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A retrospective exposure assessment of 1269 study subjects was completed for use in a multi-site case–control study of the
relationship between protracted workplace external radiation exposure and leukaemia mortality. The majority of exposure
data result from film badge monitoring programmes at the four US weapons production facilities and a US Naval shipyard.
Bias and uncertainty in reported exposures among study facilities and across time were as result of differences in incident
photon energy, exposure geometry, dosemeter type and dosimetry methods. These sources of measurement uncertainty were
examined by facility and time to derive bias factors (B) for normalising exposures. In conjunction with facility reported
results, the bias factors provide a means to estimate the equivalent dose, penetrating to a depth of 10 mm [Hp(10)] and the
equivalent dose to the active bone marrow for use in the epidemiological study. Uncertainty was expressed as the constructed
95% confidence interval (i.e. the 2.5th–97.5th% range) of the estimated parameter. The bias factors indicate that recorded
exposures provide a reasonable estimate of Hp(10) (bias factor near unity) and overestimate equivalent dose to active bone
marrow (HT) by a factor between 1.2 and 1.7. On average, dosemeter-response uncertainties estimated using Monte Carlo
simulation were approximately �19 and �33% for Hp(10) and HT, respectively.

INTRODUCTION

The National Institute for Occupational Safety and
Health (NIOSH) has conducted a multi-site case–
control study to evaluate the relationship between
protracted workplace external radiation exposure
and leukaemia mortality. Study subjects (1269)
consist of radiation workers selected as cases or
controls from the Portsmouth Naval Shipyard (PNS)
in Kittery, Maine and four major U.S. Department
of Energy (DOE) nuclear facilities: Hanford Site,
Savannah River Site (SRS), Oak Ridge National
Laboratory (ORNL) and the Los Alamos National
Laboratory (LANL). A retrospective assessment of
protracted exposures to gamma and X-ray irradi-
ation was performed for each study subject. Most of
the personal monitoring data used for the assessment
originates from worker dosimetry using photo-
graphic film emulsions. This paper focuses on the
estimation of bias and uncertainty associated with
film badge monitoring and the methods used to
normalise dosimetry results. The scope is limited to
correcting ‘detectable’ exposures to penetrating
photon radiation. For this work, ‘penetrating’ refers
to photons of energies of 100 keV or greater.
Although important for epidemiological study,
this paper does not address mixed radiation fields,
neutron exposures or ‘missed’ doses resulting
from exposures below measurement sensitivity(1).

These sources of uncertainty are being examined
further and are anticipated for future publications.

Wide use of film dosimetry began in early 1944
during the development of the A bomb(2). Early
Atomic Energy Commission (AEC) facilities (i.e.
ORNL, Hanford and LANL) began issuing film
badges as primary dosimetry for workers shortly
thereafter. In the early 1950s, both PNS and SRS
began their dosimetry programmes using film badges.
Film badge monitoring continued on a large scale
until the emergence of the thermoluminescence dose-
meter (TLD) in the mid-1970s.

Many factors have been reported to influence film
dosemeter accuracy and sensitivity(3–6). Variations in
reported exposures among study facilities and across
time resulted from differences in incident photon
energy, exposure geometry, dosemeter type, dose-
meter calibration and dosimetry methods. Dose-
meter response for each facility and monitoring
cycle was examined to develop methods for normal-
ising reported doses across study facilities and esti-
mating the dose to the haematopoietic bone marrow
for each study subject. Final dose estimates were
made by adjusting the exposure records of each
facility using dosemeter-specific and facility-specific
bias factors.

METHODS

Site historical records were examined for film dose-
meter design, calibration methods, processing equip-
ment and dosimetry procedures. Pertinent data were�Corresponding author: RTD2@CDC.gov
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gathered, coded into a relational database and
indexed by site and time period. Dosimetry histories
identified similarities in film emulsion type and design
used for penetrating dose interpretation. Dosemeters
were grouped, based on these similarities, to simplify
the uncertainty analysis.

The uncertainty analysis used the general methods
suggested by the National Research Council
(NRC)(7). For dose reconstruction of atmospheric
test exposures, the NRC combined several sources
of dosimetry uncertainty to provide a robust meas-
ure of an estimated range of doses that included,
with 95% confidence, the true value. For individual
dose measurements, the NRC defined a value B as
the bias factor:

B ¼ Dm

D
, ð1Þ

where Dm is the measured dose and D is the actual
dose value. For B> 1, the measurement overestim-
ates the true value. Furthermore, B is distributed
log–normally (Equation 2) with geometric mean
(GM) and geometric standard deviation (S):

f Bð Þ ¼ 1

B
p

2ps
e� ln Bð Þ� mð Þ2=2s2

, ð2Þ

where

GM ¼ em ð3Þ

and

S ¼ es: ð4Þ

Values m and s are the arithmetic mean and standard
deviation of the natural log of B, respectively.
Assuming that bias is actually the product of n
independent factors, each distributed log–normally,
then:

Btotal ¼
Yn

i¼1

Bi ð5Þ

and Btotal follows a log–normal distribution with a
logarithmic standard deviation expressed by:

stotal ¼
pXn

i¼1

s2
i : ð6Þ

Finally, K is a factor such that the interval
[Dm(KB)�1, DmKB�1] contains D at the 95% con-
fidence level. For log–normally distributed values,
K ¼ (Stotal)

1.96.
Sources of uncertainty were evaluated in three

parts. First, effects related to dosemeter response
given varying photon energy and exposure geo-
metry, calibration methods and radiation transport
were combined to estimate dosemeter bias and its

associated uncertainty. These sources of error
comprise the group of Radiological uncertainties.
Second, the uncertainty in exposure results inherent
in film processing and dose interpretation was
grouped by emulsion type and evaluated as Labor-
atory uncertainties. Finally, the instability of the film
emulsion latent image from varying environmental
conditions and film replacement periods results
in uncertainty sources grouped as Environmental
uncertainties. Overall bias was expressed as the
product of individual bias factors needed to normal-
ise reported exposures to estimates of (1) individual
equivalent dose at a tissue depth of 10 mm (BHp 10ð Þ);
and (2) the equivalent dose to the active bone
marrow (Brbm).

