x-ray machines
include the peak tube potential (kV), referred to as the tube
voltage (ICRU 2005), total filtration (mm Al), product of
the tube current and exposure time (mA s), denoted by PIt

(ICRU 2005), and tube output (mR [mA s]−1) at a specified
distance from the source. The following sections describe
available data on machine parameters in chest radiography,
as obtained from general scientific literature, and assump-
tions about those parameters and their uncertainties in three
periods when exposures of the Canadian fluoroscopy cohort
occurred: 1930 to 1948, 1949 to 1955, and 1956 to 1969.
These demarcations in time correspond approximately to
changes in National Bureau of Standards (NBS) recommen-
dations on total filtration (NBS 1949, 1955). The first four
sections describe data and assumptions about the tube volt-
age, total filtration, tube-current exposure-time product, and
tube output in chest radiography in adults;4 assumptions
about these parameters and their uncertainties are summa-
rized in Table 1. A concluding section describes assump-
tions about tube voltages at younger ages.
4

More than 80% of tuberculosis patients in the Canadian fluoroscopy co-
hort were adults (age ≥20 y) at the time of admission to a sanatorium.

www.health-phy
Assumptions about patient orientation, source-to-
skin distances, film size, and organ DCCs are described
in later sections.

Tube voltage
1930 to 1948. Twomanuals fromGeneral Electric (GE)

X-Ray Corporation in this period (GE 1943, 1945) noted a
tube voltage in chest radiography of 60 kV and a range of
established tube voltages in operations of GE’s machines
of 50 to 80 kV. Another contemporaneous report (Rigler
1946) noted that the tube voltage should rarely be less than
60 kVor greater than 90 kV.

In a recent dose assessment in the United States, Kathren
and Shockley (2005) reported that a tube voltage of 80 kV
was used at the Hanford site beginning in 1946. Two recent
dose reconstructions at the National Cancer Institute used
different assumptions about tube voltages in this period.
Based on data on practices in the United States in 1964
(Gitlin and Lawrence 1966), Simon (2011) assumed tube
voltages of 70, 80, and 90 kV with equal probability,
whereas Melo et al. (2016) assumed a lower tube voltage
of 53 kV, as reported by Clark (1939, 1949) based on that
author’s practices in the United Kingdom.

In this analysis, it is assumed that the tube voltage in
chest radiography in adults in this period can be described
based on information in GEmanuals (GE 1943, 1945), rather
than data on practices in the United States in 1964, which
may not represent practices prior to 1949, or reported prac-
tices in the United Kingdom, which may not represent com-
mon practices in North America. The uncertain tube voltage
is described by a triangular probability distribution with
minimum, most probable, and maximum values at 50, 60,
and 80 kV, respectively; themean of this distribution is 63 kV.

1949 to 1955.Data in Fig. 5.45 ofMorgan and Corrigan
(1955) suggest that the tube voltage in chest radiography in
this period ranged from about 50 kVat a patient’s chest thick-
ness of 18 cm to about 80 kVat a chest thickness of 30 cm.
Another contemporaneous report (Ritter et al. 1952) noted
that commonly used tube voltages ranged from 40 to 100 kV.

Kathren and Shockley (2005) reported that a tube volt-
age of 80 kVwas used at the Hanford site in 1959. Since the
same tube voltagewas used at that site beginning in 1946, as
noted above, a tube voltage of 80 kV presumably was used
in this period. As in the earlier period, Simon (2011) as-
sumed tube voltages of 70, 80, and 90 kV with equal prob-
ability based on data in the United States from Gitlin and
Lawrence (1966), and Melo et al. (2016) assumed a lower
tube voltage of 53 kV, as reported by Clark (1949, 1956)
in the United Kingdom.

In this analysis, it is assumed that the tube voltage in
chest radiography in adults tended to be higher in this period
than in the period prior to 1949. Based on information sum-
marized above but excluding the assumptions by Simon
sics.com
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Table 1. Assumed machine and patient parameters and estimated doses in air at skin entrance from single chest radiograph in
adults and their uncertainties in three periods from 1930 to 1969.a

Yearsb

Parameter 1930–1948 1949–1955 1956–1969

Tube voltage (kV) Triangular (50, 60, 80)c;
Mean = 63

Triangular (50, 70, 90)c Triangular (60, 80, 100)c

Total filtration (mm Al) 0.5 1.5 2.5

PIt (mA s)d Uniform (10, 25); mean ≈ 18 Uniform (8, 20); mean = 14 Uniform (5, 15); mean = 10

Tube output (mR [mA s]−1)e Mean (95% CI): 109 (85, 139) Mean (95% CI): 67 (42, 94) Mean (95%CI): 51 (33, 75)

Variability in tube outputf Normal (1, 0.24)g Normal (1, 0.12)g Normal (1, 0.12)g

Patient orientation 100% PA 100% PA 100% PA

Source-to-film distance 183 cm 183 cm 183 cm

Source-to-skin distanceh

Males
Females

151 cm
150 cm

151 cm
150 cm

151 cm
150 cm

Uncertainty in source-to-skin distancei Triangular (0.96, 1.0, 1.04)c Triangular (0.96, 1.0, 1.04)c Triangular (0.96, 1.0, 1.04)c

Dose rate in air at skin entrance (mGy [mA s]−1)j

Males

Females

Mean (95% CI):
0.039 (0.019, 0.063)

Mean (95% CI):
0.040 (0.019, 0.063)

Mean (95% CI):
0.024 (0.014, 0.035)

Mean (95% CI):
0.024 (0.014, 0.036)

Mean (95% CI):
0.018 (0.011, 0.029)

Mean (95% CI):
0.019 (0.011, 0.029)

Dose in air at skin entrance (mGy)k

Males

Females

Mean (95% CI):
0.67 (0.31, 1.1)

Mean (95% CI):
0.68 (0.32, 1.2)

Mean (95% CI):
0.32 (0.18, 0.53)

Mean (95% CI):
0.33 (0.19, 0.54)

Mean (95% CI):
0.18 (0.095, 0.30)

Mean (95% CI):
0.18 (0.096, 0.30)

aOrgan dose conversion coefficients (DCCs) and estimated average organ doses in adults and their uncertainties are given in Table 3. Assump-
tions about total filtration, PIt, variability in tube output, patient orientation, source-to-film distance, and uncertainty in source-to-skin distance,
but not tube voltage, also are assumed to apply at younger ages.
bTo account for uncertainty in years in which total filtration was increased, it is assumed that end year of first period could have been any year
from 1948 through 1951 and end year of second period could have been any year from 1955 through 1958.
cParameters of triangular probability distribution are (minimum, most probable, maximum). Mean is equal to most probable valuewhen not given.
dTube-current exposure-time product. Uncertain tube voltage and uncertain PIt at each total filtration are assumed to be negatively correlated
with correlation coefficient of −0.5.
eEstimated tube output free-in-air at distance of 30 cm from x-ray source. Uncertainty is due to assumed uncertainty in tube voltage at specified
total filtration.
fUncertainty factor to account for variability in tube output from different machines at fixed tube voltage and total filtration.
gParameters of normal distribution are (mean, standard deviation).
hSource-to-skin distance in adults estimated as source-to-film distance minus sum of thickness of film cassette and cassette holder (5 cm) and
chest thickness of patient (27 cm in males; 28 cm in females). Assumed chest thicknesses of patients at ages 1, 5, 10, and 15 y are given in text.
iUncertainty factor to account for variability in chest thickness of patients.
jEstimated dose rate free-in-air at source-to-skin distance in adults in this table based on tube output at source-to-target distance of 30 cm in this
table by assuming that tube output varies as 1/d2, where d is distance from source, and 1 mGy = 114 mR.
kProduct of dose rate free-in-air at skin entrance and PIt.

178 Health Physics August 2020, Volume 119, Number 2
(2011) and Melo et al. (2016), the uncertain tube voltage is
described by a triangular probability distribution with min-
imum, most probable (mean), and maximum values at 50,
70, and 90 kV, respectively. As discussed later, it also is as-
sumed that the increase in tube voltage in this period was ac-
companied by an increase in total filtration.

