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Preface

Medical radiation workers make up a large group of individuals occupationally exposed to
low doses of radiation. These workers have been monitored with personal dosimeters when
exposed to ionizing radiation, and the records of measurements have generally been main-
tained. As a subcohort of the “One Million Person Study of Radiation Workers and Veterans
(MPS),” being coordinated by the National Council on Radiation Protection and Measure-
ments (NCRP), approximately 100,000 medical radiation workers (with both female and male
subjects) have been identified as subjects for dose reconstruction. Dosimetry and mortality
data are currently being compiled with results of the epidemiological analyses to be presented
in other publications and reports. The approach to the complex dosimetry issues for medical
radiation workers over three to four decades of occupational exposure are generally described
in NCRP Report No. 178, Deriving Organ Doses and Their Uncertainty for Epidemiologic
Studies (with a Focus on the One Million U.S. Workers and Veterans Study of Low-Dose Radi-
ation Health Effects) (2018), which presents an 11-step process to guide the radiation dose
reconstruction process. For the MPS epidemiologic analysis, it is often assumed that the aver-
age dose over the entire organ or tissue (organ dose) is the quantity of interest. However, the
derivation of organ doses for the medical radiation worker cohort members from monitoring
data poses difficult problems because of:
 

• extreme inhomogeneity of exposure over the body occurs when medical personnel wear
protective aprons;

• medical facilities implement differing degrees and methods of radiation protection;
• medical radiation workers may wear dosimeters inconsistently (i.e., at times choosing

not to wear dosimeters in order to avoid investigations);
• incomplete information about the workloads of physicians and technologists (i.e., the

number of procedures of a given type conducted monthly or annually); and 
• changing technology and medical procedure protocols.

The purpose of this Commentary is to describe an optimum approach for using personal
monitoring data to estimate lung and other organ doses. The Commentary highlights specific
precautions applicable to epidemiologic study of medical radiation workers. Such guidance is
important as organ doses, along with associated epidemiologic analyses for both female and
male populations, are necessary to assist the National Aeronautics and Space Administra-
tion’s (NASA) need to assess sex-specific lung cancer risks and radiation limits currently
in place for female astronauts noting differences between the medical and space radiation
environments.

The intended audiences for this Commentary are health physicists with radiation safety
responsibilities in medical and other establishments and epidemiologists planning to use or
review the mechanisms by which dosimetry data were derived. The Commentary presents
some basic historical aspects of radiation monitoring and measurement quantities to provide
a foundation for epidemiologists not familiar with radiation dosimetry and the role of per-
sonal monitoring within the regulatory framework of radiation protection.
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1

1. Executive Summary

The Million Person Study of Radiation Workers and Veterans (MPS)1 includes a cohort of
workers exposed to radiation as a consequence of performing various medical procedures that
involve the use of ionizing radiation (medical radiation workers). The number of medical radi-
ation workers selected for the MPS is expected to total approximately 100,000. Among the dif-
ferent cohort groups studied as part of the MPS, the medical radiation worker group features
the highest percentage of female subjects from which to examine adverse radiation effects that
may vary according to sex, particularly the development of lung cancer. Analyses of the Japa-
nese survivors of the atomic bombing of Hiroshima and Nagasaki have indicated an approxi-
mate threefold increase in radiation-induced lung cancer risk in females compared to males
(Boice 2017; Grant et al. 2017). The increased risk of lung cancer for females has attracted
attention from the National Aeronautics and Space Administration (NASA) as it assesses the
risks from extended periods of space travel from activities associated with the habitation of the
International Space Station and potential flights to Mars, as evidenced by its financial support
for this Commentary.

Based on guidance from the National Council on Radiation Protection and Measurements
(NCRP), the MPS has selected the average or mean absorbed dose to an organ or tissue, DT

(expressed in milligray) (organ dose), as the basis for studying human risks incurred from
repeated exposure to low levels of radiation (NCRP 2018). The International Commission on
Radiological Protection (ICRP) has adopted DT as one of several basic radiation protection
quantities (ICRP 2007). The quantity DT must be estimated using conversion coefficients
derived from various computational models that relate measurable primary and operational
quantities to the radiation protection quantities. ICRP (2010) published tables of such con-
version coefficients that the MPS intends to use for estimating DT from external radiation
sources (NCRP 2018).

Unlike the other worker cohort groups under study, the medical radiation worker group
exhibits unique characteristics that challenge the efforts to develop annual and lifetime esti-
mates of DT. Among these characteristics are:

• extraordinarily large number and diversity of medical facilities from which a medical
radiation worker cohort would be selected compared to the number of nuclear power
plants or nuclear weapons complex laboratories from which other cohort groups would
be selected;

• propensity for a person to have been exposed to various medical radiation exposure
conditions at numerous facilities during their career;

• lack of a national database of medical radiation worker doses from which to compile
annual and lifetime dose histories;

• high reliance on personal monitoring dose results without detailed information regard-
ing the radiation exposure conditions under which a person incurred a dose;

• inconsistent wearing of dosimeters by personnel (i.e., at times choosing not to wear
dosimeters in order to avoid investigations), combined with poor information, as well
as high variability, on the workloads of physicians and technologists (i.e., the number
of procedures of a given type conducted monthly or annually);

1Also known as the Million Worker Study (MWS).
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2   /   1. EXECUTIVE SUMMARY

• use of radiation personal protective equipment (RPPE) such as leaded aprons that
interfere with the ability to directly correlate doses measured with personal dosimeters
with organ doses, particularly during the high dose-rate (HDR) conditions characteris-
tic of fluoroscopically based medical procedures; and

• effects of changes in medical technology that have altered the radiation sources and
exposure conditions.

These characteristics led the MPS leadership to select a medical radiation worker cohort
from a database of annual and lifetime personal radiation monitoring results measured by
Landauer, Inc.® (Glenwood, Illinois), a large supplier of personal monitoring services. The
first version of the database was created in the mid-1980s to support radiation epidemiology
studies of radiological technologists being undertaken by the Radiation Epidemiology Branch
of the National Cancer Institute (NCI) (Simon et al. 2006). Since that time, the database has
been expanded to include most workers monitored by Landauer®. Since its founding in 1954,
Landauer® has provided personal monitoring services to hospitals, clinics, and private medi-
cal practices. With periodic updates, the database has become an approximate, albeit incom-
plete, national database of medical worker dose information covering annual doses since 1977
and lifetime doses extending back into the mid-1960s. Using this database, all medical work-
ers with lifetime personal dosimeter doses 100 mSv have been selected for inclusion in the
cohort. Randomly selected medical workers having lifetime doses <100 mSv supplement the
high-dose group.

NCRP Report No. 178 (NCRP 2018) describes dose reconstruction approaches for the MPS
that depend on the development of radiation exposure scenarios to describe the radiological
and physical conditions to which specific types of workers might be exposed. The medical radi-
ation exposure scenarios leading to meaningful organ and tissue doses involve only external
exposure to x rays and gamma rays, collectively termed photons. Using information from
ICRP Publications 74 and 116 (ICRP 1996, 2010), NCRP Report No. 178 developed a frame-
work for external radiation exposures along with tables and figures of conversion coefficients
for relating measured approximations of the personal dose equivalent, Hp(10) (the dose equiv-
alent at a depth of 10 mm in the body expressed in units of millisievert, to selected tissue and
organ doses, DT expressed in milligray). The results of personal monitoring obtained from
dosimeters worn by medical workers represent the best available data from which to estimate
organ and tissue doses for this cohort; therefore, reliance on the Landauer® database has
become important.