Radiological uncertainties

Radiological uncertainties affecting dosemeter
response were evaluated for each dosemeter type by
combining uncertainties using Monte Carlo simula-
tion. Specific sources of uncertainty evaluated were:
(1) exposure geometry, photon energy and organ
dose conversion (Bdos); (2) calibration methods
such as the use of phantoms (Bphantom), source field
determination (Bcal), differing calibration sources
(BRa); and (3) the backscatter (Bbs) from the body
due to differences in dosimetry placement.

Dosemeter response (Bdos)

Values of Bdos were determined using methods
described by Thierry-Chef et al.(8) Dosemeter
energy–geometry-specific bias factors (Bpe,eg) were
derived for likely ranges of photon energy (pe) and
exposure geometry (eg). Photon energies examined
included moderate energy photons (100–300 keV)
and higher energy photons (300–3000 keV). These
spectra were characteristic of most exposures,
excluding those associated with radiography, med-
ical and dental X rays, and plutonium processing
and finishing. The dosemeter-specific bias factor
was estimated from the log-weighted average of the
energy–geometry and specific bias factors by:

Bdos ¼ exp
X

fpefeg ln Bpe;eg

� �h i
, ð7Þ

where fpe is the fraction of exposure from photons
within the two energy bands (i.e. 100–300 keV and
300–3000 keV); and feg is the fraction of exposure
in the anterior–posterior (AP), rotational (ROT) or
isotropic (ISO) exposure geometries.

General exposure conditions were derived for
workers from results obtained by Thierry-Chef
et al.(9) and Fix et al.(10) and from questionnaires
completed by study facilities(11). The average values
for f100–300 and f300–3000 were 0.2 and 0.8, respect-
ively. For the Monte Carlo simulation, f100–300 was
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assumed to be uniformly distributed between
0.15 and 0.25 with f300–3000 set equal to the quantity
1� f100–300. The value fAP was assumed uniformly
distributed between 0.0 and 1.0. The quantity
fISOþ fROT was assumed equal to 1� fAP. Values
for fISO and fROT were solved by the quantities
fISO ¼ a(1� fAP) and fROT ¼ 1� fISO, where the
variable (a) was assumed to follow a triangular dis-
tribution between zero and unity, with unity most
likely.

Values of Bpe,eg were estimated from response
curves developed by Thierry-Chef et al.(8) and modi-
fied to account for the differences in calibration units
and to allow reporting equivalent dose to the active
bone marrow. Thierry-Chef et al. performed a series
of experiments using 10 dosemeter types represent-
ative of those used at the study facilities over time.
These experiments were designed to assess errors
associated with dosimetry based on changing expos-
ure conditions(8). Dosimetry response was defined as
the ratio of Hp(10) measured by the dosemeter to
Hp(10) delivered to the dosemeter under controlled
conditions(8). Response curves were derived for three
photon energies: 118, 208 and 662 keV; and three
geometries: AP, ROT and ISO. The response curves
related dosemeter response to the energy-absorption
coefficient and thickness of the filter used for deep
dose determination(11). Each curve follows:

bpe;eg ¼ ae�bX þ ge�dX , ð8Þ

where bpe,eg is the dosemeter response or the ratio of
Hp(10) measured to Hp(10) delivered; X is the filter
density thickness (g cm�2) multiplied by the mass
energy-absorption coefficient of the filter material
(cm2 g�1); and coefficients a, b, g and d were deter-
mined by curve fitting using a non-linear weighted
least squares approach (Table 1)(11).

Film badge filter thickness, materials, material
densities and mass energy-absorption coefficients
(Table 2) were determined for each dosemeter. The
material type and thickness were extracted from
historical records. Thickness was assumed to be

normally distributed between 95% tolerances of
�0.05 mm (0.002 inch). Material densities, except
for brass, were extracted from Hubbell and Selt-
zer(12). Brass density was calculated based on a mix-
ture of 70 wt% copper and 30 wt% zinc using the
density values from Hubbell and Seltzer(12). Mass
energy-absorption coefficients were determined from
curve fitting values for photon energies reported by
Hubbell and Seltzer(12).

Since dosemeter response is characterised by the
ratio of Hp(10) measured to Hp(10) delivered, differ-
ences in dose determination methods required
adjustments based on the units of the measured
result. In earlier years, most facilities actually meas-
ured photon exposure in units of Roentgen (R)
or milliroentgen (mR), where 1 R is equivalent to
2.58 � 10�4 C kg�1. Early reporting of ‘dose’ was
often based on the general assumption that 1 R
(exposure) equaled 0.01 Sv (equivalent dose). There-
fore, reported values were estimates of exposure
rather than Hp(10). Bias factors were adjusted to
estimate equivalent tissue dose (HT) from results
(C kg�1) by:

Bpe;eg ¼ bpe;eg

UpeDpe;eg
, ð9Þ

where bpe,eg is the corrected dosemeter response or
the ratio of quantity measured to Hp(10) delivered
for a given exposure energy–geometry; Upe is the
ratio of Hp(10) to unit exposure measured in the
appropriate exposure energy–geometry configura-
tion (Sv kg C�1); and Dpe,eg is the ratio of HT to
Hp(10) in the appropriate exposure energy–geometry
configuration and tissue T is the active bone marrow.

Values for Upe and Dpe,eg were interpolated for
each energy and exposure geometry configuration
using combinations of conversion coefficients recom-
mended by the ICRP to convert exposure into kerma
free-in-air(13), kerma free-in-air to Hp(10)(14) and
kerma free-in-air to HT

(14) (Table 3). To account
for uncertainties in interpolating conversion coeffi-
cients Upe and Dpe,eg, the values were assumed to be

Table 1. Coefficients (a, b, g and d) and standard errors (SE) related to the fitted curves for the studied energies and
geometries from Thierry-Chef et al.(11)

Geometry Energy a SE (a) b SE (b) g SE (g) d SE (d)

AP 118 8.33 0.1 1.34 0.02 0 0 0 0
AP 208 1.24 0.06 0.74 0.12 1.16 0.11 47.7 8.89
AP 662 0.9 0.01 — — — — — —
ROT 118 6.12 0.11 1.08 0.02 5.92 1.22 63.8 21.3
ROT 208 1.57 0.02 1.37 0.03 2.14 0.45 137.7 25.9
ROT 662 1.06 0.005 — — — — — —
ISO 118 4.76 0.26 0.94 0.09 4.31 0.39 34 7.88
ISO 208 1.37 0.02 1.61 0.03 2.54 0.42 149.7 20.7
ISO 662 0.99 0.01 — — — — — —
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normally distributed about the estimated mean with
a standard deviation of 5%. Radiation transport
modelling uncertainties introduced when deriving
conversion coefficients were not anticipated to
exceed 20%(14). Transport modelling uncertainty
was assumed normally distributed with a standard
deviation of 5%. The coefficient of variation among
organ equivalent dose conversion coefficient calcu-
lations was <1% for tissues distributed throughout
the body(14). As a result, an additional uncertainty of
�0.5% (95% CI) was assumed for determining dose
to the active bone marrow.