1956 to 1969. A GE manual in this period (GE 1965)
reported a typical tube voltage in chest radiography of
80 kV and a range of commonly used tube voltages of 60
to 100 kV. Data reported by Gitlin and Lawrence (1966),
the US Department of Health, Education, and Welfare
(DHEW) and Food and Drug Administration (US DHEW
and US FDA 1973), the National Council on Radiation
www.health-phy
Protection and Measurements (NCRP 1976), and Kathren
and Shockley (2005) also indicate that tube voltages proba-
bly were in the range of 60 to 100 kV. As in the earlier pe-
riods, Simon (2011) assumed tube voltages of 70, 80, and
90 kV with equal probability based on data in the United
States from Gitlin and Lawrence (1966). Melo et al. (2016)
assumed lower tube voltages of 53 kV with no added filtra-
tion prior to 1960 and 65 kV with an added filtration of
2 mm Al (total filtration of 2.5 mm Al) in the 1960s, as re-
ported by Clark (1956, 1964) in the United Kingdom.

Recommendations on total filtration in NCRP Report
33 (NCRP 1968) suggest that tube voltages in this period
could have been as low as 50 kVor less with no added filtra-
tion (i.e., at an inherent filtration of about 0.5 mmAl) and in
sics.com
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the range of 50 to 70 kVwith an added filtration of 1 mmAl
(total filtration of 1.5 mm Al). Whether such combinations
of tube voltage and filtration were used in chest radiography
in adults in this period is unknown.

Based on information in several reports in the United
States noted above, it is assumed in this analysis that the un-
certain tube voltage in chest radiography in adults in this pe-
riod is described by a triangular probability distribution with
minimum, most probable (mean), and maximum values at 60,
80, and 100 kV, respectively. As discussed in the following
section, it is assumed also that the increase in tube voltage in
this period was accompanied by an increase in total filtration.

Total filtration
1930 to 1948.Morgan and Corrigan (1955) reported a

typical total filtration inmedical radiography in the 1940s of
0.5 mm Al; i.e., only the inherent filtration of an x-ray ma-
chine, but no added filtration, was used. An assumption of a
total filtration of 0.5 mmAl in this period conforms to a rec-
ommendation in NBS Handbook 20 (NBS 1936), which
was not superseded until 1949. Melo et al. (2016) also as-
sumed a total filtration of 0.5 mm Al in this period, as re-
ported by Clark (1939, 1949) in the United Kingdom.

Kathren and Shockley (2005) reported that an added
filtration of 1 mmAl (total filtration of 1.5 mmAl) was used
at the Hanford site beginning in the mid-1940s. However,
Shockley et al. (2008) apparently assumed no added filtra-
tion at those times. The latter assumption also was used by
Simon (2011).

Based on the recommendation in NBS Handbook 20
(NBS 1936) and the report by Morgan and Corrigan (1955)
noted above, it is assumed in this analysis that only the inher-
ent filtration of an x-ray machine (i.e., a total filtration of
0.5 mm Al) was used in chest radiography in this period.
However, as described later, the latest year in which a total
filtration of 0.5 mmAlwas used is assumed to be uncertain.

1949 to 1955. NBS Handbook 41 (NBS 1949) recom-
mended an added filtration in radiography of at least 1 mm
Al; i.e., a total filtration of at least 1.5 mm Al. A total filtra-
tion of 1.5 mmAlwas noted in contemporaneous reports by
Ritter et al. (1952) and Morgan and Corrigan (1955).

Kathren and Shockley (2005) reported that an added
filtration of 1.5 mmAl (total filtration of 2 mmAl) at a tube
voltage of 80 kV was used at the Hanford site in 1946 and
1959, which implies that the same filtration was used in this
period. However, Shockley et al. (2008) apparently assumed
a total filtration of 1.5 mm Al in this period, an assumption
that also was used by Simon (2011). Melo et al. (2016) as-
sumed no added filtration at a tube voltage of 53 kV, as re-
ported by Clark (1949, 1956) in the United Kingdom.

Consistent with the recommendation in NBS Handbook
41 (NBS 1949) and reports by Ritter et al. (1952) andMorgan
and Corrigan (1955), it is assumed in this analysis that a total
www.health-phy
filtration of 1.5 mm Al was used in chest radiography in this
period. However, as described later, the year in which this total
filtration was first used is assumed to be uncertain.

1956 to 1969.NBS Handbooks 60 (NBS 1955) and 76
(NBS 1961) recommended an added filtration in radiography
of at least 2 mm Al; i.e., a total filtration of at least 2.5 mm
Al. As noted previously, recommendations in NCRP Report
33 (NCRP 1968) suggest that only an inherent filtration of
0.5 mm Al could have been used at tube voltages of 50 kV
or less, and a total filtration of 1.5 mm Al could have been
used at tube voltages of 50 to 70 kV.

Kathren and Shockley (2005) reported that an added
filtration of 1.5mmAl (total filtration of 2mmAl) was used
at the Hanford site in 1959. Shockley et al. (2008) noted, erro-
neously, that NBS Handbook 60 (NBS 1955) recommended
a total filtration of 2 mm Al; as noted above, Handbook 60
recommended a total filtration of at least 2.5 mmAl. Simon
(2011) assumed a total filtration in this period of 2.5 mm
Al. Melo et al. (2016) assumed total filtrations of 0.5 mm
Al at a tube voltage of 53 kV prior to 1960 and 2.5 mm Al
at a tube voltage of 65 kV in the 1960s, as reported by Clark
(1956, 1964) in the United Kingdom.

In this analysis, it is assumed that a total filtration of
2.5 mm Al was used in chest radiography in this period.
This assumption is consistent with recommendations in
NBS Handbooks 60 (NBS 1955) and 76 (NBS 1961) and
the assumptions of a most likely tube voltage of 80 kV
and range of tube voltages of 60 to 100 kV in this period.
However, as described below, the year in which this total fil-
tration was first used is assumed to be uncertain.

Uncertainty in years of increases in total filtration.

Assumptions in this analysis that the total filtration was
increased beginning in 1949 and again beginning in 1956
were based on the years of publication of new recommen-
dations by NBS (1949, 1955). Also this analysis accounts
for an uncertainty in the years in which the total filtration
was increased.

It is assumed that implementation of NBS recommen-
dations on increases in total filtration could have been de-
layed by up to 3 y; i.e., a total filtration of 0.5 mm Al
could have been used until 1952, and a total filtration of
1.5 mm Al could have been used until 1959. To represent
this uncertainty, equal weight is given to the two assump-
tions about total filtration in the years 1949 to 1951 or
1956 to 1958. For example, in estimating organ doses in
1949, 1950, and 1951, equal weight is given to assumptions
of a total filtration of 0.5 or 1.5 mm Al. With each assump-
tion about total filtration in the years 1949 to 1951 or 1956
to 1958, associated assumptions about the tube voltage, tube-
current exposure-time product, tube output, and their uncer-
tainties are used in estimating organ doses.
sics.com
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As discussed later, the assumed uncertainties in the years
in which the total filtration was increased had little effect on
estimated organ doses from chest radiographs at any age.

Tube-current exposure-time product
Although the tube current and exposure time were se-

lected separately in chest radiography in the periods of inter-
est (e.g., GE 1945, 1965), organ doses are proportional to
the product of the tube current and exposure time, a param-
eter denoted by PIt (ICRU 2005).

1930 to 1948. GE manuals in this period (GE 1943,
1945) noted that PIt in safe operations of x-ray machines
ranged from 10 to 25 mA s. Data on exposure time and
x-ray transformer capacity (mA) in a contemporaneous re-
port by Rigler (1946) suggest a PIt in chest radiography of
at least 10 mA s. Campbell (1947) reported that PIt at one
facility in the United Kingdom ranged from 6 to 36 mA s,
depending on a patient’s weight, at a tube voltage of 55 kV.

Kathren and Shockley (2005) reported that a PIt of
25 mA s at a tube voltage of 80 kV was used at the Hanford
site in 1946.Melo et al. (2016) assumedPIts of 20mA s from
1930 to 1939 and 25 mA s from 1940 to 1949, both at a tube
voltage of 53 kV, as reported by Clark (1939, 1949) in the
United Kingdom.

In this analysis, it is assumed that PIt in chest radiogra-
phy in this period ranged from 10 to 25mA s. The uncertain
PIt is described by a uniform probability distribution with
minimum and maximum values at 10 and 25 mA s, respec-
tively, and mean of about 18 mA s.

1949 to 1955.Data in Fig. 5.45 ofMorgan and Corrigan
(1955) and data on practices at the Hanford site in 1946 and
1959 (Kathren and Shockley 2005) suggest a PIt in this pe-
riod of about 10 mA s when no grid was used or 30 mA s
when a Bucky-Potter grid was used.5 Ritter et al. (1952) re-
ported that a PIt of 24 mA s at a tube voltage of 50 kV and
1.5 mm Al total filtration with no grid was used in chest ra-
diography at one facility. Melo et al. (2016) assumed a PIt of
25 mA s at a tube voltage of 53 kV with no grid, as reported
by Clark (1949, 1956) in the United Kingdom.