The conversion coefficients relating Hp(10) to DT depend on estimates of the photon radia-
tion energies exposing the worker, the physical orientation between the worker and the radi-
ation source (irradiation geometry), the use of protective shielding and other spatial
variations that impart uneven irradiation of the body and the sex of the worker for which mor-
phological differences between males and females can be important for certain organs of inter-
est. Six radiation exposure scenarios have been defined for medical radiation workers based
on a general level of commonality among these factors:

• exposure to x rays with very little to no use of protective aprons (termed general
radiology);

• exposure to x rays with universal or extensive use of protective aprons (termed fluoro-
scopically based radiology; including fluoroscopically guided interventional (FGI) pro-
cedures);

• exposure during the conduct of nuclear medicine related activities before 2000;
• exposure during the conduct of nuclear medicine related activities since 2000;
• exposure during administration of radiation therapy to patients before 1970; and
• exposure during administration of radiation therapy to patients since 1970.
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1. EXECUTIVE SUMMARY   /   3

The year 2000 represents a reasonable demarcation when positron emission tomography
(PET) began to materially impact the magnitude of worker doses involved with nuclear med-
icine-based imaging procedures. The year 1970 represents a similar demarcation in the shift
from low dose-rate (LDR) to HDR brachytherapy and the resultant use of new radionuclide
sources. Exposure to the very high energies employed for teletherapy were not thought to cre-
ate meaningful staff doses due to isolation of the radiation sources in well-shielded vaults
from which staff are barred entry during patient irradiation, thus the focus of the radiation
therapy exposure scenarios is on brachytherapy.

Conversion coefficients have been determined and presented in this Commentary for all
the organs for which ICRP (2007) has most recently recommended specific tissue weighting
factors (wT) for each of the scenarios for each sex. The six scenarios represent a pragmatic
number into which the many different types of medical exposure conditions can be catego-
rized, although, the nuclear medicine and radiation therapy scenarios could be merged into a
single category called “exposure to high-energy photons” given the relative similarity in con-
version coefficients, as indicated in Section 7.

Regulations and dosimeter testing programs have influenced the quantity measured by
personal monitoring dosimeters. Prior to the mid-1980s, dosimeters were designed, calibrated
and analyzed to assess the quantity, exposure, expressed in units of milliroentgen (mR). After
this period, dosimeters assessed the photon dose at various depths in a 30 cm diameter spher-
ical phantom (individual dose equivalent) until the mid-1990s when a slab phantom [personal
dose equivalent, Hp(10)] was adopted in response to changes in dosimeter accreditation
requirements. By 2000, regulatory guidance allowed the use of formulas to estimate the effec-
tive dose from personal dosimeter results. Two specific formulas became more extensively
adopted by medical centers for workers involved with FGI procedures. The different mea-
sured quantities (exposure, individual dose equivalent, personal dose equivalent, and effec-
tive dose) must be converted into values indicative of Hp(10) at the site of the organ of interest
in order to estimate organ dose, a process outlined in this Commentary and in NCRP Report
No. 178 (NCRP 2018).

The use of protective aprons creates perhaps the greatest amount of dosimetric complexity.
Containing lead or other high atomic-number metals, protective aprons shield the torso and
pelvic regions of the body from exposure to radiation. The apron impedes the direct correla-
tion of monitoring results obtained outside of the apron with the dose received by tissues
residing underneath the apron. Adjustments for the effect of protective aprons must consider
numerous variables including:

• spatial dose and angular incident differences between the location of the dosimeter
worn outside the apron (typically on one side of the neck at the collar) and the location
of the shielded tissues of interest (the chest);

• change in energy spectrum imparted by the apron to the shielded tissues and the
resultant effect on the organ dose; and

• variety of equivalent lead thicknesses and design of the aprons.

The Landauer® database does not indicate whether a dose result arose from a single dosim-
eter worn outside the apron, one worn underneath the apron, or whether two dosimeters were
worn, one outside at the level of the collar and the other underneath the apron located on the
chest. All these personal monitoring protocols have been and continue to be used during flu-
oroscopically dependent medical procedures. Given the regulatory-instructed practice of mon-
itoring at points corresponding to the tissues receiving the highest dose (e.g., the head and
lens of eye in the case of protective apron use), dosimeter results are assumed to have origi-
nated from dosimeters worn over the apron. The period after 2000 becomes more complicated
because dosimeter results could be expressed as the effective dose equivalent (HE) using one
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4   /   1. EXECUTIVE SUMMARY

of two formulas to estimate the dose value or as Hp(10). Protective aprons reduce doses to the
shielded organs to <5 % of the unshielded x-ray field so that organs in the torso receive sig-
nificantly less dose than the unshielded organs that are primarily located in the head. Mea-
surements assumed to have been made outside or over the protective apron must also be
corrected to derive an estimate of Hp(10) that would exist under the apron. The estimated
Hp(10) value assessed over the apron can apply directly to the unprotected organs and tissues
located in the head. Protective aprons have typically not been used in the nuclear medicine
and radiation therapy settings because the photon energies are too high to be effectively
attenuated; therefore, no adjustments for protective aprons should be assumed for the nuclear
medicine and radiation therapy scenarios.

The conversion coefficients for most organs do not materially differ between female and
male. The breast is one exception arising from the differences in the mass of the tissue. The
reproductive organs have different conversion coefficients due to the anatomical exclusivity
of these organs to each sex and their locations in the body (Figure 6.2).

The dependence of the conversion coefficients on photon energy spectra is most evident for
the x-ray scenarios where the dominant energies are <0.1 MeV (Figures 4.6 and 4.7). Several
model-based x-ray spectra were developed for this Commentary representing spectra gener-
ated at peak tube voltages of 70, 80, and 90 kV and possessing average or mean energies rang-
ing from 40.5 to 46 keV. The conversion coefficients for the lung ranged from 0.43 to
0.49 (Gy/Sv) for females and from 0.44 to 0.49 (Gy/Sv) for males, for the three modeled spectra.
Therefore, the effect of different weighting proportions for these spectra to reflect many differ-
ent medical diagnostic imaging procedures is not critical compared to the effect from protective
aprons. The conversion coefficient for the brain is most sensitive to changes in the x-ray energy
due to its being enclosed by the skull composed of higher atomic-number elements compared
to soft tissues. No specific spectra were developed for computed tomography (CT) due to lack
of available information regarding the scatter spectra to which medical staff are exposed.

A worker’s lifetime occupational dose represents the sum of all annual doses received at all
known employers. Accompanying each annual dose record is the lifetime dose accumulated
through each year and the year monitoring commenced. Estimates of annual doses received
before 1977 depend on equally apportioning the lifetime dose present in 1977 among the num-
ber of years between the year monitoring commenced and 1977. Although the specific radiation
exposure scenario for each year before 1977 may not be discernible for a person, it is reasonable
to assume that the scenario selected for 1977 would be appropriate for the earlier years. A sim-
ilar situation exists for doses incurred from prior employment. It has been either required or
recommended depending on the regulatory period that employers obtain from new employees,
statements about the total doses received because of prior employment with other entities.
Doses from prior employment appear in the Landauer® database; however, these doses can
span an indeterminate number of years. There is no clear means of apportioning prior employ-
ment doses among an unknown number of years although the number of years should not
exceed that possible between the earliest year a career might start (e.g., the year a person
turned 21) and the year for which the person began to be monitored by the current employer.

