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Executive Summary

The objective of this Report is to review the current state-of-
knowledge of uncertainties in external radiation measurements
and dosimetry, and in the conversion coefficients used to relate
such measurements to absorbed dose in the human body. The scope
of this Report is limited to external radiation exposure only. The
emphasis is on uncertainty in the types of measurements used both
currently and in the past for the most common occupational and
environmental exposure scenarios. Although the Report does not
focus directly on medical diagnostic and treatment dosimetry, some
of the concepts discussed should be useful for assessing the uncer-
tainty in measurements in this area. The focus is on the uncertain-
ties in measurements of beta, gamma and neutron radiation from
sources external to the body and the conversion of the measured
quantities to organ absorbed dose (DT). Although the current
Report deals only with external radiation exposure situations
where at least some measurements were available, many broader
dose reconstruction uncertainty issues for which individual dosim-
etry is limited will require a more elaborate analysis involving
one or more models. Many of these broader issues will be discussed
in a forthcoming National Council on Radiation Protection and
Measurements (NCRP) report currently in preparation on the prin-
ciples of dose reconstruction. 

An individual can be exposed to radiation from sources outside
the body by a variety of ionizing radiations in a variety of ways.
Measurements can be made of the radiation field in air (or the
energy absorbed in material such as a film badge or other type of
dosimeter) resulting from these radiation sources. The measured
quantity may be ionization or air kerma (Ka ) or even the angular
and energy distribution of the flux of a particular radiation at a
point in space. The uncertainty in the measured quantity can usu-
ally be inferred from a combination of measurements and models.
A model must be used to relate the particular measured quantity
to the expected DT . This estimated DT will always be uncertain,
due both to the uncertainty in the underlying measurement itself
and to the uncertainty in the model and model parameters used
to relate this measured quantity to the absorbed dose in a body
organ of a particular individual. Unlike many of the sources of
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uncertainty in the measurement, the uncertainty in the conversion
to DT cannot be directly determined by experiment, but is itself
generally only an estimate based on overall scientific knowledge
and expert judgment. 

Because all measurements involve some degree of uncertainty
and one cannot directly measure the absorbed dose to a human
organ, all estimates of dose will be uncertain. Unless some reason-
able estimate is made of this uncertainty that includes all
important contributions, a dose estimate will in most cases lack
credibility and thus be useless for many practical applications. At
the very least, for a dose estimate to be credible, some evaluation of
uncertainty or bias should be performed even if only a bounding
estimate is required for a particular application. For example,
many of the federal radiation compensation programs intentionally
high-side a dose reconstruction to estimate an upper bound without
formally assessing all potential sources of uncertainty.

Uncertainty and Error

Routine measurement uncertainty always involves effects of
variability (precision) and bias. The absolute error (accuracy) of a
measurement is the sum of the systematic error and the random
error. However, uncertainty encompasses a wide array of concepts
besides measurement error. Sources of uncertainty also include
incomplete information, disagreement between information
sources, linguistic imprecision, and natural variability. Uncer-
tainty can be about a quantity, about the best mathematical repre-
sentation of a process, about the accuracy of the calculations used
to produce a result, or even about the best way to represent uncer-
tainty. Uncertainty about model equations and model accuracy,
often called model uncertainty, can be challenging to define simply
because most models are never totally accurate representations of
real systems. Uncertainty due to error in the measurement, natu-
ral variability, lack of knowledge, and model uncertainty all play a
role in external dosimetry, and particularly in relating the result of
a particular measurement to an DT in a particular individual.

An important distinction between this Report and a report to
follow later is that this Report does not discuss the uncertainties
due to assumptions regarding the radiation exposure scenario and
interpolations or the uncertainty in extrapolations in space
and time from limited or no actual measurements. The models and
uncertainty discussed in this Report assume that the measurement
was taken either on the individual (personal dosimeter) or that the
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individual was present where the measurements were taken and
that the radiation field did not vary with time during the period of
exposure. In many dose reconstructions, uncertainties in exposure
scenarios and in temporal and spatial variations are very impor-
tant, if not of controlling importance.

Statistical Principles

A comprehensive discussion of statistical concepts is important
for understanding and estimating uncertainty and error. A famil-
iarity with various probability density functions (PDFs) that can
and have been used for describing the uncertainty in various mea-
surements and model parameters, and the related statistical, con-
fidence and tolerance intervals, is useful to understand how to
characterize uncertainty. Often, it is the expression of confidence in
an estimated dose rather than the mean or median for a given PDF
that is most useful for applications such as risk assessment. Typi-
cal PDFs that have been or could be used in describing uncertainty
in external radiation measurements and dosimetry are the normal,
lognormal, triangular and uniform distributions, but a number of
others such as exponential, log-triangular, and beta can also be use-
ful under certain circumstances. PDFs selected for an uncertainty
analysis of an individual’s DT should be conditioned on the objective
of the assessment. The triangular, uniform, beta, trapezoidal,
discrete, and numerous other distributions (and their logarithmic
variants) describe shapes of distributions typically used to repre-
sent subjective degrees of belief about true but unknown fixed val-
ues. In addition to describing these distributions, this Report also
contains guidance on how to choose a PDF for various applications. 