Bpe,eg was derived from the appropriate bpe,eg

assuming b300–3000,eg approximately equals b662,eg

and b100–300,eg is best estimated by the quantity
xb118,egþ yb208,eg, where x ¼ 0.25 and y ¼ 0.75(11).
To account for uncertainties in spectral assumptions,
y was modelled using a beta distribution with

parameters a ¼ 15 and b ¼ 5; resulting in a negat-
ively skewed distribution with a mean of 0.75 (95%
CI ¼ 0.55–0.91). The value x was set equal to 1� y.

Attention was given to measurement uncertainty
from dosemeter response to competing radiations
(e.g. beta or neutron radiation). Although each dose-
meter was designed sufficiently to limit response
from beta radiation when measuring the deep dose
component, a small response may occur from
thermal neutron interactions with certain filter
materials (e.g. cadmium). Measurement uncertainty
resulting from neutron exposures was considered
minimal given the low incidence of neutron exposure
among study subjects and the use of compensating
algorithms during dosemeter processing.

Calibration uncertainty

Differences in calibration procedures result in uncer-
tainty in dose estimates. For example, free-in-air
calibrations do not include the backscatter contribu-
tion that would result from dosemeters worn close
to the body. Fix et al.(10) observed that backscatter
from the body surface resulted in a 10% contribution
to the measured exposure from 137Cs. Likewise,
Delafield(15) derived a backscatter factor of 1.09
from 137Cs irradiation of a 6.35-mm-thick polythene
body phantom. Dosemeters calibrated without
a phantom were assigned a bias factor (Bphantom) of
1.1� 0.05 (95% CI).

With calibration phantoms, studies have shown
that small variations in dosemeter response may
result from differences in the backscatter contribu-
tion between the various calibration sources and
the phantoms used. Brodsky et al.(6) reported no
appreciable backscatter effects from higher energy

Table 2. Film badge filter characteristics by facility and era used.

ID Facility Era Filter
material

Filter
thickness

(cm)

Filter
density

r (g cm�3)

Density
thickness
(g cm�2)

Mass
energy-absorption

coefficient
men r�1 (cm2 g)

118 keV 208 keV

1 Hanford 1944–1962 Silver 0.10 10.50 1.05 0.68 0.16
Savannah River Site 1959–1970

2 Los Alamos National Laboratory 1949–1949 Brass 0.05 8.41 0.43 0.19 0.06
3 Los Alamos National Laboratory 1951–1961 Cadmium 0.05 8.65 0.44 0.71 0.17
4 Portsmouth Naval Shipyard 1952–1974 Cadmium 0.10 8.65 0.87 0.71 0.17

Savannah River Site 1951–1958
Oak Ridge National Laboratory 1944–1979

5 Portsmouth Naval Shipyard 1950–1951 Lead 0.05 11.35 0.58 1.65 0.54
Los Alamos National Laboratory 1950–1951

6 Los Alamos National Laboratory 1944–1948 Lead 0.05 11.35 1.28 0.85 0.27
Brass 0.08 8.41

7 Hanford 1962–1972 Tantalum 0.05 16.65 0.85 1.52 0.44

Table 3. Coefficients to convert exposure (C kg�1) to
equivalent dose, penetrating [Hp(10)] and equivalent dose to
active bone marrow dose (HT) for selective photon energies

and exposure geometries.

Photon
energy
(keV)

Ratio of HT to Hp(10)
by exposure geometry

Ratio of Hp(10) to
exposure for AP

geometry (Sv kg C�1)

AP ISO ROT

17 0.024 0.078 0.077 14.1
60 0.303 0.702 0.580 64.1

118 0.478 0.764 0.947 58.3
208 0.528 0.776 0.966 50.2
662 0.631 0.790 0.957 41.0

AP, anterior–posterior; ISO, isotropic; and ROT,
rotational
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gammas emitted by 60Co, but a 19% increase for
144Ce (�134 keV). Taylor et al.(16) reported back-
scatter contributions of 4 and 8% from phantom
calibrations at SRS using 137Cs and 226Ra, respect-
ively. Delafield(15) reported on-phantom backscatter
factors associated with the British ERP-30 film dose-
meter of 1.04 and 1.09 using 60Co and 137Cs, respect-
ively(15). Based on the literature and normalising to
137Cs calibration, bias factors (Bphantom) of 0.95, 1.0
and 1.05 were assigned for on-phantom calibrations
using 226Ra, 137Cs and 60Co sources, respectively.
Calibration geometry, phantom materials, source
configuration and dosemeter design play important
roles in the dosemeter response from backscatter
during calibration, making the assignment of back-
scatter factors (bias) specific to source isotope uncer-
tain. This uncertainty was assumed to be �5%.

Methods used to determine calibration source
strength varied from site to site and across time.
Some facilities measured the source strength while
others used a calculated value. For example, a 4.9%
increase in reported doses was observed at SRS
beginning in 1987 that was attributed to replacing
calculated source strength values with measurements
made using a National Bureau of Standards trace-
able ionisation chamber(16). In some configurations,
sources remained stationary during calibration while
in others the source was rotated to minimise aniso-
tropy(17). To account for uncertainty in calibration
practices across sites, a bias factor (Bcal) of 1.0� 0.05
was assumed.

It was a common practice to use 226Ra sources
for early film badge calibrations. Given the energy-
dependent response of film emulsions, a slight bias
may result from calibration using 226Ra compared
with monoenergetic sources. Several experiments
regarding the dosemeter energy dependence have
been documented(18–21). For a given exposure, the
optical density under the filter is independent of
photon energies between 0.3 and 2.0 MeV, which is
the predominant range for exposures from typical
calibration sources. As photon energies decrease,
the optical density increases per unit exposure until
offset the by attenuation of the filter. Peak sensitivit-
ies are dependent on the characteristics of the filter
and emulsion, but generally occur with photon ener-
gies of �30 keV unfiltered and 100 keV shielded by
the deep dose filter. Unlike the monoenergetic photon
sources such as 137Cs and 60Co, the spectrum from
226Ra in equilibrium with its progeny is complex and
covers a wide range of energies. In addition to higher
energy photons from 214Bi decay, the spectrum
includes a low-energy component between 100 and
300 keV(22). Greater optical density per unit exposure
may exist for 226Ra calibrations so that a smaller
over-response is observed at low-energy exposures.
Facilities where calibrations were performed using
226Ra were assigned a bias factor (BRa) of 1.05� 0.05.