Considerable uncertainty may arise associating an annual dose with a radiation exposure
scenario. It is impractical to access employment records that would indicate the general work
duties from the more than 1,000 medical establishments. Information about the type of med-
ical establishment (e.g., hospital or private practice) and the departments (e.g., radiology or
nuclear medicine) to which workers were assigned exists in the Landauer® database from
which to make intelligent assumptions about the likely radiation exposure scenario causing
the majority of a worker’s annual dose. When such information is uninformative, but needed,
Landauer® dosimetry reports can be examined to identify the most probably exposure sce-
nario. These reports indicate whether two dosimeters were worn to indicate the possible use
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of a protective apron as well as the photon energies detected by the dosimeter(s) to distinguish
low-energy from high-energy photon conditions. Unfortunately, the dosimetry reports are
only available as images stored on various archival media placing a practical limit on the use
of available resources for this type of manual research. Dosimetry reports will prove most
valuable for those persons having the highest doses and therefore contributing the most power
to the epidemiological analyses.

All dosimetric analyses such as those considered in NCRP Reports No. 158, No. 163, and
No. 178 (NCRP 2007, 2010a, 2018) possess numerous sources of uncertainty. The focus of this
Commentary has been on the process for estimating organ doses appropriate for common med-
ical radiation exposure scenarios. NCRP Report No. 178 provides explicit guidance on the treat-
ment of uncertainties and is not repeated in this Commentary. Unique to the medical radiation
worker cohort are the assessments of the types and energies of photon radiations encountered
in healthcare settings. The use of protective aprons, their effective attenuation and the extent
aprons compound uneven irradiation of distributed tissues such as the active (red) bone mar-
row confer the greatest element of uncertainty with respect to the focus of this Commentary.
Uneven irradiation of the body exists as an element of uncertainty for all MPS cohorts; how-
ever, the means of addressing uneven irradiation will likely need to be specific to each cohort.

The range of photon energies encountered in the medical setting can also be found in the
scenarios developed for the other cohort groups in the MPS. The conversion coefficients relat-
ing Hp(10) to DT vary greatest for photon energies <0.1 MeV and for organs located in skeletal
structures. The particular nature of the x-ray spectra created for medical imaging has been
examined in this Commentary and within this setting the use of the average or mean photon
energy can be a suitable substitute for a detailed energy spectrum for determining appropri-
ate conversion coefficients. This may not be appropriate for scenarios pertaining to the other
cohort groups where certain radionuclides emit discrete energies. Above 0.1 MeV, the conver-
sion coefficients vary less with energy and are less impacted by skeletal features. The delin-
eation between low (0.1 MeV) and high (>0.1 MeV) energy photon conditions is strongly
recommended; however cases may exist where the predominant energy spectra are unknown
or highly mixed making difficult the selection of an appropriate conversion coefficient. In the
absence of any spectral information, the selection of a conversion coefficient should consider
the most probable conditions that could yield the specific annual monitoring value based on
the general knowledge of the worker population.

The concept of “missed dose” is another uncertainty factor spanning across multiple cohort
groups for whom dosimetry relies on personal monitoring devices. Missed dose is that dose a
worker may have received but was less than the minimum detection or recording level of the
dosimetry system. Missed doses should not be confused with unmonitored doses that are
doses received by a worker when no monitoring device was worn. This Commentary presents
suggestions for when to consider making dose adjustments for missed dose applicable for the
Landauer® dosimetry service as it was commonly used over the past five decades. Missed dose
adjustments primarily concern the least exposed members of the cohort because they have the
largest number of measurements that yielded results less than the minimum detection or
recording limit. Recommended additions to annual doses due to missed doses range from
0.2 to 0.4 mSv y–1 depending on the estimated number of likely minimal dose readings that
comprised the annual dose total.

In summary, this Commentary documents many specific dosimetric considerations applica-
ble for using the Landauer® dosimetry database for estimating annual and lifetime organ
doses for the medical radiation worker cohort of the MPS. In addition, NCRP believes it import-
ant to compile in one place the historical elements pertaining to the technical and administra-
tive aspects of the Landauer® dosimetry service on which the MPS is relying heavily.
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2. Introduction

Medical radiation workers make up a large group of individuals occupationally exposed to
low doses of radiation. They have been monitored with the use of personal dosimeters when
potentially exposed to ionizing radiation, and the measurement results have generally been
maintained (NCRP 2018). Examination of a large database maintained by Landauer®, Inc.
indicates that most medical radiation workers receive very low radiation doses. Those individ-
uals who perform certain FGI procedures and those who prepare or administer radionuclides
for nuclear-medicine procedures (especially PET) are an exception to this generalization. Med-
ical workers exposed during the early periods examined by the MPS are expected to have
received relatively higher doses as a result of the available imaging technologies, higher val-
ues of maximum permissible dose limits, and design of radioprotective aprons.

Study of the medical radiation worker population will be of particular value to NASA as it
seeks to better understand the risk of lung cancer for male and female astronauts. Studies of
lung cancer incidence in the survivors of the atomic bombings of Japan indicate females
exhibited a threefold higher risk than males (Boice 2017; Grant et al. 2017). This sex-depen-
dent risk factor has influenced NASA’s assessment of the radiation risks that astronauts may
incur during prolonged space travel such as a possible voyage to Mars. Unlike other worker
cohorts in the MPS, the medical radiation worker cohort includes a large population of
women. Consequently, the medical radiation worker cohort may provide additional insight
into the lung cancer risk for men and women arising from long-term exposure to relatively
low levels of radiation. The selection of the medical radiation worker group does not imply an
equality with the radiation exposures to be received by astronauts in space because the for-
mer are exposed almost exclusively to low linear-energy transfer (LET) secondary particles
produced by photon radiation while the latter are exposed to a mixture of high-LET particles
comprising the cosmic radiation environment. However, the medical radiation worker popu-
lation is the only cohort with a sizable number of women from which to assess the lung cancer
risk at low doses. There exist a small number of women in the U.S. Department of Energy
(DOE) production facility and nuclear power plant worker populations who may have been
exposed to high-LET neutrons or alpha-particle emitting radionuclides internally deposited
in the lungs following inhalation exposure; however, the numbers may be too low to provide
sufficient statistical power to detect any risk at low doses received over protracted periods.

Typically for epidemiologic studies (NCRP 2018), it is assumed that the average dose over
the entire organ or tissue (organ dose) is the quantity of interest in the analysis [see NCRP
(2018), Table 2.3, for a list of organs and tissues associated with cancer and noncancer out-
comes]. The derivation of organ doses for medical radiation worker cohort members from
monitoring data poses difficult problems because of these key factors:

• often extreme inhomogeneity of exposure over the body for any given procedure type as
organs or tissues may only be partially irradiated, such as when medical personnel
wear protective aprons;

• differing degrees and methods of radiation protection;
• inconsistent wearing of dosimeters by personnel (i.e., at times choosing not to wear

dosimeters in order to avoid investigations) (NCRP 2010b), combined with poor infor-
mation, as well as high variability, on the workloads of physicians and technologists
(i.e., the number of procedures of a given type conducted monthly or annually); and
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• changing technology and medical procedure protocols.