The statistical framework described in this Report is based on
the classical view of statistics rather than the Bayesian view. There
are three models of probability that legitimately fall under the clas-
sical view of statistics: a priori, a posteriori, and subjective. A priori
and a posteriori probabilities are objective quantities. Subjective
probability is associated with questions that cannot be determined
either using deductive reasoning or through sampling, such as the
probability that the sea level will rise greater than a meter in
the next hundred years. The primary difficulty in dealing with sub-
jective probabilities lies in their quantification.

Measurement Uncertainty

The types of measurements and dosimetry considered in this
Report fall into four general categories: area measurements of
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gamma and beta radiation, area measurements of neutron and
mixed radiation fields, personal dosimeters for monitoring gamma
and beta radiation, and personal dosimeters for neutron and mixed
radiation fields.

The various types of area measurement instruments and per-
sonal dosimeters discussed in this Report, and the major sources of
uncertainty in measurements made using these systems are sum-
marized in Table ES.1. 

The potential sources of uncertainty for each class of detection
systems are discussed in detail in this Report. The discussions
follow the same general format: general application, principle of
operation, historical developments relevant to uncertainty [e.g.,
evolution of film badges, improved electronic processing of signals,
digital readout devices, improved quality control (QC)], and sources
of uncertainty, including the uncertainty in any model used to con-
vert the detected signal to the reported readout quantity.

Sufficient information is not always available to provide quanti-
tative examples of uncertainty and associated PDFs that have been
or can be used to describe various sources of measurement uncer-
tainty. However, for most measurement systems, as indicated in
Table ES.1, the major sources of measurement uncertainty are
those resulting from imperfect knowledge of the radiation field
in which the instrument was used or the dosimeter exposed. Both
the absolute and relative magnitude of the contributions to total
measurement uncertainty from a particular source, even within
the same group (i.e., ionization measurements), will depend on the
specific instrumental design and the degree of correlation between
the radiation field in which the instrument was calibrated com-
pared to that in which the measurements were actually made, as
well as the historical context of the reported measurements. Some
of the instrument responses vary significantly with incident energy
and angle. Thus, estimates of uncertainty for specific measure-
ments must be made on a case-by-case basis.

The uncertainty in primary calibration standards is one compo-
nent of the measurement uncertainty. Generally, the uncertainty
in calibration standards is small. However, the uncertainty in
various influence quantities such as temperature, humidity, and
energy and angular response can contribute significantly to
measurement uncertainty. In general, the uncertainty for most
personal-dosimeter measurements used in gamma radiation fields
is within the limits set by international and U.S. standards organi-
zations that generally require the measurement to be within "30 to
"50 % of the conventionally true value, depending on the type of
instrument and the radiation level. The uncertainty in neutron
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TABLE ES.1—The various types of area measurement instruments 
and personal dosimeters discussed in this Report, and the major 

sources of uncertainty in measurements made using these systems.

Instrument System Major Sources of Uncertainty

Area measurements of gamma and beta radiation

Ionization chambers Energy, angular response

Geiger-Mueller counters Energy, angular response 

Scintillation detectors Energy, angular response

Semiconductor detectors Energy, angular response

Film and TLDs Energy response, calibration, processing, 
fading

In situ gamma 
spectrometry

Calibration, data processing (unfolding 
spectral data)

Area measurements of neutron and mixed radiation fields

Tissue-equivalent 
proportional counters

Lower limit of detection, energy and 
angular responses

Multi-detector neutron 
spectrometers

Data processing (unfolding), calibration 
(response matrix)

Scintillation detectors for 
neutron spectrometry

Data processing, photon-neutron 
discrimination

Hydrogen and helium 
proportional counters

Pulse-height discrimination

Activation detectors Calibration, energy and angular 
response, data processing to infer fluence

Personal dosimeters for monitoring gamma and beta radiation

Film dosimeters Calibration, processing, energy response 
for beta and x rays, fading

TLDs Calibration, processing, energy response, 
fading

Optically-stimulated 
luminescent dosimeters

Similar to TLDs

Electronic dosimeters Detector dependent

Personal dosimeters for neutron and mixed radiation fields

Nuclear Track Emulsion® 
film

Fading, energy response, track counting

TLDs for neutrons Neutron-gamma partition, energy 
response, laboratory processing

Track-etch detectors Track counting, angular response

Neutron-bubble detectors Response varies with temperature 
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measurements and mixed field absorbed doses is often much higher
than that for photon measurements, depending on the composition
of the actual radiation field and the neutron-energy spectrum.
Measurements made in recent years with modern technology and
stricter quality assurance (QA) generally have lower uncertainty
than measurements made in previous decades.