Data summarized above are insufficient to make a
judgment about a credible range of PIts in this period. How-
ever, data from the earlier and later periods suggest that PIt
tended to decrease with increases in tube voltage and total
filtration.6 Based on assumptions about uncertainties in PIt

in the period 1930 to 1949 discussed above and the period
5

Bucky-Potter grids, when used, were positioned on the opposite side of
a patient from an x-ray source to enhance image quality by reducing the
quantity of scattered x rays that reached the film or other detector. It is
assumed in this analysis that Bucky-Potter grids were not used in chest
radiographic examinations in the Canadian fluoroscopy cohort.
6

An increase in tube voltage increases the average energy of x rays, and an
increase in total filtration increases the average energy further by the
greater attenuation of lower-energy x rays. As the average x-ray energy in-
creases, a satisfactory image of an exposed patient is obtained at a lower
PIt (mA s).

www.health-phy
1956 to 1969 discussed below and an assumption that a grid
was not used in chest radiography in Canadian sanatoria, it
is assumed in this analysis that the uncertain PIt in this pe-
riod is described by a uniform probability distribution with
minimum and maximum values at 8 and 20 mA s, respec-
tively, and mean of 14 mA s.

1956 to 1969. A GE manual in this period (GE 1965)
noted thatPIt at a tube voltage of 80 kV increased from about
7 mA s at a patient’s chest thickness of 18 to 22 cm to
10 mA s at a thickness of 23 to 25 cm and about 13 mA s
at a thickness of 26 to 29 cm. The GE manual also noted
that PIt at a tube voltage of 80 kV could be in the range of
about 5 to 15 mA s, depending on the chest thickness. At
a thickness of 22 cm, the recommended PIt was 5 mA s.

Kathren and Shockley (2005) reported that a PIt of
10 mA s at a tube voltage of 80 kV was used at the Hanford
site in this period.Melo et al. (2016) assumedPIts of 25mA s
at a tube voltage of 53 kV prior to 1960 and 8 mA s at a tube
voltage of 65 kV in the 1960s, as reported by Clark (1956,
1964) in the United Kingdom.

In this analysis, it is assumed that PIt in chest radiogra-
phy in this period ranged from 5 to 15 mA s. The uncertain
PIt is described by a uniform probability distribution with
minimum and maximum values at 5 and 15 mA s, respec-
tively, and mean of 10 mA s.

Relationship between tube voltage, total filtration, and
tube-current exposure-time product

Previous discussions noted tendencies for the tube
voltage to increase with increases in total filtration and
for the tube-current exposure-time product, PIt, to de-
crease with increases in tube voltage and total filtration.7

In this analysis, these tendencies are accounted for by as-
suming that the uncertain tube voltage and uncertain PIt at
each total filtration are negatively correlated with a corre-
lation coefficient of −0.5.

Tube output
The tube output from x-ray machines, defined as the

exposure in air (mR) with no patient present (exposure
free-in-air) per mA s, is estimated based on measurements.
Tube output depends on the tube voltage, total filtration, and
distance from the source to the target; the dependence on
source-to-target distance (d) is approximately 1/d2. In esti-
mating organ doses, the relevant source-to-target distance
is the distance from the source to the skin of a patient.

Data on tube output vs. tube voltage and total filtration
at specified source-to-target distances in periods up to 1970
were reported in NBSHandbooks 41, 60, and 76 (NBS 1949,
7

Simon (2011) assumed the same range of tube voltages in all periods,
even though the total filtration was assumed to increase in the periods
1949 to 1954 and 1955 to 1968. Since organ doses to medical personnel
were estimated in that analysis using doses measured by film badges, as-
sumptions about PIt were not needed.

sics.com
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1955, 1961), Ritter et al. (1952),Morgan andCorrigan (1955),
Gitlin and Lawrence (1966), NCRP Report 33 (NCRP 1968),
the Radiological Health Handbook (US DHEW 1970), US
DHEW and FDA (1973), Kathren and Shockley (2005),
and Shockley et al. (2008). Estimates of tube output at the
same tube voltage and total filtration in those reports agree
within about 25% or less.

Estimates of tube output over awide range of tube volt-
ages and total filtrations reported by Gitlin and Lawrence
(1966) appear to be appropriate for use in estimating organ
doses from chest radiographs, especially in the period after
about 1955. Compared with tube outputs in Gitlin and
Lawrence (1966), estimates at a total filtration of 2.5 mm
Al in NBS handbooks from that period (NBS 1955, 1961)
are essentially the same at tube voltages of 50 and 60 kV
and are 8 to 23% higher at tube voltages of 70 to 100 kV.
The earliest estimates in NBS Handbook 41 (NBS 1949)
are higher than tube outputs in Gitlin and Lawrence (1966)
at all tube voltages; the difference is 6% or less at tube
voltages of 50 and 60 kV, increasing to 13 to 25% at tube
voltages of 70 to 100 kV.

In this analysis, it is assumed that tube outputs in all pe-
riods are described by estimates in Chapter 6, Table 2, of
Gitlin and Lawrence (1966), which were based on an anal-
ysis of more than 1,000 measurements on nondental x-ray
machines in the United States. At a standard source-to-
target distance of 30 cm, that table gives estimates of tube
output (mR [mA s]−1) at tube voltages of 45 to 100 kV
and total filtrations of 0.5 to 4.5 mm Al.8 Exposure free-
in-air in mR is converted to absorbed dose in air using the
relationship 1 mGy = 114 mR (Turner 2007).

Based on measurements on 14 x-ray machines, Ritter
et al. (1952) reported that variations in tube output at the same
tube voltage and total filtration were as great as ±20% of av-
erage values. By assuming that those variations applied toma-
chines with added filtration, the uncertainty in tube outputs in
the periods 1949 to 1955 and 1956 to 1969 is assumed to be
described by a multiplicative factor in the form of a normal
distribution with a 90% confidence interval (CI) of (0.8,
1.2) and standard deviation of 0.12.

Data reported byMartin (1947) and discussed by Ritter
et al. (1952) indicate that the variability in tube output in
machines with no added filtration was about twice the var-
iability in machines with added filtration. Based on that in-
formation, the uncertainty in tube output in the period 1930
to 1948 is assumed to be described by a multiplicative fac-
tor in the form of a normal distribution with a 90% CI of
(0.6, 1.4) and standard deviation of 0.24.
8

Estimates of tube output vs. tube voltage and total filtration tabulated by
Gitlin and Lawrence (1966) were generated using a third-order regression
equation to fit the data for nondental x-ray machines. That equation, rather
than interpolations of tabulated values, was used in the uncertainty analy-
sis presented in this paper.
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The normal probability distributions to describe uncer-
tainties in tube output are assumed to account for differ-
ences in estimates of tube output at the same tube voltage
and total filtration in the various reports identified above.

Shockley et al. (2008) noted that an unknown tube out-
put, referred to therein as the beam intensity (I), at tube volt-
age kV could be estimated using the empirical relationship

I ¼ I0 e
−0:4x kV=kV0ð Þ1:7; ð1Þ

where I0 is a known tube output at tube voltage kV0, and x is
the thickness of an added filter in mm Al. In later sections,
this relationship is used in comparing estimates of organ
doses or doses in air at skin entrance from this analysis with
estimates from other studies.

Machine parameters at ages younger than adults
In chest radiography, it is important to obtain images

on film of similar quality (exposure and contrast) regard-
less of a patient’s chest thickness. Since chest thicknesses
in children generally are less than in adults, machine pa-
rameters in chest radiography in adults should be adjusted
at younger ages to obtain about the same image quality at
all ages.

Data in GE manuals (GE 1943, 1945, 1965) and Fig.
5.45 of Morgan and Corrigan (1955) suggest that the usual
approach to obtaining images of similar quality in chest
radiography at all ages was to reduce the tube voltage at
ages younger than adults. Reductions in tube voltage, and
the resulting decreases in x-ray energies, would compensate
for the decreased attenuation of incident x rays at a fixed
tube voltage with decreasing chest thickness and the
resulting increases in exposure of film and decreases in
image contrast.

In this analysis, it is assumed that tube voltages in
chest radiography were the same at ages 10 and 15 y and
the same, but lower, at ages 1 and 5 y. These assumptions
were based on calculations described later that indicated
that doses to female breast in chest radiography, and there-
fore exposures of film at fixed machine parameters, were
about the same at ages 10 and 15 y and at ages 1 and 5 y.