The purpose of this Commentary is twofold:
• describe an optimum approach for using personal monitoring data to estimate lung

and other organ doses; and
• provide specific precautions applicable to the dosimetry of medical radiation worker

organ doses. 
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3. Review of the General Guidance from 
NCRP Report No. 178

NCRP Report No. 178 (NCRP 2018) presents an 11-step process to guide the radiation dose
reconstruction process to be applied to the worker groups comprising the MPS. The report fur-
ther details considerations for each of the major worker groups (DOE production facilities,
nuclear weapon test participants, nuclear power plant workers, medical radiation workers,
and industrial radiographers) along with four other groups having special interest to epide-
miologists and radiation protection authorities (astronauts, Mayak Production Association,
U.S. Uranium and Transuranium Registries, and the Radiation Emergency Assistance Center/
Training Site Accident Registry). Each worker group presents unique issues that influence
the relative importance and difficulty of implementing the steps.

The dose reconstruction process aims to estimate the mean absorbed dose (hereafter
referred to as organ dose) to one or more specific organs received by a worker during his or
her lifetime from occupational activities. While absorbed doses to all radiosensitive organs
are of general interest, certain worker groups possess characteristics or traits that cause one
or a few organs to dominate the reconstruction strategy.

The lifetime organ dose represents the sum of a series of annual organ dose estimates
derived from personal and workplace monitoring information computed for each year that the
worker was exposed. The organ doses depend greatly on the conditions of exposure including
the types of radiation sources, the radiation qualities emitted by the sources, and the spatial
relationships between the worker and the sources. The organ doses also depend on other
influences such as the effects of scattered radiation, nonuniform irradiation of the body, the
effects of protective shielding, and the worker’s sex and physical morphology. Figure 3.1 pres-
ents a pictorial synopsis of how annual organ doses are compiled.

The 11 dose reconstruction steps recommended in NCRP Report No. 178 guide the specific
actions involved to achieve the general synopsis structure and that guidance included some
considerations for the medical radiation worker cohort (NCRP 2018). These steps and a brief
description of their application to the medical radiation worker cohort are discussed further
below. The steps need not be conducted in the order presented because some steps can benefit
from concurrent attention as information gained in one step may influence and inform the
activities in another. For example, Step I, Screen Data to Prioritize Efforts, is likely to be an
ongoing activity as the quality and completeness of information obtained from the other steps
becomes known.

• Step A. Review Potential Cohort History. This step focuses on documenting the various
radiation environments encountered in the delivery of medical care and the changes in
the exposure conditions from the advancement of medical practices and technology
experienced over the past decades. For example, the use of nuclear medicine imaging
especially for cardiac evaluation, FGI and PET result in distinct radiation environ-
ments.

• Step B. Interview Selected Workers. Interviews with representative workers in catego-
ries that involve high dose and HDR environments can provide important insight into
the nature of the medical procedures and exposure situations as an aid to reduce uncer-
tainties in developing the exposure scenarios. This step also includes interviews with
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radiation protection staff familiar with the radiation levels and qualities as well as the
impacts of regulations for which medical workers may not have been as cognizant.

• Step C. Identify Cohort of Radiation Workers. For the purposes of the MPS, the U.S.
medical radiation worker cohort includes physicians and technologists from various
medical specialties, nuclear pharmacists, physicists, nurses, and allied healthcare sup-
port workers monitored for exposure to medical radiation in similar environments.
Also included are veterinarians, chiropractors and dentists. The cohort of medical radi-
ation workers is to be selected primarily from a digital dosimetry database containing
annual and lifetime results of personal monitoring. This database and the information
from which it was developed are described in more detail in Section 6.3. The initial
cohort is expected to contain all medical radiation workers appearing to have lifetime
monitoring doses >100 mSv supplemented by a randomly selected group of workers
having lower lifetime monitoring doses. The higher dose group is anticipated to num-
ber ~30,000 workers while the lower dose group should number ~70,000 workers for a
total cohort of 100,000 workers. These totals are likely to change as they are based
solely on the personal monitoring results without consideration of many of the issues
involved in correlating the monitoring results to the basic operational quantities neces-
sary for estimating the lung dose.

• Step D. Review Files for Individual Workers to Identify Monitoring Data. The selection
of the medical radiation worker cohort from a dosimetry database results in a cohort for
whom monitoring data are known to exist. The critical task becomes associating the
monitoring data for an individual to one or more specific radiological exposure scenarios

Fig. 3.1. General synopsis of the process used to compile annual organ doses (NCRP 2018).

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



10   /   3. REVIEW OF THE GENERAL GUIDANCE FROM NCRP REPORT NO. 178

because the database does not clearly indicate the medical activities or duties for the
worker. This must be inferred from various characteristics known about the medical
facility’s activities and its administration of its monitoring programs. Section 6.3 fur-
ther describes the information available from the dosimetry. The accuracy of the dosim-
etry information residing in the electronic databases can be checked against dosimetry
records maintained by selected medical facilities.

• Step E. Seek Cohort Members’ Monitoring Data from Other Sites. This step aims to cre-
ate a complete dosimetry history for a worker. Medical radiation workers are known to
work at multiple establishments during their careers and compiling their annual doses
relies on the accuracy of personal identifiers that enable a particular worker’s dose his-
tory to be traced through multiple institutions and employers. Such compilations will
require linkages using personal identifiers that are maintained to demonstrate compli-
ance with various radiation protection regulations.

• Step F. Digitize External Dose Records and Internal Monitoring Data. Compared to
other cohort groups of the MPS, this step for the medical radiation worker cohort will
be at an advanced state at the outset because the cohort is being selected from digitized
external dose records. Internal monitoring data are not anticipated to be an important
element of the dose record for medical workers, particularly with a focus on lung doses.
The source dosimetry database is restricted to workers known to have been monitored
in 1977 and later years and the degree in which this limitation eliminates workers
whose careers ended before 1977 is unknown. The dosimetry database will need to be
supplemented with the results of the actions taken in Step J described below.

• Step G. Build Exposure Scenarios. This step combines the information collected in
Steps A and B to form specific descriptions of the radiological conditions to which work-
ers were exposed. For the medical radiation worker cohort, the scenarios fall into two
general categories: those involving exposure to lower energy x and gamma rays and
those involving exposure to higher energy x and gamma rays. The demarcation
between high and low photon energies is not exact but rests on two considerations.
First, the relationship between the monitored doses and the lung dose depends on the
photon energy. The lung dose per unit dose such as air kerma or personal dose equiva-
lent varies substantially at lower photon energies while varying little at higher ener-
gies. Secondly, doses from lower energy photons can be reduced substantially through
the use of protective aprons. Protective aprons have been used routinely in those HDR
settings associated with diagnostic and interventional radiology. Protective aprons do
not offer comparable shielding for the higher photon energies associated with many
nuclear medicine and early period brachytherapy procedures. The presence of protec-
tive aprons influences the ability to relate the monitoring results to lung dose. Personal
radiation dosimeters may have been worn over and/or under the apron at various loca-
tions on the body and adjustments to the measured monitoring values will be neces-
sary in many cases to derive a best estimate of the radiation dose incident directly on
the chest. Some exposure scenarios do not present opportunities for workers to receive
doses at levels that would cause them to be included in the cohort. Examples include
mammography, dentistry, and external beam radiation therapy where the exposure
potential is limited to the interior of the treatment room and the technologist is able to
operate the equipment from an exterior control room. Therefore, this step focuses on
those scenarios posing the potential for repeated exposures that deliver total doses suf-
ficiently high to be of interest to epidemiologists. Finally, scenarios in which a worker
might not have worn a monitoring device also result in the worker not having sufficient
measurable dose to be selected from the dosimetry database.
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• Step H. Select Irradiation Geometries and Biokinetic Models. The dose to the lung per
unit air kerma or personal dose equivalent depends on the geometry or angle of inci-
dence at which the radiation enters the body. ICRP Publication 116 (ICRP 2010) pres-
ents coefficients that relate air kerma, and indirectly, the personal dose equivalent for
anterior to posterior (AP), left and right lateral (LLAT and RLAT), posterior to anterior
(PA), rotational (ROT), and isotropic (ISO) exposure geometries. Given the need for the
medical staff to attend to patients undergoing a radiological procedure, the dominant
irradiation geometry will be AP. Physicians performing FGI may experience a more
lateral irradiation geometry due to their physical position relative to the patient from
which arise the scattered x rays that lead to worker doses. Biokinetic models apply to
internally deposited radionuclides that are not expected to be a meaningful contributor
to medical radiation worker doses.