Dosemeter placement

As previously noted, attention was provided to back-
scatter variability among dosemeter calibrations
performed with and without phantoms. On-phantom
calibrations were performed to mimic proper place-
ment of the dosemeter on the body surface. However,
this is rarely the case in actual monitoring situations
because of loose fitting or layered clothing and the
use of lanyard and other capture devices. There is
uncertainty in backscatter influence given varying
dosemeter distances from the body and on-phantom
calibrations.

Delafield(23) determined backscatter factors for
photons exposures in-phantom, on-phantom and at
distances from the phantom surface. Delafield’s data
revealed decreasing backscatter factors with increas-
ing distances from the phantom surface. For
example, an on-surface backscatter factor of �1.1
from 137Cs exposures was reduced to 1.08 at 2 cm
and 1.05 at 5 cm. Likewise, backscatter factors for
206 keV X-ray exposures were �1.33 on-surface,
1.23 at 2 cm and 1.15 at 5 cm from the phantom
surface. A bias factor (Bbs) of 0.95� 0.05 was
assigned to account for dosemeter placement.

Lower-energy X-ray contribution

Some study subjects were exposed to predominantly
low-energy radiation. Plutonium workers at LANL,
Hanford, ORNL and SRS were exposed to 17 and
60 keV photons resulting from the decay of 239Pu
and 241Am. Special calibration and dosimetry tech-
niques were developed by each of the sites to deter-
mine low-energy photon exposures. In most cases,
a fraction of the low-energy exposure was summed
with the results from the more highly penetrating
exposures to provide a single effective penetrating
radiation result. Although this practice provided
for worker protection, deep dose estimates are likely
biased high as a result of actual attenuation.

Workers suspected of low-energy photon expos-
ures were identified by review of work histories and
dosimetry records. Process records were evaluated
for workplace spectra. Dose algorithms used to
report results from low-energy photon exposures
were examined and efforts were made to separate
the more highly penetrating dose component from
the contribution of low-energy photon exposures.
The uncertainty in dose estimates from low-energy
photon exposures was examined using the methods
described previously.

Laboratory uncertainty

Measurement uncertainty results from variation
in film processing, determining optical densities and
dose interpretation. These errors are assumed to be
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not correlated among separate exposure measure-
ments. Even under the most controlled laboratory
environments, a relative error of at least 10% was
estimated to result from laboratory techniques. This
estimate is consistent with values reported by Unruh
et al.(24) following a 2 y study of dosemeter perform-
ance capabilities among commercial and govern-
ment film processors.

Brodsky et al.(6) demonstrated that film response
curves fit the equation

NOD ¼ ds 1 � e�cE
� �

, ð10Þ

where NOD is the net optical density above unex-
posed control films for an exposure E (C kg�1), ds

is the saturation density and c (kg C�1) is the con-
stant for a certain emulsion under fixed exposure and
processing conditions. The upper 95% confidence
limit for E was determined by:

EUCL ¼
ln 1 � NOD þ ksod

ds

h i

�c
, ð11Þ

where k is the value for the standard normal deviate
that is exceeded with a probability of 0.025 (1.96)
and sod is the standard deviation of the meas-
ured optical density. The value Klab was determined
for each exposure by dividing the quantity EUCL

by E.
Values for c and ds for each film type were inter-

preted from the calibration curves found in the liter-
ature(6,25–31). The value sod was estimated over the
range of potential exposures by examining replicate
density readings recorded during film calibrations at
Hanford between 1951 and 1961(32–34).

Detection level

The scope of the uncertainty analysis was limited to
recorded exposures above an estimate of detection.
The actual detection level of the film badge is a func-
tion of the densitometry and film response. Many
factors influenced the minimum dose observed
(e.g. densitometry resolution, emulsion type and
operator experience). However, theoretical detection
levels for each film type can be estimated using meth-
ods suggested by Currie(35). A critical level (LC) was
determined as the net film density above which the
observed response is recognised as ‘detected’ at 95%
confidence. Assuming multiple readings of ‘blank’
films give net densities that are normally distributed
with blank variance [sod(B)]

2, LC ffi 1.645(sod(B)). The
detection level (LD) is the net density corresponding
to a true signal above which detection is expected at
95% confidence. Therefore, LD ¼ LCþ 1.645(sod(S))
where sod(S) is the sample net density standard devi-
ation. Assuming sod(B) ¼ sod(S) ¼ sod at lower film
densities, LD is approximated by 3.29sod.

Environmental uncertainty

Dosemeter calibrations were typically performed
under controlled conditions using calibration films
exposed in the laboratory and stored in stable envir-
onments until processing. In contrast, worker expos-
ures occurred under a wide range of environmental
conditions. For example, some film badge readings
of shipyard workers at PNS were annotated as ‘wet
film’ or ‘dropped in bilge’. There were a number of
subjects exposed in laboratories situated in temper-
ate dry climates at LANL. Still others worked in
production and maintenance setting in typically hot
and humid environments (SRS, ORNL). Several
studies on the effects of temperature, humidity and
time dependence have been conducted for various
film emulsions, some of which are discussed below.
Additional historical background on latent image
instability can be obtained from Kathren et al.(36)

Temperature and humidity are expected to vary
widely in occupational settings within an industrial
facility and across the study sites, resulting in expos-
ure conditions potentially very different from the
calibration conditions. These differences result in
uncertainty in dose determination when using film
dosemeters. Kathren and Brodsky(5) reported the
average response at 26.5�C and 85% relative humid-
ity which was �70% (0.717� 0.043, 1SD) for
DuPont Type 555 and 60% (0.605� 0.033, 1SD) for
Kodak Type 2 when compared with the response
at zero humidity. This under-response was offset
with exposure temperatures approaching 48.9�C.
Likewise, Watson(29) reported a 40–80% increase in
the sensitivity of DuPont Type 502 film exposed at
an average temperature of 37�C compared with
exposures at room temperature.