Data in GE manuals (GE 1943, 1945, 1965) and Fig.
5.45 of Morgan and Corrigan (1955) suggest that tube volt-
ages in chest radiography were reduced by about 5 kV at
ages 10 and 15 y and about 10 kV at ages 1 and 5 y com-
pared with tube voltages in chest radiography in adults. In
this analysis, triangular probability distributions in Table 2
are assumed to describe the dependence of the uncertain
tube voltage on age in each period.

With the assumed reductions in tube voltage at younger
ages, it is assumed that the total filtrations and tube-current
exposure-time products, PIt (mA s), in Table 1 also were
used at younger ages; i.e., it is assumed that only the tube
voltage was adjusted at younger ages. Estimated tube
sics.com
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Table 2. Assumed dependence of tube voltage (kV) from single chest radiograph and its uncertainty on patient’s age in three
periods from 1930 to 1969.a,b

Years

Age 1930–1948 1949–1955 1956–1969

<10 y Triangular (40, 50, 70);
Mean = 53

Triangular (40, 60, 80) Triangular (50, 70, 90)

10–19 y Triangular (45, 55, 75);
Mean = 58

Triangular (45, 65, 85) Triangular (55, 75, 95)

Adultsc Triangular (50, 60, 80);
Mean = 63

Triangular (50, 70, 90) Triangular (60, 80, 100)

aAssumptions about total filtration and tube-current exposure-time product, PIt, at all ages are given in Table 1. Tube outputs at ages younger
than adults are lower than estimates in Table 1, due to dependence of tube output on tube voltage.
bParameters of triangular probability distributions are (minimum,most probable,maximum).Mean is equal tomost probable valuewhen not given.
cAssumed tube voltages from Table 1.

182 Health Physics August 2020, Volume 119, Number 2
outputs also are reduced at younger ages as a consequence
of the assumed dependence of tube voltage on age and the
dependence of tube output on tube voltage.
OTHER PARAMETERS

Patient orientation
In this analysis, a posterior-anterior (PA) patient ori-

entation in chest radiography is assumed in all periods.
This orientation, which is consistent with general practices
in tuberculosis screening and diagnostic procedures, was
reported, for example, by GE (1943, 1945, 1965), Rigler
(1946), Morgan and Corrigan (1955), Gitlin and Lawrence
(1966), and US DHEW and FDA (1973).

Clark (1939) reported that an anterior-posterior (AP)
orientation in prone position was used in chest radiography
in the United Kingdom when a patient was too sick to as-
sume the preferred PA orientation while standing. Since
the fraction of all chest radiographs in AP orientation in tu-
berculosis patients in Canada presumably was very small,
an uncertainty in patient orientation is not accounted for in
this analysis.

Source-to-skin distance
The distance from an x-ray source to the skin of a patient

in chest radiography is estimated as the source-to-film distance
minus the sum of the thickness of a film cassette and cas-
sette holder and chest thickness of a patient.

The standard source-to-film distance in the United
States in all periods of interest was 183 cm. This distance
was reported, for example, by GE (1943, 1945, 1965),
Rigler (1946), Ritter et al. (1952), Morgan and Corrigan
(1955), and Kathren and Shockley (2005). In the United
Kingdom, a source-to-film distance of 152 cm was re-
ported by Clark (1939, 1949, 1956, 1964). In this analy-
sis, the source-to-film distance is assumed to be 183 cm
in all periods.

The thickness of a film cassette and cassette holder in
all periods is assumed to be 5 cm, as reported by Kereiakes
and Rosenstein (1980) and the International Commission
www.health-phy
on Radiological Protection (ICRP 1982). The uncertainty
in this thickness is assumed to be negligible.

Source-to-skin distances in adults. Chest thicknesses
of the hybrid anthropomorphic phantoms in which organ
DCCs in adults used in this analysis were calculated
(Borrego et al. 2019) are about 27 cm in males and 28 cm
in females. Chest thickness varies from patient to patient
and, in any patient, is variable over the area of an incident
x-ray beam. Based on data in Fig. 5.45 of Morgan and
Corrigan (1955), chest thicknesses in adults are assumed to
vary by up to ±6 cm from thicknesses in the adult phantoms.
This assumption represents interindividual variability and,
thus, should overestimate the uncertainty in average chest
thicknesses in adults.

Based on the assumed source-to-film distance, thick-
ness of a film cassette and cassette holder, and chest thick-
nesses, the mean source-to-skin distance is assumed to be
151 cm in adult males and 150 cm in adult females. The as-
sumed variability in chest thicknesses of ±6 cm results in an
uncertainty of ±4% in mean source-to-skin distances in
adults. This uncertainty is described by a multiplicative fac-
tor in the form of a triangular probability distribution with
minimum, most probable, and maximum values at 0.96,
1.0, and 1.04, respectively. As noted above, this uncertainty
factor should overestimate the uncertainty in mean source-
to-skin distances in adults. However, the extent of overesti-
mation should have a negligible effect on the uncertainty in
an estimated dose rate in air at skin entrance, which is deter-
mined almost entirely by the assumed uncertainty in tube
voltage and assumed variability in tube output at the same
tube voltage and total filtration.

Source-to-skin distances at younger ages. Based on
the chest thicknesses of the hybrid anthropomorphic phan-
toms at ages younger than adults (Borrego et al. 2019), the
mean source-to-skin distance is assumed to be 154 cm in
males and 153 cm in females at age 15 y, 157 cm at age
10 y (both sexes), 160 cm at age 5 y (both sexes), and
162 cm at age 1 y (both sexes). Uncertainties in mean
sics.com
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source-to-skin distances at younger ages are assumed to
be described by the triangular probability distribution for
adults given above.

Film size
All sources reviewed in this study, including reports by

Rigler (1946) in the United States and Clark (1939, 1949,
1956, 1964) in the United Kingdom, noted that a film size
of 36 � 43 cm was used in chest radiography in all periods
of interest. This film size was assumed in calculating all or-
gan DCCs used in this analysis.

Organ dose conversion coefficients
Organ DCCs (dose [Gy] to an organ per dose in air

[Gy] at skin entrance) for chest radiographs in PA orienta-
tion used in this study (Borrego et al. 2019) were calculated
using the most recent hybrid anthropomorphic computa-
tional phantoms (Geyer et al. 2014).9 Organ DCCs were
calculated in adults and children of ages 1, 5, 10, and 15 y
using sex- and age-specific assumptions about body weights
and heights intended to be representative of a mid-20th
century Canadian population with tuberculosis (Thiessen
2017). DCCs for lungs, female breast, active bone marrow,
and heart are presented in this paper.

For an assumed field size and location of an x-ray beam
at the body surface, organ DCCs depend on the tube voltage
and total filtration, which determine the energy spectrum of
x rays incident on a patient (beam quality); the higher the
tube voltage and total filtration, the higher the average energy
of incident x rays and, consequently, the higher the DCC for
each organ. Organ DCCs also depend, albeit weakly, on the
source-to-skin distance, which affects the angular distribu-
tion (extent of collimation) of incident x rays. DCCs for the
organs considered in this paper, which are in the field of view
of an incident beam, increase as the source-to-skin distance
increases, due to an increase in the extent of collimation.10

Uncertainties in DCCs for lungs, female breast, active
bone marrow, and heart at a specified total filtration are as-
sumed to be due entirely to uncertainty in the tube voltage.
Uncertainties in DCCs for those organs due to statistical un-
certainties in radiation transport calculations are negligible.
For example, the statistical uncertainty in calculated DCCs
for lungs in adults, defined as one standard deviation di-
vided by the mean, is about 0.05%.11
9

Calculated coefficients are organ doses (Gy) per kerma free-in-air (Gy) at
skin entrance (Borrego et al. 2019). Absorbed dose free-in-air at skin en-
trance is assumed to be equal to air kerma at the source-to-skin distances
and x-ray energies of interest.
10

Organ DCCs used in this analysis (Borrego et al. 2019) were calculated
without accounting for the thickness of a film cassette and cassette holder
of 5 cm. However, when the incident beam is nearly plane-parallel, a dis-
crepancy of about 3% in an assumed source-to-skin distance has a negligi-
ble effect on calculated DCCs compared with the effect of the assumed
uncertainty in source-to-skin distances on estimates of the tube output at
skin entrance.
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Sensitivity analyses indicated that variations in the ver-
tical positioning of an incident beam by as much as ±2.5 cm
from a central position had negligible effects on estimated
doses to lungs in adults. The effects of such variations on es-
timated doses to other organs considered in this analysis and
at younger ages are assumed to be negligible. Other calcula-
tions indicated that uncertainties in DCCs for the organs
considered in this analysis due to uncertainties in average
body mass at each age are about 10% or less. This uncer-
tainty is negligible compared with other uncertainties in es-
timating organ doses.
ESTIMATED ORGAN DOSES

For an assumed patient orientation, source-to-skin dis-
tance, and film size, an organ dose (mGy) is estimated as the
product of the tube-current exposure-time product,PIt (mA s),
the tube output (mR [mA s]−1) at skin entrancewith no patient
present at an assumed tube voltage and total filtration, a con-
version from exposure free-in-air to absorbed dose (1 mGy =
114 mR), and an organ-specific DCC (Gy Gy−1), which de-
pends on a patient’s sex and age.