• Step I. Screen Data to Prioritize Efforts. Current radiation risk models indicate that
the workers receiving the highest dose should exhibit the highest incidence of cancer.
Therefore, prioritization will likely be devoted to the population of workers with life-
time monitoring doses anticipated to exceed 100 mSv. These workers will require more
thorough follow up to best assure that annual monitoring results can be translated
into an appropriate estimate of the personal dose equivalent. This follow up must
include an:
- assessment of the selection of the appropriate exposure scenario or scenarios for the

year in which a worker received a dose;
- investigation into illogical patterns of dose accumulation such as most of the life-

time dose occurring in 1 y;
- accounting for the use of protective shielding and aprons; and
- identification of doses for a worker originating from multiple institutions, either in

succession or concurrently within a year.
• Step J. Estimate Annual Absorbed Dose. This step translates each annual monitoring

result into a radiation quantity that can be related to the mean absorbed dose to the
lung (DLung) or other organ. The dosimetry database from which the medical radiation
worker cohort is to originate provides the summation of personal monitoring measure-
ments made during a calendar year for a worker at each facility in which the person
worked. The combination of a specific worker and the specific institution represents a
unique annual dose record. The tendency for medical radiation workers to receive doses
at multiple facilities either by changing employment or working at several facilities
during the year will cause a worker to have multiple annual doses, one annual dose from
each facility that employed the worker during the calendar year. That is, the dosimetry
database does not sum the annual doses across multiple employers for the same worker.
As a worker may perform different procedures at different facilities, the exposure sce-
narios and the interpretation of the monitoring results must be completed for each facil-
ity for each year. For example, a cardiologist may perform FGI in a hospital and nuclear
medicine cardiac stress testing in a medical office with each facility being an indepen-
dent entity as regards to the dosimetry database.

• Step K. Evaluate Limitations and Uncertainties in Estimates of Dose. Each of the pre-
ceding steps can identify limitations and uncertainties in the dose estimates. These
concerns can arise from measurement error and its uncertainty; insufficient detail
about relating a worker to an exposure scenario, an understanding of how monitoring
was performed and administered; the identity of a worker across multiple employers
and the completeness of the dose history; and assumptions employed in the models
used to predict lung dose, including the degree to which these differ from the actual
conditions. Examples of model uncertainty include differences between the worker’s
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morphology and that assumed by the model, and the spatial distributions of dose
across and within the body that are due to changes in radiation intensity as a function
of distance from the source that are not factored into the models.

The unique aspects of the medical radiation worker cohort can be better appreciated by
comparison with the information collected or available for the other cohort groups presented
in NCRP Report No. 178 (NCRP 2018). The cohorts originating from DOE production facilities
and nuclear power plants arise from relative few facilities or sites (<150) that are tightly reg-
ulated under federal law. In contrast, x-ray usage in medical facilities is regulated separately
by each state and although there are commonalities among the states, the degree of oversight
and guidance can vary. Additionally, the number of individual medical institutions far exceeds
the number of DOE and nuclear power plant sites. Preliminary review of the information col-
lected for higher dosed medical radiation workers indicates that more than 10,000 separate
medical centers, private practices and other medically related institutions may be involved,
with >40 % of the workers having received doses at four or more independent establishments.
These traits will have notable impacts on the resources that can be devoted to characterizing
workers at each medical facility and stress the need for computer analysis of exposure scenar-
ios by facility type.
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4. Specific Considerations for 
Reconstructing the Mean Absorbed 
Dose to the Lung and Other Organs 
for Medical Radiation Workers

The system of radiological protection developed by ICRP employs four sets of dosimetric
quantities: physical, protection, operational and monitored (ICRP 1996). Fluence, kerma, and
absorbed dose at a point in a specified material comprise the physical quantities. Primary
and secondary standards laboratories can assess these quantities with high levels of cer-
tainty enabling the physical quantities to become the foundation on which the other quanti-
ties can be quantitatively estimated. Various researchers have performed calculations and in
some cases measurements to establish relationships between the physical quantities and the
protection and operational quantities for a set of idealized radiation fields of monoenergetic
photons that uniformly irradiate the total body or phantom in the case of the personal dose
equivalent. Figure 4.1 depicts the ICRP system of radiological quantities first presented in
1996 (ICRP 1996). The protection quantities cannot be measured directly but form the bases
for radiation protection limits and controls. The operational quantities serve as functional
substitutes or surrogates for the protection quantities to provide a practical and more metro-
logical means to assess radiation exposures in environmental and occupational settings.

NCRP in its Report No. 178 identified the annual mean DT to be the protection quantity of
most interest for the epidemiological risk analyses for the MPS (NCRP 2018). Likewise, for
external radiation exposures, the report favored the use of annual results from personal mon-
itoring dosimeters to estimate the operational quantity, the personal dose equivalent, Hp(10).
ICRP reviewed collections of recent calculations (particularly Monte-Carlo simulations to
generate absorbed dose distributions in anthropomorphic phantoms using as inputs one of
the physical quantities) and compiled the results to create tables of conversion coefficients for
use in estimating DT in various organs from values of fluence and kerma in air (ICRP 2010).

Figure 4.2 illustrates the idealized geometries that are used in the most recent ICRP
(2010) derivation of conversion coefficients. Also, provided in Figure 4.2 are the geometries for
the cranial-caudal and caudal-cranial irradiations introduced in the NCRP (2018) report. The
AP irradiation geometry portrays the most commonly assumed irradiation condition and
the one from which most of a medical radiation worker’s dose originates. Some medical pro-
cedures such as FGI can place the worker where the irradiation angle is oriented toward the
side, most frequently the left side.

The mean DLung is among the protection quantities that cannot be measured directly; there-
fore, the ICRP coefficients enable DLung to be derived from the physical quantities of fluence
or air kerma. Many factors influence the distributions of absorbed doses within the lung and
include the combined attenuating effects of energy deposition and scattering processes as
radiations enter and proceed through the body. The comparative impacts of these processes
depend on photon energy, the exposure geometry, and body morphology. Therefore, each com-
bination of photon energy and irradiation geometry creates a different absorbed dose distri-
bution within the lung. Spatial dose-rate gradients created by protective aprons, other
shielding fixtures as well as gradients created by the nature and use of the radiation sources
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Fig. 4.1. The ICRP system of quantities for use in radiation protection (ICRP 1996) [Q(L) = func-
tional dependence of the quality factor on linear energy transfer; wT = tissue weighting factor; and
wR = radiation weighting factor].

Fig. 4.2. Schematic representation of the idealized geometries AP, PA, LLAT, RLAT, ROT, ISO
considered in ICRP Publication 116 (ICRP, 2010). Also shown are the cranial-caudal (top right) and
caudal-cranial (bottom right) geometries introduced in NCRP Report No. 178 (NCRP 2018). 