A variety of film replacement intervals have been
used among and within sites, ranging from weekly
(ORNL, Hanford, LANL and SRS) to quarterly
(ORNL) monitoring periods. Along with environ-
mental factors, time has been shown to affect latent
image stability. Brodsky and Kathren(3) reported
a loss of precision corresponding to longer film
replacement intervals resulting from latent image
fading of DuPont Type 555 film. From their experi-
ments, Brodsky and Kathren concluded that doses
estimated from bi-weekly monitoring could be low
by as much as 30% from latent image fading. Similar
tests conducted by Baumgartner(34) with DuPont
Type 502 film suggests limited latent image fading
(�1%) up to intervals of 12 weeks following expos-
ure. In contrast, Baumgartner found that Kodak
Type 2 film exhibited a 2–3% increase in image
density per month from fogging. Thorton et al.(18)

reported maximum variations in average densities of
5, 15 and 9% for DuPont Types 502, 508 and 555
emulsions, respectively, given exposures over a four
month period. Under the same exposure conditions,
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the maximum variation of Kodak Type 3 was 15%.
Unlike DuPont films, the optical density from the
Kodak Type 3 emulsions increased with time since
exposure. The contrasting results may be partially
explained by the competing nature of image fogging
and fading. For example Kathren et al.(36) observed
a linear increase in fogging, similar to the increase
reported by Baumgartner(34), that was enhanced
by low relative humidity. Kathren et al.(36) also
observed time-dependent latent image fading at rel-
ative humidities in excess of 75%. These phenomena
are offsetting with a minimal overall effect at �50%
relative humidity.

Sufficient environmental data related to exposures
were not available to estimate bias with a high degree
of confidence. Others have suggested the uncertainty
resulting from environmental conditions can be
approximated by assuming a random error of 10%
(CI ¼ 95%)(7,10). This approximation seems appro-
priate given the available literature and the wide
range of environmental conditions and monitoring
intervals experienced among the study sites.

Cumulative dose uncertainty

Up to this point, uncertainty estimates pertain to
a single badge reading for the ‘average worker’ of a
study facility. However, the summation of dose over
several years of exposure (i.e. cumulative dose) is
of primary interest in the epidemiological analysis.
Measurement uncertainty may change over time as
new dosimetry techniques are developed. Likewise,
several workers received exposures in multiple study
facilities using different dosimetry techniques. The
application of different bias factors is straight-
forward, where the cumulative dose is determined
from the sum of bias corrected doses. However,
combining uncertainties can be extremely complex
and may be impractical without intensive computer
simulation. For a simple approximation of combined
uncertainties, two general assumptions were made.

First, within a given exposure period, bias and
relative uncertainty in dosemeter response character-
istics are highly correlated for multiple readings for
the same individual. This assumption appears valid
given that the worker, work habits, work location
and dosimetry are anticipated to remain relatively
constant over the exposure period. For perfectly
correlated uncertainties, the overall K from summed
results equals K for a single reading. To account for
changing K among exposure periods, an overall
uncertainty was estimated using methods suggested
by Fix et al.(10) where an average of period-specific
values for K was used to approximate overall K,
weighted by the fraction of exposure occurring in
the specified period. Exposure periods were defined
based on facility assignment and dosemeter type,
possessing and calibration.

Second, laboratory uncertainty is not correlated
among measurements for the same worker. In this
case, the relative uncertainty is inversely propor-
tional to the number of film badge readings used to
determine cumulative dose. There is little contribu-
tion expected from laboratory uncertainty to the
overall uncertainty in the cumulative dose to a
worker with a long history of exposure. However, a
combined Klab value can be approximated by

Klab combinedð Þ ¼ 1 þ
pPn

i¼1

h�
KlabðiÞ � 1

�
Ei

i2

Pn
i¼1 Ei

,

ð12Þ

where Klab(i) and Ei are the lab uncertainty factor
and exposure (C kg�1), respectively, for the ith
badge reading of n monitoring periods.

Although these generalisations provide a means
to approximate uncertainty for cumulative doses, it
is important to note that a likely bias exists from
assuming correlations among worker exposures
within an exposure period. Some differences in
exposure conditions are likely for a worker, which
may reduce the overall relative uncertainty in cumu-
lative doses given offsetting variances.

RESULTS

ORNL dosimetry

ORNL began piloting a film meter programme on or
about 1 May 1944(37). Film badge data were avail-
able for a few study subjects during the time when
pocket meters were still the primary dosimetry.
Between 1 May 1944 and September 1953, ORNL
used a two-element film dosemeter as the primary
beta–gamma dosemeter(37). The film dosemeter
used a 1 mm cadmium filter with the DuPont Type
552 film packet containing Type 502 sensitive film
for low-range penetrating radiation monitoring(18).
A four-element dosemeter was introduced in late
September 1953, which continued to use cadmium
for penetrating radiation(37). The dosemeters used
Type 552 or Type 553 film packets, which included
Type 502 sensitive film(38). In 1959, the penetrating
dose filter was modified to provide for accident-
level neutron exposures. The new filter consisted of
0.13 mm gold foil sandwiched between two 0.38 mm
cadmium halves(39). During this time, the film packet
was changed to the DuPont Type 554, which con-
tained the Type 555 sensitive emulsion. The DuPont
Type 554 film packet was later replaced by Eastman
Kodak Type 2 between 1968 and 1969. This config-
uration continued to be used until replaced by TLD
technology in 1975.
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A film badge calibration jig incorporating 5 cm of
plastic to simulate ‘backscatter conditions’ was first
described in late 1953 by Davis et al.(38) Calibrations
were performed using 226Ra sources(40) and were
assumed to be performed without a phantom (in-air)
before 1954. Documentation of specific dosemeter
detection levels could not be located. However,
Mitchell et al.(41) reported the detection level for all
ORNL film dosemeters to be �7.74 � 10�6 C kg�1.
Dosimetry records demonstrate various recording
thresholds. Beginning in 1944, exposures were repor-
ted above 2.58� 10�6 C kg�1. By mid-December
1947, the reporting threshold was increased to 7.74 �
10�6 C kg�1. The threshold was then reduced to
2.58� 10�6 C kg�1 by the mid-1950s.