Organ doses in adults
Calculated DCCs and estimated organ doses from a

single chest radiograph in adults and their uncertainties are
given in Table 3.12 As noted previously, 95% CIs of esti-
mated organ doses are intended to represent uncertainties
in average doses in tuberculosis patients of the same sex
and age in the Canadian fluoroscopy cohort.

Estimated doses to each organ in adults in Table 3 vary
by less than 20% across the three periods. These similarities
are duemainly to the compensating effects of decreases over
time in estimated doses in air at skin entrance (Table 1) and
increases in calculated DCCs (Table 3), which are a conse-
quence of assumed increases in the tube voltage and total
filtration (i.e., increases in the average x-ray energy) and as-
sumed decreases in the tube-current exposure-time product,
PIt (Table 1). Uncertainties in estimated organ doses in
adults, defined as ratios of the bounds of 95% CIs to the
means, range from slightly less than a factor of 2 to about
a factor of 3 and are due mainly to assumed uncertainties
in the tube voltage and PIt.

Organ doses at younger ages
Calculated DCCs and estimated organ doses from

a single chest radiograph at ages younger than adults
11

Statistical uncertainties in calculated DCCs for organs far outside the
field of view of an incident x-ray beam (e.g., prostate, ovaries) are as large
as 20%.
12

Mean organ doses and 95% CIs were estimated using Monte Carlo un-
certainty propagation techniqueswith 500 iterations of stratified (Latin hy-
percube) random sampling.
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Table 3. Organ dose conversion coefficients (DCCs) and estimated average organ doses from single chest radiograph in adults
in three periods from 1930 to 1969.

Mean (95% CI)a

Organ/DCC/organ dose 1930–1948 1949–1955 1956–1969

Lungs (males)

DCC (Gy Gy−1)b 0.091 (0.059, 0.13) 0.19 (0.12, 0.26) 0.30 (0.22, 0.38)

Dose (mGy)c 0.061 (0.024, 0.12) 0.064 (0.027, 0.12) 0.054 (0.026, 0.099)

Lungs (females)

DCC (Gy Gy−1)b 0.085 (0.055, 0.12) 0.18 (0.11, 0.25) 0.29 (0.21, 0.36)

Dose (mGy)c 0.058 (0.022, 0.12) 0.061 (0.026, 0.12) 0.052 (0.024, 0.094)

Breast (females)

DCC (Gy Gy−1)b 0.013 (0.0067, 0.020) 0.030 (0.015, 0.047) 0.053 (0.033, 0.073)

Dose (mGy)c 0.0087 (0.0034, 0.018) 0.010 (0.0036, 0.020) 0.0098 (0.0042, 0.020)

Active bone marrow (males)

DCC (Gy Gy−1)b 0.037 (0.024, 0.053) 0.078 (0.048, 0.11) 0.12 (0.088, 0.16)

Dose (mGy)c 0.025 (0.010, 0.047) 0.026 (0.011, 0.048) 0.022 (0.010, 0.044)

Active bone marrow (females)

DCC (Gy Gy−1)b 0.040 (0.026, 0.057) 0.084 (0.052, 0.12) 0.13 (0.094, 0.17)

Dose (mGy)c 0.027 (0.011, 0.052) 0.028 (0.012, 0.052) 0.024 (0.011, 0.047)

Heartd (males)

DCC (Gy Gy−1)b 0.032 (0.017, 0.050) 0.075 (0.037, 0.11) 0.13 (0.083, 0.18)

Dose (mGy)c 0.021 (0.0082, 0.043) 0.025 (0.0089, 0.048) 0.024 (0.010, 0.048)

Heartd (females)

DCC (Gy Gy−1)b 0.029 (0.015, 0.046) 0.068 (0.034, 0.10) 0.12 (0.075, 0.16)

Dose (mGy)c 0.020 (0.0076, 0.040) 0.023 (0.0082, 0.044) 0.022 (0.0095, 0.044)

aTo account for uncertainty in years in which total filtration was increased (see Table 1, footnote b), organ dose in 1949, 1950, and 1951 is
assumed to be unweighted average of estimated doses in years 1930 to 1948 and 1949 to 1955, and organ dose in 1956, 1957, and 1958 is
assumed to be unweighted average of estimated doses in years 1949 to 1955 and 1956 to 1969. Effects of assumed uncertainty on estimated
organ doses is insignificant (see text).
bOrgan dose per dose in air at skin entrance calculated using parameters in Table 1.
cProduct of dose in air at skin entrance in Table 1 and organ DCC.
dDCC and dose to heart wall.
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and their uncertainties are given in Tables 4 to 7. DCCs
at younger ages were calculated using the tube voltages
in Table 2 and total filtrations in Table 1, and organ
doses were estimated using the tube-current exposure-
time products, PIt, in Table 1. Tube outputs and dose
rates and doses in air at skin entrance at younger ages
(not given) are lower than estimates for adults in Table 1.
In all periods, estimated doses to each organ at younger
ages do not differ significantly from estimates in adults
in Table 3.

The similarities in estimated doses to female breast
at all ages and in all periods (Tables 3 to 7) support the
assumed reductions in tube voltage with decreasing age
in Table 2 and the assumption that the total filtrations
and tube-current exposure-time products, PIt, in Table 1
were used at all ages. As noted previously, exposures of
film should be about the same in chest radiographs at
any age (i.e., regardless of a patient’s chest thickness).
Since breast tissue is closest to the film in PA orientation,
with no other intervening tissues, doses to female breast in
PA orientation are a reasonable representation of exposures
of film.
www.health-phy
At ages younger than adults, variations in estimated
doses to each organ across the three periods are somewhat
greater than in adults. The greatest variations of about
30% are seen in estimated doses to lungs in males and fe-
males at age 1 y (Table 7). Uncertainties in estimated or-
gan doses (ratios of the bounds of 95% CIs to the means)
at younger ages also are somewhat greater than in adults,
due to the assumed increases in uncertainty in the tube
voltage with decreasing age (Table 2). The greatest uncer-
tainty of nearly a factor of 4 is seen in estimated doses to
female breast in the first two periods at age 5 y (Table 6).

Effect of uncertainties in total filtration
As described previously, an uncertainty in the years

in which the total filtration was increased is accounted
for in this analysis. However, given the similarities in es-
timated organ doses at each age across all periods, this
uncertainty has little effect on estimated doses in those
years. For example, in 1949, 1950, and 1951, when no
added filtration or 1 mm Al added filtration are assumed
to be equally likely, giving equal weight to estimated doses
to lungs in adult males in the periods 1930 to 1948 and 1949
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Table 4. Organ dose conversion coefficients (DCCs) and estimated average organ doses from single chest radiograph at age
15 y in three periods from 1930 to 1959.