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



4. SPECIFIC CONSIDERATIONS FOR RECONSTRUCTING THE MEAN ABSORBED DOSE   /   15

can cause the body to be unevenly irradiated; however, for purposes of demonstrating the fac-
tors influencing DLung, the torso is assumed to be uniformly irradiated along the body as
depicted in Figure 4.2. This assumption is not likely to be correct for certain scenarios such
as a physician standing adjacent to a patient undergoing FGI or a nuclear medicine technol-
ogist administering a radiopharmaceutical to a patient. Unfortunately, there is little quanti-
tative information available about the degree that dose gradients affect mean organ doses
when the body is unevenly irradiated from external sources.

The influence of photon energy on DLung in the male and female adult for two different expo-
sure geometries is demonstrated in Figure 4.3. The irradiation geometry in which the radia-
tion enters from the LLAT is shown to demonstrate the attenuation effects on the right lung
as the radiation passes from one side to the other. Similar results occur when the radiation
enters from the RLAT. In the AP geometry, each half of the lung is similarly irradiated and
attenuation occurs along the depth of the lung. The body presents a thicker profile from the
side, top and bottom compared to the AP geometry. Attenuation is greatest at the lowest pho-
ton energies and is affected strongly by the greater density and higher effective atomic number
of bones forming the rib cage and sternum. The dose per air kerma (Figure 4.3) reaches a max-
imum at 0.08 MeV exceeding that at 0.03 MeV by 4.3 times. Between 0.08 and 0.3 MeV, the
conversion coefficient decreases by ~25 % and becomes nearly constant above 0.3 MeV. The dif-
ference between 0.2 and 0.3 MeV is ~5 %.

For the LLAT geometry, a rapid increase in the dose per unit of air kerma is observed for
the lowest photon energies; however, a slight peak occurs at 0.1 MeV followed by a steady
increase with increasing photon energies. The increase in DLung per air kerma conversion coef-
ficients at the higher photon energies (Figure 4.3) reflects a change in the relative impacts of
attenuation, scatter, and energy absorption interactions occurring as photons with increasing
energies more effectively traverse the greater width of the lungs presented by the LLAT
geometry.

The conversion coefficients for males exceed those for females in the AP geometry but the
reverse is observed for the LLAT geometry as shown in Figure 4.4. Except at 0.02 MeV, the dif-
ference between the conversion coefficients for males and females is <5 % for the AP geometry.
At 0.02 MeV, the conversion coefficient for the male exceeds that for the female by 28 % in large
part due to the increased mass of the female breast offering greater shielding to the lung. The
reduced mass and size of the female lung compared to the male contributes to the female hav-
ing a higher conversion coefficient for the LLAT geometry as there would be less overall atten-
uation across the smaller lung width. Some of the differences between the female and male
conversion coefficients may be attributed to the computational models used for each sex. ICRP
notes that voxel volumes of 36.54 mm3 were used to compute the absorbed doses in the male
organs and 15.25 mm3 volumes were used for the female (ICRP 2010). The specific impact of
these differences is not believed to amount to more than a few percent, a minor effect compared
to the morphology differences between males and females.

Personal dosimeter analyses use conversion coefficients that relate the same physical
quantities of fluence or air kerma to the personal dose equivalent, Hp(10). Hp(10) is defined as
the dose (millisievert) in soft tissue at a depth of 10 mm in the body. The point in the body at
which Hp(10) is to be evaluated is not specified in the formal definition. As a result, the con-
vention has been to equate Hp(10) to the dose equivalent occurring at a depth of 10 mm at the
center of the face of a slab phantom having dimensions of 30 by 30 by 15 cm. It is this func-
tional definition that will be used throughout this Commentary. ICRP published coefficients
relating Hp(10) to air kerma for various photon energies and angles of incidence (ICRP 1996).
Figure 4.5 presents ICRP conversion coefficients for incident angles of 0, 30, 60, and 75 degrees
with 0 degree being perpendicular to the front face of the phantom. Above 0.1 MeV, the influ-
ence of incident angles of 45 degrees or less is not great and even at 60 degrees the coefficient
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Fig. 4.3. Conversion coefficients relating DLung and air kerma (Ka ) for adult male and female bod-
ies as a function of photon energy for AP and LLAT irradiation geometries [data taken from ICRP
(2010)].

Fig. 4.4. Ratios of lung conversion coefficients for male and female as a function of photon energy
and irradiation geometry [data taken from ICRP (2010)].
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is only ~16 % less. Below 0.1 MeV the effect of angle becomes more important. The angular
effect is most pronounced at 75 degrees. Unlike the mean DT that reflects the total energy
deposited in the organ volume, Hp(10) is defined at a point and the effective depth of this point
in the phantom increases from 1 to 3.86 cm at 75 degrees following the inverse of the cosine of
the incident angle. At 90 degrees, Hp(10) becomes meaningless because the depth at the point
of interest becomes 15 cm or half the width of the phantom.

Figure 4.3 and Figure 4.5 show the relationships that DLung and Hp(10) each have with the
physical quantity, air kerma. It becomes a simple process by which estimates of Hp(10) derived
from dosimeter results can be used to calculate DLung for a given photon energy and irradiation
geometry. NCRP developed conversion coefficients to estimate DT for 27 organs from an esti-
mate of Hp(10) for the idealized irradiation conditions for the adult male and female (NCRP
2018). Figure 4.6 and Figure 4.7 present graphs of the conversion coefficients relating Hp(10)
to DLung for the AP and LLAT geometries for various photon energies encountered in medical
radiation exposure scenarios. Table 4.1 lists the data from which each plot was created. For
the LLAT geometry in which the irradiation is from the side, the comparison is made to
Hp(10), 75 degrees because Hp(10), 90 degrees is functionally meaningless as noted above.
Separate female and male plots are provided for information purposes but as noted above, the
influence of sex on lung dose is not as critical as photon energy and irradiation geometry. In
all cases, Hp(10) overestimates DLung, especially in the lower photon energy regime pertinent
to most of the x-ray energies found in imaging.

The information presented above represents relationships under idealized irradiation con-
ditions that are not expected in the occupational setting. Therefore, the exact relationship

Fig. 4.5. Conversion coefficients (sievert/gray) for various angles of incidence relating the per-
sonal dose equivalent at 10 mm depth in a slab phantom composed of ICRP soft tissue to air kerma
(ICRP 1996). 
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Fig. 4.6. Conversion coefficients (gray/sievert) relating DLung to Hp(10) for the female.

Fig. 4.7. Conversion coefficients (gray/sievert) relating DLung to Hp(10) for the male.
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between DT and Hp(10) estimated from measurements made over a year will be further influ-
enced by how each quantity is affected when the actual exposure conditions vary and depart
from the idealized conditions assumed in the computation of the coefficients. Similarly, esti-
mates of Hp(10) from the results of dosimeters will be influenced by the actual conditions of
irradiation and dosimeter use that may differ from those used during calibration. The issues
impacting the translation of dosimeter monitoring results to estimates of Hp(10) are a sepa-
rate consideration and are discussed in Section 7. Photon fields will not be monoenergetic nor
expanded and aligned. Estimates of the photon energy spectra will be required as part of the
radiation exposure scenario description. Spatial dose gradients resulting from shielding
apparatus and as a function of distance from the radiation source will generally result in a
reduction in the mean DLung. Dose-rate changes occurring as a function of distance from the
source will further reduce the declination of point doses within the lung that arise naturally
from simple attenuation as the depth in the organ increases. The effects of departing from the
idealized conditions are difficult to predict and become subjects of uncertainty analyses.