SRS dosimetry

The personnel radiation monitoring programme was
initiated at SRS in November 1951 using the ORNL
two-element film dosemeter(16). Film processing and
dose determination were completed at ORNL until
March 1953. ORNL dosimetry methods continued
to be used until SRS introduced a dosemeter of its
own design by November 1959. The SRS dosemeter
used DuPont Type 555 sensitive film and a 1 mm
silver filter for penetrating radiation determina-
tion(21). This design remained essentially unchanged
until TLDs became the principal means of beta–
gamma measurement on 1 April 1970(16).

Calibrations were conducted at ORNL until
March 1952 and then at SRS using 226Ra. All calib-
rations were conducted in-air. The reported detec-
tion level was 7.74 � 10�6 C kg�1.

Hanford dosimetry

Between October 1944 and March 1957, Hanford
used a two-element film dosemeter, consisting of a
DuPont Type 552 film packet with Type 502 sensit-
ive film placed between two 1 mm silver filters and
a 1 cm2 window(42). A multi-element film badge
replaced the two-element badge in April 1957. The
multi-element badge remained in service until
replaced by TLDs in January 1972. The multi-
element badge also used a 1 mm silver filter for
penetrating dose measurement. The multi-element
badge briefly used the DuPont 222SX with Type
508 sensitive film(43). By 1960 this film packet was
replaced by the DuPont Type 558, which also used
Type 508 sensitive film(43). This configuration
remained until replaced by TLDs in January 1972(44).

Penetrating radiation calibrations were performed
in-air using 226Ra calibration sources. The dose-
meters were calibrated to units of exposure and
the approximate detection levels using Type 502
film and Type 508 film were 1.03� 10�5 and 5.16�
10�6 C kg�1, respectively(42).

PNS dosimetry

Film badge monitoring began at PNS on 1 July 1950
with Kodak Eastman Type K industrial X-ray film
incorporating a 0.5 mm lead filter. In 1952, Eastman
DF-7 film replaced the Type K film packet. In 1957,
PNS began using a film badge incorporating the
DuPont SX-233 film packet with Type 555 sensitive
film and a 1 mm cadmium filter. This dosemeter
design remained essentially unchanged until July
1969 when the Kodak Type 3 Film Radiac Pack
replaced the DuPont film packet. The DT-526/PD
calcium fluoride TLD became the standard for per-
sonnel gamma exposure monitoring on 1 October
1974(45).

Penetrating radiation calibrations between July
1950 and July 1958 were in-air using 226Ra calib-
ration sources. Beginning August 1958, calibrations
used 60Co sources and a 10 cm wood block to simu-
late body mass. In 1964, the shipyard began using
137Cs for film badge calibrations. Between 1950 and
July 1969, the detection threshold was reported to be
5.16 � 10�6 C kg�1 per monitoring period. With the
introduction of Kodak Type 3 film, the detection
threshold was reduced to 2.58 � 10�6 C kg�1(45).

LANL dosimetry

Film badges were first distributed to LANL workers
in 1944(46). Similar to PNS, the initial badges used
Kodak Eastman Type K film packages with a 0.5 mm
lead (Pb) cross filter. The film was housed in a sec-
tioned case manufactured from 0.5 mm of brass(47).
By late 1947, the lead cross was removed from the
Type K film packet and densities from penetrating
radiation were determined under the brass filter(48).
This basic configuration remained in service until
1949, when a new badge housing was developed
consisting of a brass clip which provided for an
‘open window’ area of the film surface for beta
radiation monitoring. This badge used DuPont
film Type 552 film packets with DuPont Type 502
sensitive film(49).

Between April and August 1950, LANL issued
a new two-filter dosemeter using lead and brass
that was designed to provide for energy discrimina-
tion(50). Deep dose was determined under the lead
filter. This badge was replaced in April 1951 by a
similar dosemeter using two 0.5 mm filters, one made
of brass and the other made of cadmium(51). The
dosemeter used the DuPont 543 film packet with
Type 502 sensitive film. Two filters were used
in tandem to estimate the effective energy of the
gamma or X-ray exposure so that an appropriate
energy–response correction factor could be applied
to the density under the cadmium filter for the pen-
etrating photon radiation measurement(20). In prac-
tice, this correction was applied only in instances
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where cadmium densities were comparable to expos-
ures in excess of 3.87 � 10�5 C kg�1 from photons
with an effective energy of 200 keV (1.55 � 10�5 C
kg�1 of 70 keV; 5.42 � 10�5 C kg�1 of 25 keV; or
3.87 � 10�4 C kg�1 of 10 keV)(52). In the summer of
1961, LANL replaced the Type 502 with Type
555(53). This dosemeter configuration remained in
widespread use at LANL until fully replaced by the
LANL multi-element ‘Cycolac’ film badge in
1968(54).

Appearing in October 1962, the Cycolac film
badge was first used by �100 persons who had his-
tories of appreciable or extraordinary radiation
exposures(55). The badge was designed to improve
monitoring of low-energy X rays and mixed radi-
ation fields typically encountered with plutonium
work. Named after the brand of plastic used in its
holder, the Cycolac badge used two five-element
(erbium, tantalum, gold, bismuth and molybdenum
or gadolinium) composite filters and an unfiltered
area for dose determination(56). The Cycolac badge
was optimised for: (1) gamma and X-ray energy
independence (within 30%) from �30 to 1400 keV;
(2) the ability to evaluate thermal neutrons in the
presence of X and gamma radiations <400 keV; and
(3) improved directional independence. Similar to
the brass–cadmium badge, the Cycolac badge used
DuPont Type 502, Type 508 or Type 555 sensitive
film depending on availability. By mid-1971, DuPont
Type 555 was replaced by Kodak-Eastman Type 2
film(57). Following the discontinuance of the brass–
cadmium badge in 1968, the Cycolac badge
remained the primary personal dosemeter at LANL
until replaced by TLDs in September 1978(58).

Penetrating radiation calibrations were performed
in-air using 226Ra calibration sources until replaced
by 60Co sources in or about 1960(51). The routine use
of calibration phantoms seem to begin on or about
1977(59). The detection threshold for film badge
monitoring was reported to be 1.03 � 10�5 C kg�1

per monitoring period(58).

Bias and uncertainty factors

Bias and uncertainty factors were estimated for 11
different film dosemeter configurations used at the
five facilities (Table 4). The final bias factors demon-
strate that facility-reported results were reasonable
estimates of Hp(10) with bias factors ranging from
0.85 to 1.13 and arithmetic mean near unity (0.96;
95% CI ¼ 0.78, 1.16). The average bias factor for
active bone marrow dose was 1.39 (95% CI ¼ 1.08,
1.78) with individual bias factors ranging from 1.23
to 1.65, indicating a typical over-response attribut-
able to body attenuation.