Mean (95% CI)a

Organ/DCC/organ dose 1930–1948 1949–1955 1956–1969

Lungs (males)

DCC (Gy Gy−1)b 0.10 (0.065, 0.15) 0.23 (0.14, 0.31) 0.36 (0.26, 0.45)

Dose (mGy)c 0.061 (0.024, 0.13) 0.063 (0.026, 0.12) 0.055 (0.025, 0.10)

Lungs (females)

DCC (Gy Gy−1)b 0.089 (0.053, 0.13) 0.19 (0.12, 0.27) 0.31 (0.22, 0.39)

Dose (mGy)c 0.052 (0.020, 0.11) 0.055 (0.022, 0.11) 0.048 (0.022, 0.091)

Breast (females)

DCC (Gy Gy−1)b 0.014 (0.0060, 0.024) 0.035 (0.015, 0.055) 0.063 (0.038, 0.089)

Dose (mGy)c 0.0082 (0.0024, 0.020) 0.0099 (0.0030, 0.021) 0.0098 (0.0040, 0.020)

Active bone marrow (males)

DCC (Gy Gy−1)b 0.038 (0.024, 0.055) 0.080 (0.048, 0.11) 0.13 (0.089, 0.16)

Dose (mGy)c 0.022 (0.0087, 0.046) 0.022 (0.0089, 0.043) 0.019 (0.0087, 0.037)

Active bone marrow (females)

DCC (Gy Gy−1)b 0.036 (0.022, 0.052) 0.076 (0.045, 0.11) 0.12 (0.085, 0.16)

Dose (mGy)c 0.021 (0.0081, 0.044) 0.021 (0.0085, 0.041) 0.019 (0.0084, 0.036)

Heartd (males)

DCC (Gy Gy−1)b 0.036 (0.016, 0.061) 0.089 (0.040, 0.14) 0.16 (0.098, 0.22)

Dose (mGy)c 0.021 (0.0065, 0.051) 0.025 (0.0078, 0.052) 0.024 (0.010, 0.049)

Heartd (females)

DCC (Gy Gy−1)b 0.034 (0.015, 0.056) 0.082 (0.037, 0.13) 0.15 (0.090, 0.20)

Dose (mGy)c 0.020 (0.0060, 0.047) 0.023 (0.0072, 0.048) 0.023 (0.0095, 0.046)

aSee Table 3, footnote a.
bOrgan dose per dose in air at skin entrance calculated using tube voltage in Table 2, source-to-skin distances in males and females described in
text, and other parameters provided in Table 1.
cProduct of dose in air at skin entrance (not given) and organ DCC.
dDCC and dose to heart wall.

13

Organ doses from chest radiographs reported in several studies are not in-
cluded in comparisons in Table 8. Organ doses at times through 1970 re-
ported by Kathren and Shockley (2005) and Thomas (2011) were
excluded on the grounds that doses were estimated assuming an air kerma

185Organ doses from chest radiographs c D.C. KOCHER ET AL.
to 1955 in Table 3 yields an estimated dose of 0.063
(0.026, 0.12) mGy. Similarly, the estimated dose to lungs
in adult males in 1956, 1957, and 1958, when 1 mm Al or
2 mm Al added filtration are assumed to be equally likely,
is 0.059 (0.027, 0.11) mGy. These estimates differ only
slightly from the estimated doses at each total filtration
in Table 3.

The largest effect of the assumed uncertainty in the
years in which the total filtration was increased occurs
with the dose to lungs in males at age 1 y in 1956, 1957,
and 1958. In that case, giving equal weight to estimated
doses in the second and third periods in Table 7 yields
an estimated dose of 0.075 (0.032, 0.15) mGy. Again, ac-
counting for this uncertainty does not have a significant
effect on the estimated dose.
at skin entrance of 2.0 mGy, which was judged to be a conservative over-
estimate and is substantially higher than estimated doses in air at skin en-
trance in any period in Table 1. Comparisons with organ doses reported by
Rannikko et al. (1997), Berrington de González and Darby (2004), Hart
and Wall (2004), and Hart et al. (2009) may not be meaningful when as-
sumptions about machine parameters or organ DCCs were not reported.
Organ doses reported by ICRU (2005) apply at a tube voltage of 120 kV
and total filtration of 3 mm Al, which are substantially higher than values
of those parameters assumed in this analysis, and organ DCCswere not re-
ported. Organ doses reported byMelo et al. (2016) are the sum of doses in
PA and lateral (LAT) orientations, which should greatly overestimate
doses in PA orientation (Kereiakes and Rosenstein 1980, Table 121).
COMPARISONS WITH ESTIMATES
FROM OTHER STUDIES

Organ doses
In Table 8, organ doses from a single chest radiograph

in PA orientation estimated by Boice et al. (1978) and
Kereiakes and Rosenstein (1980) are compared with
www.health-phy
estimated doses in adults from this analysis.13 The same
anthropomorphic phantom (Rosenstein 1976) was used
to calculate organ DCCs in the previous analyses.

The dose to female breast estimated by Boice et al.
(1978) is nearly an order of magnitude higher than the
mean dose in adults in the period 1930 to 1949 from this
analysis. The higher estimate by Boice et al. (1978) is a
consequence of the higher dose in air at skin entrance
(1.62 mGy vs. mean of 0.68 mGy in Table 1) and higher
DCC (0.049 Gy Gy−1 vs. mean of 0.013 Gy Gy−1 in
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Table 5. Organ dose conversion coefficients (DCCs) and estimated average organ doses from single chest radiograph at age
10 y in three periods from 1930 to 1969.

Organ/DCC/organ dose

Mean (95% CI)a

1930–1948 1949–1955 1956–1969

Lungs (males)

DCC (Gy Gy−1)b 0.14 (0.089, 0.19) 0.28 (0.18, 0.37) 0.43 (0.32, 0.52)

Dose (mGy)c 0.075 (0.030, 0.15) 0.075 (0.032, 0.14) 0.063 (0.029, 0.12)

Lungs (females)

DCC (Gy Gy−1)b 0.13 (0.084, 0.19) 0.27 (0.18, 0.36) 0.42 (0.31, 0.50)

Dose (mGy)c 0.072 (0.029, 0.15) 0.073 (0.031, 0.14) 0.061 (0.028, 0.11)

Breast (females)

DCC (Gy Gy−1)b 0.015 (0.0066, 0.025) 0.036 (0.016, 0.056) 0.064 (0.039, 0.088)

Dose (mGy)c 0.0082 (0.0025, 0.020) 0.0097 (0.0030, 0.020) 0.0093 (0.0039, 0.019)

Active bone marrow (males)

DCC (Gy Gy−1)b 0.051 (0.032, 0.073) 0.11 (0.066, 0.14) 0.17 (0.12, 0.21)

Dose (mGy)c 0.028 (0.011, 0.058) 0.028 (0.012, 0.054) 0.024 (0.011, 0.046)

Active bone marrow (females)

DCC (Gy Gy−1)b 0.050 (0.032, 0.072) 0.10 (0.065, 0.14) 0.16 (0.12, 0.21)

Dose (mGy)c 0.028 (0.011, 0.056) 0.028 (0.011, 0.053) 0.024 (0.011, 0.045)

Heartd (males)

DCC (Gy Gy−1)b 0.051 (0.026, 0.082) 0.12 (0.061, 0.18) 0.21 (0.13, 0.27)

Dose (mGy)c 0.028 (0.0096, 0.065) 0.033 (0.011, 0.066) 0.030 (0.013, 0.059)

Heartd (females)

DCC (Gy Gy−1)b 0.045 (0.021, 0.073) 0.11 (0.052, 0.16) 0.18 (0.12, 0.24)

Dose (mGy)c 0.025 (0.0080, 0.058) 0.029 (0.0095, 0.058) 0.027 (0.012, 0.053)

aSee Table 3, footnote a.
bOrgan dose per dose in air at skin entrance calculated using tube voltage in Table 2, source-to-skin distance in both sexes described in text, and
other parameters provided in Table 1.
cProduct of dose in air at skin entrance (not given) and organ DCC.
dDCC and dose to heart wall.
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Table 3). Using the empirical relationship between the tube
output, tube voltage, and added filtration in eqn (1), it is
estimated that less than half the difference in doses in air
at skin entrance is due to the higher tube voltage assumed
by Boice et al. (1978) (73 kV vs. mean of 63 kV in Table 1),
which results in a higher tube output at the same total filtra-
tion, and higherPIt (20mA s vs. mean of 18mA s in Table 1).
The rest of this difference is due to a difference in the as-
sumed tube output at skin entrance (9.25 mR [mA s]−1 vs.
5.2 mR [mA s]−1 at a tube voltage of 73 kV, total filtration
0.5 mm Al, and source-to-skin distance of 150 cm [Gitlin
and Lawrence 1966]). The DCC in female breast of
0.049 Gy Gy−1 assumed by Boice et al. (1978) is substan-
tially higher than other calculated DCCs in the same phan-
tom (Kereiakes and Rosenstein 1980, Table 98; Rosenstein
1988, Table 24).14 At a tube voltage of 73 kV and total
14

Boice et al. (1978) also reported a DCC in female breast of 0.055 Gy
Gy−1 at an added filtration of 1 mm Al (total filtration of 1.5 mm Al).
However, other machine parameters were not reported nor were an esti-
mated exposure or dose in air at skin entrance or dose to female breast.
That DCC also is substantially higher than other calculated DCCs in the
same phantom.
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filtration of 0.5 mm Al, the DCC calculated in this analysis
is 0.018 Gy Gy−1.