TABLE 4.1—Conversion coefficientsa relating Hp(10) to DLung for female and male adults.

Photon Energy
(MeV)

DLung /Hp(10) (Gy/Sv)

Female AP Male AP Female LLAT Male LLAT

0.015 0.008 0.012 0.121 0.028

0.02 0.058 0.074 0.100 0.044

0.03 0.273 0.287 0.168 0.113

0.04 0.455 0.454 0.280 0.215

0.05 0.559 0.559 0.370 0.303

0.06 0.622 0.625 0.414 0.355

0.07 0.651 0.647 0.448 0.392

0.08 0.668 0.678 0.458 0.409

0.1 0.680 0.697 0.474 0.430

0.15 0.691 0.718 0.466 0.428

0.2 0.702 0.733 0.468 0.429

0.3 0.725 0.757 0.496 0.454

0.4 0.749 0.777 0.515 0.471

0.5 0.766 0.796 0.530 0.486

0.511 0.769 0.798 0.536 0.489

0.6 0.781 0.810 0.549 0.503

0.662 0.789 0.818 0.561 0.516

0.8 0.804 0.829 0.582 0.536

1 0.819 0.842 0.607 0.562

1.5 0.847 0.864 0.661 0.614
aThe number of significant figures is not intended to indicate the accuracy of the values.
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The angle of incidence on the body can be an important influence; however, as most expo-
sures are believed to be in an AP geometry, any doses occurring from side irradiation but
assumed to be from the front will tend to cause an overestimate in the mean DLung.

Finally, the differences between the conversion coefficients for the male and female body
are of marginal importance in terms of the standard body morphologies employed in the com-
putational models. More important are the ranges in body morphology within the actual
worker population for each sex. Larger workers will likely experience lesser lung doses per
measured Hp(10) from the increased attenuation of photons afforded by the increased mass of
the body’s component tissues. Smaller workers will experience higher lung doses for the same
irradiation conditions for the opposite reason of having less mass to provide attenuation to the
deeper tissues.

Photon energy imparts a great influence on the mean DLung. The importance of defining the
energy of photons in the occupational setting is greatest for photons with energies less than
~0.1 MeV due to the large changes in the dose coefficients that occur at these energies. Low
energy photons dominate the primary and scattered spectra associated with medical imaging.
Once the photon energy exceeds 0.2 MeV, the relative change in the dose coefficients dimin-
ishes, thus reducing the uncertainty introduced by a lack of precision in the knowledge of the
exact photon energy spectrum. For example, the assumption of an energy of 0.5 MeV for any
exposure involving energies between 0.2 and 1.5 MeV imparts an error of ±8 % in the AP geom-
etry for the lung. Higher energy photons contribute the most to organ doses in nuclear medi-
cine and other medical settings using high-energy photon sources. The irradiation geometry is
a secondary influence, but as most exposure scenarios are dominated by an AP geometry, the
practical influence is lessened. As discussed in the exposure scenarios for diagnostic and fluo-
roscopic imaging, the effect of protective shielding and placement of the dosimeter in relation
to the shielding becomes the most critical factor in relating dosimeter readings to the mean
DLung.
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5. Radiation Exposure Scenarios for 
Medical Workers

Radiation exposure scenarios describe the conditions under which workers become
exposed to ionizing radiation. A scenario description includes statements about the:

• types and energies of radiation believed to cause the majority of the dose received by
the worker; 

• spatial and temporal characteristics of the radiation fields;
• positions of the workers within the fields; and
• ways in which the radiation levels or doses are assessed or estimated.

Medical workers may be occupationally exposed to a range of radiation sources with those
emitting x and gamma rays having the greatest influence on organ doses. The nature of med-
ical radiation work has become increasingly specialized over the past half-century, and
although the number and diversity of sources has grown during this interval, any individual
worker has tended to use a diminishing variety of sources over time. The types of radiation
sources and their uses have become highly correlated with several medical specialties, each
specialty possessing a combination of unique and common characteristics.

The physical geometry of many medical irradiation tasks generally results in a highly het-
erogeneous pattern of irradiation of the workers’ bodies. The dose delivered to individual
organs is further modulated by the use of radioprotective devices. Radiation shielding con-
sists of a scenario-dependent combination of structural elements (e.g., shielded walls), engi-
neered safety items (e.g., table shields), accessories (e.g., external face shields), and worn
RPPE (e.g., lead aprons, thyroid collar shields, leaded eyeglasses). The spatial and temporal
variation of dose rates and energy spectra contribute to the heterogeneity. Energy spectral
variations occur because different medical imaging procedures require x-ray equipment to be
operated at various generating voltages (peak kilovoltage) with various amounts of filtration.
Similar variability is found with dose rates, although the dose-rate variations are addressed
through the integrating characteristics of personal dosimeters.

The Landauer® database is the primary source of dose information available for the MPS
for medical radiation workers. Landauer® created a special electronic database in the mid-
1980s as part of an agreement to assist the NCI Radiation Epidemiology Branch with a study
of radiologic technologists (Boice et al. 1992; Simon et al. 2006). The selection approach of the
MPS medical radiation worker cohort from the Landauer® database limits the population to
those whose radiation doses have been estimated from personal dosimeters. Therefore, radi-
ation exposure scenarios that present conditions for high measurable doses become most
important and will impart preferences in the development of assumptions regarding the
energy spectra and related conditions of exposure.

The number and specificity of radiation exposure scenarios defined for the medical radia-
tion worker component of the MPS is pragmatically influenced by the great effort required to
obtain detailed radiological information about each member of the cohort. Attending to the
individual and personal needs of patients can lead to numerous, unique radiation exposure
situations. Patient morphology, the anatomical site of interest, the medical procedure being
performed, the practices of the medical staff, the location of the procedure, and the radiation
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sources combine to create many dynamic exposure conditions. The doses and conditions under
which medical staff are exposed for each specific use of radiation are typically unknown. How-
ever, a set of general exposure scenarios can be defined based on elementary knowledge of
the factors influencing the mean absorbed doses to tissues and organs that were outlined in
Section 4.

The dependence of many organ doses on the energy of x and gamma rays leads to a practi-
cal demarcation between radiation exposure scenarios; scenarios predominantly with photon
energies 0.1 MeV and those >0.1 MeV. Scenarios also can be distinguished by the proximity
of the medical staff to the patient during the use of radiation as this influences the primary
angles from which scattered radiation exits the patient. FGI procedures and the administra-
tion of radionuclide-labeled pharmaceuticals require close contact with the patient while
many general diagnostic radiology exams and radiation therapy treatments permit the staff
to exercise control of the radiation sources at much greater distances if not in separate control
booths outside the radiation area. The separation into low- and high-energy conditions
becomes associated with the prevalence of the use of radioprotective aprons, perhaps the
greatest influence on the process to convert dosimeter readings to mean absorbed doses to
organs located in the torso. Typically, exposure scenarios have a singular focus on the patient
so that medical radiation workers are assumed to receive nearly all measurable dose when
facing the patient leading primarily to an AP exposure geometry. An exception to this assump-
tion exists for physicians and others adjacent to the patient during FGI who may be subject
to some lateral irradiation conditions. Lateral irradiation geometries for a given radiation
level lead to reduced mean absorbed doses for many organs located in the chest and abdomen
compared to the AP geometry.