Overall, the bias factors were less than earlier
estimates by Fix et al.(10) and by Thierry-Chef
et al.(8). For example, Fix et al. reported an overall

bias for ‘deep dose’ [e.g. Hp(10)] and active marrow
dose for the Hanford two-element dosemeter of 1.27
(1.13–1.60) and 1.77 (1.43–2.48), respectively. In
comparison, this analysis reports bias factors for
Hp(10) and active marrow dose of 1.02 (0.83–1.24)
and 1.48 (1.15–1.90), respectively. Much of the dif-
ferences can be attributed to slightly different energy
and geometry assumptions among studies.

The largest over-response (BHp 10ð Þ ¼ 1:13) was
observed for LANL dosimetry using a single thin
brass filter (1947–1950), which provided little attenu-
ation of low-energy X rays. The largest under-
response (BHp 10ð Þ ¼ 0:85) was observed at ORNL
between 1959 and 1974 mostly owing to increased
scatter assumed from on-phantom calibration using
a radium source.

Table 5 shows the relative contribution to the total
variance observed for the most influential variables
from the Monte Carlo simulation of the Hanford
two-element dosemeter (1944–1956). For Hp(10)
calculations, uncertainty in modelling dose conver-
sion coefficients resulted in the greatest fraction of
variability. Both geometry and photon energy had
smaller effects on the overall bias or uncertainty
for Hp(10). However, active bone marrow dose
calculations were most influenced by irradiation
geometry. Assumptions regarding backscatter, calib-
ration sources and calibration phantoms contributed
<10% each to the total uncertainty in Hp(10) and
active bone marrow dose calculations.

The equivalent dose to bone marrow reported for
plutonium workers predominantly exposed to low-
energy spectra was minimal when compared with
more routine exposures. For example, the typical

Table 4. Site-specific bias factors (B) and uncertainty
factors (K) for estimating individual equivalent dose at a
tissue depth of 10 mm (BHp(10), KHp(10)) and equivalent dose
to the active bone marrow (Brbm, Krbm) from recorded

exposures.

(BHp 10ð Þ) (KHp 10ð Þ) Brbm Krbm Sites and approximate
time span

1.02 1.22 1.48 1.28 Hanford (1944–1962);
SRS (1951–1969)

0.94 1.23 1.36 1.29 Hanford (1963–1970)
0.96 1.22 1.39 1.29 LANL (1945–1950)
1.13 1.23 1.65 1.31 LANL (1948–1949)
0.91 1.22 1.32 1.28 LANL (1951–1061)
0.87 1.21 1.27 1.28 LANL (1962–1978)
0.98 1.22 1.42 1.29 LANL (1944);

PNS (1950–1952)
1.02 1.22 1.49 1.29 PNS (1953–1957);

ORNL (1944–1953)
0.89 1.22 1.29 1.28 PNS (1963–1974)
0.93 1.23 1.37 1.30 ORNL (1954–1958)
0.85 1.23 1.23 1.29 ORNL (1959–1974)
0.93 1.22 1.35 1.28 PNS (1958–1963)
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photon radiation quality encountered by plutonium
finishing workers at LANL DP West was character-
ised by energies of: 17 keV (65–70%), 60 keV (10–
20%), 100 keV (1–10%) and >200 keV (0–7%)(55).

Using these data in conjunction with appropriate
dose conversion coefficients (Table 3) and geometry
assumptions, the estimated bias factors for Hp(10)
and active bone marrow dose from plutonium X-ray
exposures were 2.9 (1.5–5.6) and 29 (19–44), respect-
ively. Given the low contribution to bone marrow
dose, efforts were made to exclude the low-energy
component from dose estimates used for the epi-
demiological study. Where possible, penetrating
photon radiation results were extracted from read-
ings only under the shielded portion of the film
badge. However, not all workers exposures could
be characterised in sufficient detail to exclude the
potential for overestimation from reported doses
following low-energy exposures.

Laboratory uncertainty

Values for c and ds for each film type (Table 6) were
used to generate and compare film response curves
(Figure 1). Slight differences in film sensitivity were
observed for the various emulsions used. Overall
improvement in sensitivity over time was observed
with the introduction of new emulsion types. How-
ever, an overall reduction in dosemeter response was
observed from the use of filtration.

By using calibration data from dosemeters
used during atmospheric nuclear testing, the NRC
assumed that sod was independent of exposure
intensity and was �0.015 for DuPont Type 502
film(7). This value is higher than that reported by
Baumgartner(34), who conducted experiments with

Table 5. Percentage contribution to uncertainty in BHp(10)

and Brbm from Monte Carlo analysis of early Hanford two-
element film badge(a).

Variable(b) Percentage
contribution
to (BHp 10ð Þ)

Percentage
contribution

to Brbm

fAP 5.2 36
Bmodel 25 16
BEnv 25 16
U(662,AP) 16 9.7
Bbs 7 4.4
Bcal 6.1 3.7
BRa 5.3 3.4
Bphantom 5.1 3.2
All others 5.3 7.6

(a) (BHp(10)) is the final bias factor for individual equivalent
dose at a tissue depth of 10 mm. Brbm is the final bias factor
for equivalent dose to the active bone marrow
(b) fAP is the fraction of irradiation in the AP direction.
Bmodel is bias in organ dose conversion from variability
in physiology. BEnv is bias from environmental conditions.
U662,AP is the exposure-to-dose conversion for AP
irradiation at 662 keV. Bbs is bias from body backscatter.
Bcal is bias from calibration methods. BRa is bias from
radium calibration source. Bphantom is bias from calibration
phantom