Although not always quantifiable, investigators should always
be aware of potential additional sources of measurement uncer-
tainty due to QA issues and human behavior. These include such
issues as lost film badges, failure to wear film badges at all times,
data transcription errors, etc.

Model Uncertainty

A number of factors contribute to the uncertainty of DT esti-
mated directly from measurements. Because the true dose to a
human organ cannot be directly measured, one must typically rely
on some type of model to relate radiation measurements to tissue
dose. The uncertainty in the models used as well as the uncertainty
in the intermediate derived quantities used in the models is impor-
tant. The model calculations often involve assumptions about
conditions that cannot be known with certainty. The model itself
contributes additional uncertainty in that it may not perfectly
represent the actual exposure scenario and physical situation.
In addition to the measured data, dosimetric models use various
parameters that typically depend on the energy of the radiation
and the irradiation geometry. It is clear that it is difficult to gener-
alize about which factors contribute greatest to the uncertainty
in dose estimation. Different exposure situations and differing
degrees of information available to estimate the dose to a given
organ in a specific individual in a specific situation will determine
which factors contribute most to the overall uncertainty. 

The conversion from a measurement to absorbed dose requires
a model to represent the human body and the location of various
organs within that body. This Report emphasizes photon irradia-
tion because photon exposures are relatively commonplace com-
pared to exposures from other radiations. Moreover, there are more
data available in the literature that can be used to quantitatively
derive uncertainty estimates. Calculated dose conversion coeffi-
cients (DCCs) [i.e., factors relating fluence (Φ), Ka, or exposure to
DT] have been determined using Monte-Carlo simulations and
physical data on radiation transport through matter and the
uncertainty in these calculations for a particular assumed body
geometry and incident energy and angle is small. The major
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sources of uncertainty are due to variations in body geometry
and the energy and angular incidence of the particular incident
radiation. 

However, calculated DCCs are presently only available to assess
variations in body geometry for fewer than two dozen different
adult phantoms and radiation fields, and mainly only for gamma-
and x-ray exposures. Hence, information on the range of variation
versus body mass and height {as well as other metrics [e.g., body
mass index (BMI)]} is limited by this small sample size. Never-
theless, the available phantom data do cover the range of sizes of
typical adults.

The conversion from Ka to absorbed dose in a given organ can
vary significantly depending not only on the incident energy and
angle but also on the body size (phantom) as illustrated in Fig-
ure ES.1 that shows the spread of organ DCCs as a function of inci-
dent photon energy due to the combination of the variations in both
the structure of the phantom and the irradiation geometry. 

Fig. ES.1. Ratios of maximum-to-minimum absorbed doses to the thy-
roid over the range of phantom data for various irradiation geometries
(AP = anterior to posterior, PA = posterior to anterior, RLAT = right
lateral, LLAT = left lateral, and ROT = rotational). The curve labeled
“ALL” is for the absorbed doses among all these (combined-equally
weighted) geometries.
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Graphs like those shown in Figure ES.1 can be used to describe
the variation of the organ DCCs and to characterize the uncer-
tainty in using that DCC when the body morphology of an individ-
ual is not known. By determining relationships between body
morphometric parameters (e.g., mass, height, BMI), the uncer-
tainty can be reduced when some information is available about an
individual’s body shape and size. 

The uncertainty of the DCCs can be estimated more completely
by analyzing various combinations of body morphology and inci-
dent radiation (energy and angle). Considering the degree of
knowledge (or conversely, the lack of knowledge) about irradiation
energy and geometry, DCCs can be aggregated (or pooled) into
groups such that the range and distribution is more appropriate to
the level of information available. By determining relationships
between body morphometric parameters the uncertainty can be
reduced when some information is available about an individual’s
body shape and size. A strategy for doing that is described in detail
in this Report. This strategy should be useful to characterize the
uncertainty of the DCCs applied to a real individual for whom cer-
tain information is lacking (e.g., body shape and mass), or when
certain information about the exposure situation is lacking (e.g.,
the energy or the irradiation geometry).

A general problem in estimating DT from reported measure-
ments occurs when the measurement results are reported in oper-
ational radiation quantities such as equivalent dose rather than
physical quantities such as Ka. Errors can result from transforming
the reported operational quantity back to kerma (or directly to DT )
in order to estimate DT . In general, it is preferable that measure-
ments intended for possible use in assessing DT be reported in
physical quantities such as Ka or Φ.