In contrast to the comparison with the estimate by
Boice et al. (1978), the dose to female breast estimated
by Kereiakes and Rosenstein (1980) is consistent with
the mean dose and 95% CI in adults in the period 1956
to 1969 from this analysis. This consistency is a consequence
of similarities in estimated doses in air at skin entrance
(0.22 mGy [Kereiakes and Rosenstein 1980, Table 121]
vs. mean of 0.18 mGy in Table 1) and calculated DCCs
(e.g., 0.049 Gy Gy−1 at a tube voltage of 80 kV and total
filtration of 2.5 mm Al [Kereiakes and Rosenstein 1980,
Tables 98 and 113] vs. mean of 0.053 Gy Gy−1 in Table 3).

Doses to lungs estimated by Kereiakes and Rosenstein
(1980) are somewhat higher than mean doses in adults in
the period 1956 to 1969 from this analysis, although the
previous estimates are encompassed by the 95% CIs of
mean doses from this analysis. The higher dose in males es-
timated by Kereiakes and Rosenstein (1980), for example,
is a consequence of the higher dose in air at skin entrance
noted above and higher DCC (e.g., 0.39 Gy Gy−1 at a tube
voltage of 80 kV and total filtration of 2.5 mm Al
[Kereiakes and Rosenstein 1980, Tables 98 and 113] vs.
sics.com
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Table 6. Organ dose conversion coefficients (DCCs) and estimated average organ doses from single chest radiograph at age
5 y in three periods from 1930 to 1969.

Mean (95% CI)a

Organ/DCC/organ dose 1930–1948 1949–1955 1956–1969

Lungs (males)

DCC (Gy Gy−1)b 0.15 (0.10, 0.21) 0.31 (0.21, 0.42) 0.47 (0.36, 0.57)

Dose (mGy)c 0.071 (0.028, 0.15) 0.070 (0.028, 0.13) 0.058 (0.027, 0.11)

Lungs (females)

DCC (Gy Gy−1)b 0.15 (0.10, 0.21) 0.31 (0.21, 0.42) 0.47 (0.36, 0.57)

Dose (mGy)c 0.071 (0.028, 0.15) 0.070 (0.028, 0.13) 0.058 (0.027, 0.11)

Breast (females)

DCC (Gy Gy−1)b 0.018 (0.0070, 0.032) 0.047 (0.020, 0.074) 0.085 (0.052, 0.12)

Dose (mGy)c 0.0088 (0.0023, 0.022) 0.011 (0.0029, 0.023) 0.010 (0.0042, 0.022)

Active bone marrow (males)

DCC (Gy Gy−1)b 0.047 (0.027, 0.071) 0.10 (0.060, 0.15) 0.17 (0.12, 0.22)

Dose (mGy)c 0.022 (0.0080, 0.049) 0.023 (0.0081, 0.046) 0.021 (0.0091, 0.040)

Active bone marrow (females)

DCC (Gy Gy−1)b 0.047 (0.027, 0.071) 0.10 (0.060, 0.15) 0.17 (0.12, 0.22)

Dose (mGy)c 0.022 (0.0080, 0.049) 0.023 (0.0081, 0.046) 0.021 (0.0091, 0.040)

Heartd (males)

DCC (Gy Gy−1)b 0.050 (0.021, 0.085) 0.12 (0.059, 0.19) 0.22 (0.14, 0.29)

Dose (mGy)c 0.024 (0.0067, 0.059) 0.028 (0.0082, 0.059) 0.027 (0.011, 0.055)

Heartd (females)

DCC (Gy Gy−1)b 0.045 (0.018, 0.077) 0.11 (0.052, 0.18) 0.20 (0.13, 0.27)

Dose (mGy)c 0.021 (0.0059, 0.054) 0.026 (0.0073, 0.054) 0.025 (0.010, 0.050)

aSee Table 3, footnote a.
bOrgan dose per dose in air at skin entrance calculated using tube voltage in Table 2, source-to-skin distance in both sexes described in text, and
other parameters provided in Table 1.
cProduct of dose in air at skin entrance (not given) and organ DCC.
dDCC and dose to heart wall.

16

The difference in the extent of agreement between estimates from this
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mean of 0.30 Gy Gy−1 in Table 3). The higher dose in air at
skin entrance is due in part to the higher beam quality (half-
value layer, HVL)15 of 2.5 mmAl vs. 2.37 mmAl at a mean
tube voltage of 80 kV and total filtration of 2.5 mm Al
(Kereiakes and Rosenstein 1980, Table 113), as assumed
in this analysis. The higher the beam quality, the higher
the tube output and, consequently, the higher the dose rate
in air at skin entrance.

Doses to active bone marrow estimated by Kereiakes
and Rosenstein (1980) are consistent with mean doses and
95% CIs in adults from this analysis. The somewhat lower
dose in females estimated by Kereiakes and Rosenstein
(1980), for example, is a consequence of the lower DCC
(0.080 GyGy−1 at a tube voltage of 80 kVand total filtration
of 2.5 mm Al [Kereiakes and Rosenstein 1980, Tables 98
and 113] vs. mean of 0.13 Gy Gy−1 in Table 3), which more
than compensates for the higher dose in air at skin entrance
noted above.

In earlier studies by Laughlin et al. (1957) and Epp et al.
(1961) at the same institute, exposures (mR) at locations of
15

A half-value layer is the thickness of material required to reduce the tube
output by a factor of 2.
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active bone marrow per mA s were measured using dosim-
eters implanted in a physical adult phantom. In Table 9, es-
timated doses (mGy) to active bone marrow per mA s
based on those measurements are compared with esti-
mates based on the mean dose in adult males in the period
1956 to 1969 in Table 3 and mean PIt of 10 mA s in that
period in Table 1. Estimates from this analysis are ad-
justed to apply at the same tube voltages and total filtra-
tions in the earlier studies using the scaling relationship
in eqn (1). Mean doses per mA s in adult males from this
analysis are in good agreement with estimates from Epp
et al. (1961), but there is less agreement with the earlier
estimate from Laughlin et al. (1957).16

Dose in air at skin entrance
Several early studies reported measurements of expo-

sure (mR) free-in-air at skin entrance at a specified tube
voltage, total filtration, and PIt (mA s) or measurements of
exposure per mA s. In Table 10, estimates of absorbed dose
analysis and estimates from the earlier studies is due in large part to a sub-
stantial difference in the assumed distribution of active bone marrow in an
adult in the earlier studies. The more realistic distribution assumed by Epp
et al. (1961) is closer to the distribution assumed in this analysis.
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Table 7. Organ dose conversion coefficients (DCCs) and estimated average organ doses from single chest radiograph at
age 1 y in three periods from 1930 to 1969.

Yearsa

Organ/DCC/organ dose 1930–1948 1949–1955 1956–1969

Lungs (males)

DCC (Gy Gy−1)b 0.19 (0.13, 0.26) 0.38 (0.27, 0.49) 0.55 (0.44, 0.65)

Dose (mGy)c 0.088 (0.036, 0.18) 0.083 (0.035, 0.16) 0.067 (0.031, 0.12)

Lungs (females)

DCC (Gy Gy−1)b 0.17 (0.11, 0.24) 0.35 (0.24, 0.46) 0.52 (0.40, 0.62)

Dose (mGy)c 0.078 (0.031, 0.16) 0.076 (0.031, 0.14) 0.062 (0.028, 0.12)

Breast (females)

DCC (Gy Gy−1)b 0.019 (0.0082, 0.032) 0.047 (0.022, 0.072) 0.083 (0.052, 0.11)

Dose (mGy)c 0.0089 (0.0025, 0.022) 0.010 (0.0030, 0.022) 0.010 (0.0041, 0.020)

Active bone marrow (males)

DCC (Gy Gy−1)b 0.10 (0.064, 0.15) 0.21 (0.13, 0.29) 0.33 (0.24, 0.42)

Dose (mGy)c 0.047 (0.018, 0.10) 0.047 (0.018, 0.092) 0.040 (0.018, 0.077)

Active bone marrow (females)

DCC (Gy Gy−1)b 0.10 (0.063, 0.15) 0.21 (0.13, 0.29) 0.33 (0.24, 0.41)

Dose (mGy)c 0.047 (0.018, 0.10) 0.047 (0.017, 0.091) 0.040 (0.018, 0.076)

Heartd (males)

DCC (Gy Gy−1)b 0.084 (0.046, 0.13) 0.19 (0.11, 0.28) 0.32 (0.22, 0.40)

Dose (mGy)c 0.039 (0.014, 0.089) 0.043 (0.015, 0.086) 0.038 (0.017, 0.074)

Heartd (females)

DCC (Gy Gy−1)b 0.072 (0.036, 0.11) 0.17 (0.092, 0.25) 0.28 (0.19, 0.37)

Dose (mGy)c 0.033 (0.011, 0.078) 0.038 (0.012, 0.077) 0.034 (0.015, 0.067)

aSee Table 3, footnote a.
bOrgan dose per dose in air at skin entrance calculated using tube voltage in Table 2, source-to-skin distance in both sexes described in text,
and other parameters provided in Table 1.
cProduct of dose in air at skin entrance (not given) and organ DCC.
dDCC and dose to heart wall.