Figure 1. Net optical density vs. exposure for various film emulsions (filtered exposures). DuPont Type 502 (dashed-single
dotted line), DuPont Type 508 (dashed line), DuPont Type 555 (continuous line), Eastman Type K (dashed-two

dotted line) and Eastman Type 2 (dotted line).
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DuPont Type 502 and Eastman-Kodak Type 2 films
that suggested sod is proportional to exposure with
values between 0.002 and 0.007 for exposures <5.2 �
10�5 C kg�1. The differences may be attributed, in
part, to improvements in densitometry and quality
controls between the time of the early nuclear bomb
tests and Baumgartner’s experiments in 1960. Also,
the data used by Baumgartner were carefully con-
trolled to minimise errors in the laboratory-based
study. For this study, we evaluated Hanford film
calibration data between the years 1951 and 1961
to estimate sod. Wilson(33) reported the 90% confid-
ence interval (optical density) for replicate density
readings from the calibration of DuPont Type 502
film from calibration data between 1951 and 1957.
Likewise, Wilson and Larson(32) reported similar
data for DuPont Type 508 film in support of studies
conducted in 1961. Data from Wilson and Larson
suggest that sod from E (C kg�1) is best approxim-
ated by

sod ¼ a þ b 1 � e�Er
� �

, ð13Þ

where the intercept a, maximum standard deviation
b and rate constant r are 6.06 � 10�3, 4.32 � 10�2

and 3.23 � 103 kg C�1, respectively (r2 ¼ 0.78).
This approximation was adequate for the range of
sod determined from the available calibration data
(Figure 2).

Values of Klab were determined for the various
films using Equations 11 and 13. The relative uncer-
tainty associated with film processing is greatest at
low exposures. Approximately 100% error (Klab � 2)
is associated with exposures near detection levels
(Figure 3). However, relative uncertainty decreases
rapidly with increasing exposure and, for most films,
is <30% at 2.58 � 10�5 C kg�1.

The values LC and LD levels were determined for
each film assuming sod ¼ 0.006 (Table 6). The values
for LD range from 4.72 mC kg�1 (18 mR) for East-
man Type 2 film to 11.79 mC kg�1 (46 mR) for
DuPont Type 502. Calculated LD values were com-
pared with the values reported by the study sites and
were shown to be in reasonable agreement.

Cumulative dose

Active bone marrow doses were derived from
recorded film badge exposures above the detection
threshold and then summed for 10 PNS workers

Table 6. Film saturation densities, sensitivity constants and detection levels.

Film type Saturation
density
ds (OD)

Sensitivity
constant c

without
filter(a)

(kg C�1)

Sensitivity
constant c
with filter
(kg C�1)

Critical
level(b)

LC

(mC kg�1)

Detection
level(b)

LD

(mC kg�1)

Filter
material

Filter
thickness

(mm)

Calibration
type

Calibration
isotope

Reference

DuPont
Type 502

2.25 937 755 5.88 11.79 Ag 1 In-air 226Ra (28)

DuPont
Type 508

2.69 2490 1300 2.86 5.73 Ag 1 In-air 226Ra (32)

DuPont
Type 555

6.60 587 475 3.18 6.37 Ag 1 In-air 226Ra (30)

Eastman
Type K(c)

3.32 2150 1460 2.06 4.13 (NA) (NA) In-air 226Ra (60)

Eastman
Type
DF-7(d)

3.32 2150 1460 2.06 4.13 (NA) (NA) (NA) (NA) (NA)

Eastman
Type 2

6.60 954 641 2.36 4.72 Pb 0.72 In-air 60Co (31)

Eastman
Type 3(e)

6.60 2350 1600 0.94 1.89 (NA) (NA) (NA) (NA) (NA)

(a)Values derived for DuPont films determined without phantom using 60Co calibration source(26). Eastman-Kodak Type 2
and Type 3 determined free-air using 226Ra calibration source(25)

(b)Detection levels calculated for filtered emulsions assuming a minimum optical density standard deviation of 0.006(33).
2.58 � 10�1 mC kg�1 ¼ 1 mR
(c)Calibration data were not available for shielded Eastman Type K. A ratio of unshielded to shielded sensitivity of 1.47 was
assumed(60)

(d)Calibration data for Eastman Type DF-7 could not be located. The emulsion is assumed to behave equally to Eastman
Type K based on stated similarities(45)

(e)Calibration data were not available for shielded Eastman Type 3. A ratio of unshielded to shielded sensitivity of 1.47 was
assumed(25,60)

NA, not available
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selected at random. The 95% confidence intervals
and final uncertainty factors were determined using
Monte Carlo simulation (50 000 trials) and by simple
approximation methods (Table 7). Both methods

resulted in comparable confidence intervals. In most
cases, the simple approximation method resulted in
slightly overestimated uncertainty when compared
with the Monte Carlo simulation. However given the

Figure 2. Net optical density standard deviation (sod) vs. exposure. DuPont Type 508 (filled diamonds), Wilson and
Larson(32); DuPont Type 502 (filled triangles), Wilson 1951–1953(33); DuPont Type 502 (open squares), Wilson 1953–

1957(33); curve fit of Wilson and Larson data (continuous line); and 95% confidence interval of curve fit (dotted line).

Figure 3. Uncertainty factors (Klab) for various film emulsions (filtered exposures). DuPont Type 502 (dashed-single
dotted line), DuPont Type 508 (dashed line), DuPont Type 555 (continuous line), Eastman Type K (dashed-two

dotted line) and Eastman Type 2 (dotted line).
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complexity of Monte Carlo simulation, the results
indicate that a reasonable approximation of uncer-
tainty can be made by simple means.

CONCLUSIONS

Uncertainties associated with film badge response
and processing were evaluated. Bias and uncertainty
factors were derived for film dosimetry used by
workers at five major radiological facilities between
1944 and 1978. These factors allowed for the estima-
tion of Hp(10) and the equivalent dose to the active
bone marrow for the average worker using the recor-
ded results from a monitoring event. Uncertainty
was expressed as the constructed 95% confidence
interval (i.e. the 2.5th–97.5th% range) of the estim-
ated parameter.

From derived dosimetric bias factors, recorded
exposures appear to provide reasonable estimates
of Hp(10) and overestimates HT by a factor between
1.2 and 1.7. On average, dosemeter response uncer-
tainties estimated using Monte Carlo simulation
were approximately �19 and �33% for Hp(10) and
HT, respectively. Unlike estimates of HT, Hp(10)
uncertainty was not significantly influenced by
exposure geometry or photon energy under the
modelling constraints used.

Laboratory uncertainties were evaluated for the
types of emulsion used. Relative uncertainties are
greatest near detection levels and may exceed a fac-
tor of 2. However, the relative uncertainty is not
correlated among individual measurements and
may be greatly diminished with doses summed over
a long exposure period. A simple approach for
applying these factors when summing doses was
presented resulting in a method to produce normal-
ised cumulative dose estimates for a multi-site
epidemiological study.
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