Propagation of Uncertainty

In order to estimate the total uncertainty in an DT based on a
measurement, it is necessary to propagate (combine) the various
measurement and model uncertainties. Three ways are commonly
used to propagate uncertainty: analytical methods using mathe-
matical statistics, mathematical approximation techniques, and
Monte-Carlo methods. Analytical and mathematical approximation
techniques are usually restricted to propagating uncertainty in
models of limited complexity. Although analytical and mathemati-
cal approximation techniques can accommodate correlations, they
are usually used only when correlations among the parameters can
be neglected. These two methods can also be difficult to apply to
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dynamic simulation models. Analytical methods can sometimes
give exact solutions to the distribution of a function of random vari-
ables but the methods are often tedious. However, Monte-Carlo
methods are generally robust, provided the number of trials is suf-
ficiently large, and are commonly the most utilized method for error
propagation for complex dose reconstruction. They are relatively
easy to implement for simple algebraic models using commercial
software. However, analytical methods are still important for esti-
mating measurement uncertainties.

Mathematical approximation methods typically are used to esti-
mate the mean and variance of a function of random variables but
not the shape of the distribution. The estimation of percentiles of a
distribution is problematic in the absence of knowledge about the
shape of the distribution. The skewness and kurtosis of the distri-
bution resulting from analytical propagation can be estimated and
percentiles estimated. However, the calculations of these moments
are complex and require interaction terms of a greater order than
that of covariance.

Sensitivity analysis is a very useful tool that can be used to
identify the parameters that contribute most to the overall uncer-
tainty and which variables contribute little to the response of the
model, thus enabling one to reduce model complexity. 

Case Studies

This Report presents five practical examples (case studies) of
uncertainty analyses that illustrate many of the concepts dis-
cussed. Some of these examples are based on actual external radi-
ation dose assessments reported in the literature. Others were
constructed or modified by NCRP to illustrate some particular con-
cepts discussed in this Report. Each case study presents the
assumed exposure scenario, the available measurement data upon
which the dose reconstruction is based, the methods used to esti-
mate doses and uncertainty, the major contributors to uncertainty,
the reported doses and the reported or calculated uncertainty in the
doses, and a discussion of the reported uncertainty. In each of these
case studies, sources of uncertainty that might have or should have
been considered were not, and for some of the cases, the uncer-
tainty analyses used could have been significantly improved by
applying some of the concepts discussed in this Report.

Conclusions

It is difficult to indicate specific values for the uncertainty in
specific measurements or the relative contributions to the total
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uncertainty in absorbed dose in any particular scenario that are
due to measurement uncertainty and to model DCC uncertainty.
The measurement uncertainty, particularly for low-energy photons
and neutrons, can vary significantly with specific instrument
design even for the same general class of detectors. For both the
measurement and model uncertainty, the lack of sufficient infor-
mation on the energy and angular distribution of the incident radi-
ations is a major source of uncertainty. Thus, even if the reported
measurement represents an accurate estimate of the Ka (or expo-
sure), if the actual incident energy and geometry are not specified,
the model estimate of the DT using this measured Ka can be very
uncertain, particularly for low-energy radiations. Conversely, if the
measurement is based on a calibration in a field that differs sub-
stantially from the actual energy spectrum, the reported Ka can be
substantially in error even if the DCCs applied to estimate DT are
based on the actual energy/geometry scenario. Because both the
measurement uncertainty and the conversion from measurements
to DT depend on the energy spectrum and angular incidence of the
incident radiation, it is important to consider possible correlations
when combining the respective probability distributions to specify
the PDF of uncertainty associated with the DT of interest. 

This Report, although not a procedures manual for how to esti-
mate the uncertainty in a particular external radiation measure-
ment or the uncertainty in the dose to a human organ based on that
measurement, provides the reader with the information required to
understand the various sources of uncertainty, the magnitude and
range of the likely uncertainties, and methods for combining these
estimated uncertainties to obtain an estimate of the uncertainty
in the DT. Although specific examples of the total measurement
uncertainty are given for most of the instrument systems dis-
cussed, the uncertainty must often be determined on a case-by-case
basis. The uncertainty in any particular measurement, even a mea-
surement from the same type of detector, is highly dependent on
the characteristics of the particular detector (packaging, calibra-
tion, etc.) and incident radiation field. Nevertheless, the discus-
sions in this Report should be useful to investigators charged with
making and reporting measurements of environmental and occu-
pational sources of external radiation as well as those involved in
estimating DT based on these measurements or reconstructing
doses based on previously reported measurements.