Table 8. Comparisons of estimated organ doses from single chest radiograph in adults in PA orientation from this analysis
with estimates from other studies.

Organ/dose (mGy)

Source Lungs Female breast Active bone marrow Comments

This analysis 0.0087 (0.0034, 0.018) Organ dose (95%CI) in period 1930 to 1948
from Table 3

0.054a (0.026, 0.099)
0.052b (0.024, 0.094)

0.0098 (0.0042, 0.020) 0.022a (0.010, 0.044)
0.024b (0.011, 0.047)

Organ doses (95% CIs) in period 1956 to
1969 from Table 3

Boice et al. (1978)c 0.08 Estimate at tube voltage of 73 kV with no
added filtration, tube-current exposure-time
product (PIt) of 20 mA s, dose in air at skin
entrance of 1.62 mGy, and DCC of
0.049 Gy Gy−1

Kereiakes and
Rosenstein (1980,
Table 121)d

0.087a/0.093b 0.011 0.019a/0.018b Estimates at beam quality (HVL) of
2.5 mm Al, dose in air at skin entrance of
0.22 mGy, and DCCs of 0.42/0.45 Gy Gy−1

(lungs), 0.049 Gy Gy−1 (female breast), and
0.091/0.086GyGy−1 (active bonemarrow)e

aDose in males.
bDose in females.
cEstimated dose to female breast can be compared with estimate from this analysis in period 1930 to 1948.
dEstimated organ doses can be compared with estimates from this analysis in period 1956 to 1969.
eAssumed beam quality and dose in air at skin entrance were based on survey of practices in the United States in 1970 (US DHEWand FDA
1973). At total filtration of 2.5 mm Al, as assumed in this analysis in period 1956 to 1969, beam quality (HVL) of 2.5 mm Al is value at tube
voltage of 86 kV, and beam quality at mean tube voltage of 80 kV in Table 1 is 2.37 mm Al (Kereiakes and Rosenstein 1980, Table 113).
Estimated organ doses are not strongly sensitive to small variations in tube voltage and total filtration at the same HVL.
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Table 9. Comparisons of early estimates of doses to active bonemarrow
per mA s from single chest radiographwith estimates in adultmales from
this analysis.

Source
Dose (mGy
[mA s−1])

Machine
parameters

Dose (mGy [mA s−1])
from present study
at same parametersa

Laughlin et al.
(1957)

0.009 85 kV, 1.5 mm Al
added filtration

0.003

Epp et al.
(1961)

0.0025 80 kV, 2 mm Al
added filtration

0.0022

0.0012 60 kV, 1 mm Al
added filtration

0.0020

aMean dose per mA s in adult males in period 1956 to 1969 estimated using
mean dose to active bone marrow in Table 3 adjusted to apply at machine
parameters in early study using scaling relationship in eqn (1) and mean
PIt in Table 1.
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in air based on those measurements are compared with esti-
mates based on the mean dose or mean dose per mA s in air
at skin entrance in adult males in the period 1949 to 1955 or
1956 to 1969 in Table 1. Estimates from this analysis are ad-
justed to apply at the same tube voltages and total filtrations
in the earlier studies using the scaling relationship in eqn (1)
and to apply at the same PIt when dose is the quantity of in-
terest. As described previously, the uncertainty in estimates
from this analysis, which is due to the assumed variability in
tube output (mR [mA s]−1) at fixed machine parameters, is
±20%.When it is considered that there also is uncertainty in
measured exposures in the earlier studies and uncertainty in
the scaling relationship in eqn (1), there is generally good
agreement between estimates from earlier studies and esti-
mates from this analysis.

SUMMARYAND CONCLUSION

This paper has presented results of a study to estimate
absorbed doses to lungs, female breast, active bone marrow,
and heart from a single chest radiograph in tuberculosis pa-
tients in the Canadian fluoroscopy cohort in three periods
from 1930 to 1969.
Table 10. Comparisons of early estimates of doses or doses per m
estimates in adult males from this analysis.

Source Dose or dose per mA s Mach

Handloser and Love (1951) 0.44 mGy 72 kV, 0.5 mm A

Ritter et al. (1952) 0.53 mGy 59 kV, 1 mm Al a

Ardran and Crooks (1953) 0.05 mGy 90 kV, 3 mm Al a

Ardran and Crooks (1957) 0.07 mGy 90 kV, 3 mm Al a

Webster and Merrill (1957) 0.18 mGy 86 kV, 2 mm Al a

Laughlin et al. (1957) 0.52 mGy 85 kV, 1.5 mm A

Epp et al. (1961) 0.021 mGy (mA s)−1 80 kV, 2 mm Al a

0.016 mGy (mA s)−1 60 kV, 1 mm Al a

aMean dose or dose per mA s in air at skin entrance in adult males estim
source in Table 1 adjusted to apply at tube voltage and total filtration in ea
in air also was adjusted using ratio of PIt in early study to mean PIt in yea
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This study emphasized an accounting of uncertainties
in sex- and age-specific organ doses from a single chest ra-
diograph in each period. Uncertainties in organ doses were
estimated based on assumptions about (1) uncertainties in
the tube voltage, tube-current exposure-time product (PIt),
and tube output in chest radiography; (2) an uncertainty in
the years in which the total filtration in x-ray machines
was increased; (3) a negative correlation between the un-
certain tube voltage and uncertain PIt at each total filtra-
tion; and (4) an uncertainty in the distance from the
source to the skin of a patient. Assumptions about uncer-
tainties in machine parameters were based on data in gen-
eral scientific literature.

Estimated organ doses in adults and children of various
ages and their uncertainties are summarized in Tables 3 to 7.
Given the lack of data on chest radiographic procedures in
tuberculosis sanatoria in Canada, subjective 95% CIs of un-
certain organ doses in each period are intended to represent
the state of knowledge of average doses from a single chest
radiograph in males or females of specified ages in the
Canadian fluoroscopy cohort.

Estimated doses to each organ in adults vary by less
than 20% across the three periods. These similarities are
due mainly to the compensating effects of decreases over
time in estimated doses in air at skin entrance and increases
in organ DCCs, which are a consequence of assumed in-
creases in the tube voltage and total filtration and decreases
in PIt. At younger ages, variations in estimated doses to
each organ across the three periods are somewhat greater
and are up to about 30%.

Uncertainties in estimated organ doses in adults are
about a factor of 2 to 3. Uncertainties at younger ages are
somewhat greater and are up to a factor of 4. Uncertainties
in estimated doses are due mainly to assumed uncertainties
in the tube voltage and PIt.

In using results in Tables 3 to 7 in analyses to esti-
mate risks of cancer and heart disease associated with ra-
diographic and fluoroscopic procedures in the Canadian
A s in air at skin entrance from single chest radiograph with

ine parameters
Dose or dose per mA s from present

study at same parametersa

l added filtration, 20 mA s 0.59 mGy

dded filtration, 24 mA s 0.41 mGy

dded filtration, 3 mA s 0.047 mGy

dded filtration, 3 mA s 0.044 mGy

dded filtration, 10 mA s 0.20 mGy

l added filtration, 15 mA s 0.37 mGy

dded filtration 0.018 mGy (mA s)−1

dded filtration 0.017 mGy (mA s)−1

ated using tube voltage and total filtration in year of publication of
rly study using scaling relationship in eqn (1); estimated mean dose
r of publication of source in Table 1.
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fluoroscopy cohort, uncertainties in average organ doses
in a particular period will be assumed to be shared among
all individuals with chest radiographs in those years; i.e., un-
certain doses to all individuals in each periodwill be assumed
to be fully correlated. However, uncertainties in average or-
gan doses will be assumed to be statistically independent
across the three periods; i.e., uncertain doses to individuals
in different periods will be assumed to be uncorrelated. This
approach to accounting for uncertainty is intended to provide
unbiased estimates of risk with appropriately broad confi-
dence intervals (e.g., Kwon et al. 2016; Zhang et al. 2017).
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