Defining radiation exposure scenarios also depends on the availability of information
related to the members of the cohort. The size of the study population (~170,000 workers), the
number of medical facilities for which the population worked, the number of years of available
dose information, and limited resources inhibit the amount of information that can be practi-
cally assembled. Some information can be gleaned from the Landauer® database as to the gen-
eral radiological conditions each monitored person experienced during their careers; however,
defining many specific exposure scenarios offers little reward when insufficient information
precludes any ability to reliably associate workers to the scenarios.

Considering the above issues, six exposure scenarios appear most appropriate on which to
evaluate dosimetry and associated considerations for epidemiological studies of medical radi-
ation workers known to have received potentially meaningful doses:

• radiological procedures using x rays performed without the use of protective aprons;
• medical procedures involving tableside fluoroscopically based procedures with the use

of protective aprons;
• nuclear medicine before the extensive use of PET;
• nuclear medicine after the extensive use of PET;
• radiation therapy when LDR brachytherapy predominates; and
• radiation therapy when HDR brachytherapy predominates.

The first two scenarios involve x-ray spectra with mean energies less than ~0.1 MeV and
are distinguished from each other by the likely use of protective aprons — general diagnostic
radiology examinations assumed not to involve frequent worker use of protective aprons while
fluoroscopically based procedures always involve a protective apron. The latter four scenarios
all involve higher energy photons with no personal protective clothing. The time delineation
for nuclear medicine and radiation therapy recognizes the change in the overall energy spectra
caused by new radiation sources and medical procedures; although the differences in the dose
coefficients between LDR and HDR brachytherapy are not material as discussed in Section 8.
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Only annual dose information as received at one institution will exist for the majority of
subjects. Fortunately, the effects of specialization have made reasonable the assumption that
any one study subject will have received most of their dose from only one scenario for a given
year for each department in which the worker was monitored at an institution. Worker dosim-
etry results arising from more than one department in an institution should be separately
evaluated to assess whether a difference existed in the exposure conditions.

Other radiological settings have been excluded from categorization because the energies
and types of radiation do not commonly lead to doses exceeding the minimum reportable val-
ues or that would irradiate the major organs in the torso. Examples of such settings include
mammography, bone mineralization measurements, and medical research using small quan-
tities of radionuclides such as 125I.

5.1 Scenarios Involving the Use of X Rays

Worker doses from medical procedures and studies dependent on the use of x-ray imaging
predominantly arise from radiation scattered out of the patient. X-rays incident on the patient
undergo various interactions with the irradiated tissues with Compton scattering being most
important for worker doses. The energy spectra emitted from the patient depend on several
factors. Most influential is the peak generating voltage or peak kilovoltage followed by the
amount and type of filtration added to the x-ray beam emitted from the x-ray tube. The x-ray
equipment settings are selected to minimize x rays with energies that offer little to no diag-
nostic information while optimizing that part of the energy spectra able to create the proper
contrast or image quality among the structures of concern. X-ray imaging equipment used for
general radiological exams typically has been operated at peak generating voltages from 50
to 140 kV; however, those exams expected to create the largest worker doses generally employ
generating voltages between 70 and 90 kV. It is the scattered energy spectra that are perti-
nent for estimating the mean absorbed doses to the organs of workers from dosimeter results.
Numerous methods have been used to describe in simple terms an x-ray energy spectrum;
mean energy, half-value layer (HVL), homogeneity coefficient, and effective energy are com-
mon examples. However, none of these descriptions define a unique spectrum as multiple
spectra can lead to the same mean energy or HVL. Graphical or tabular representations of the
photon fluence per energy interval (expressed as absolute numeric values, fractional abun-
dance, or the abundance relative to some arbitrary value) offer more appropriate descriptions.

In their report on measured x-ray scatter spectra, Fehrenbacher et al. (1997) noted “that
for a correct conversion of measured dose values into risk relevant doses the whole spectrum
has to be used and not the mean energies.” Notwithstanding this precaution, the error intro-
duced by using mean energy or HVL is not very significant relative to uncertainties created
by other dosimetric assumptions. However, in the interest of understanding the relative
importance of the method of describing the energy spectrum, several model scatter spectra
were derived at 1 keV intervals for this Commentary to enable more appropriate weighting
of the conversion coefficients for Hp(10) to organ dose. For general diagnostic radiology and
FGI radiology, a composite of the measured scatter data reported by Marshall et al. (1996)
and Fehrenbacher et al. (1997) were used as target spectra that the models sought to repli-
cate. The two publications examined the dual effects of scatter angle and tube potential with
similar observations.

Six basic scatter spectra were created for this Commentary, three for scatter angles of 45
and 90 degrees from the central axis of the primary beam incident on a scattering phantom
from x-ray beams generated at 70, 80, and 90 kV with 3 mm of aluminum filtration. These
starting incident spectra correspond to the same conditions cataloged by Birch et al. (1979)
and described by Fehrenbacher et al. (1997) for the Hospital Physicists Association. Table 5.1
presents an extraction of data from Fehrenbacher et al. (1997) on which the six generated
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spectra were partially aimed to simulate. Table 5.2 presents data from Marshall et al. (1996)
of mean photon energy and HVL at 50 cm from the central axis of the incident x-ray beam for
several peak kilovoltages generated from an x-ray tube located under the patient couch. The
authors presented graphical representations of the entire scatter spectra that were used also
as references for the six spectra. In most of the cases, the HVL of the scattered energy spectra
changes more significantly than the mean energy of the incident or primary beam when
different scatter angles are evaluated. For example, an 85 kV primary beam with a mean
energy of 43.8 keV and a HVL of 2.87 mm of aluminum created a scattered spectrum with a
mean energy of 46.2 keV and a HVL of 3.84 mm of aluminum at an angle of 45 degrees. At
a 90 degree scatter angle, the scattered spectrum had a mean energy of 45.4 keV with a HVL
of 3.77 mm of aluminum. These results are slightly different from those observed by
Fehrenbacher et al. (1997) and can be partially attributed to differences in the tube potential
and in the added filtration — Marshall et al. used 2.6 mm of aluminum while Fehrenbacher
et al. used 3.0 mm of aluminum.

Table 5.3 lists the mean photon energies and HVLs for the six model scatter spectra. The
six spectra are depicted graphically in Figure 5.1 through Figure 5.3. Weighted combinations
of these spectra were used for the different x-ray exposure scenarios described in
Sections 5.1.1 and 5.1.3. In addition, the effects of a 0.5 mm lead-equivalent thickness protec-
tive apron on each of the 45 degree scattered spectra were examined using simple attenuation
equations to assess the hardening of the energy spectrum underneath the apron and its
impact on the conversion coefficients relating Hp(10) to organ dose. The 90 degree scatter spec-
tra were applied to those exposure scenarios not involving the use of protective aprons. The
45 degree condition appeared to better represent the interventional scenario given the prox-
imity to the patient along with the typical table height relative to the waist of the attending
physician.

 The increase in the HVL observed for the scattered spectra can be attributed to the atten-
uation of the lower energy component of the primary beam and a shift of the higher energy
component to lower energies due to the effects of Compton scattering. The net effect is to com-
press the effective width of the spectrum and increase the penetrability of the overall scat-
tered radiation field compared to the primary beam, or what is often called hardening of the
spectrum. The increased energy and HVL that occurs at 45 degrees compared to 90 degrees is
also attributed to angular energy distribution of Compton scattered photons. The smaller the
scattering angle, the less energy is lost to Compton scattering. Compton scattering also
reduces the prominence of the characteristic K and L x rays generated in the tungsten target
located in the x-ray tube.

TABLE 5.1—Descriptors for the primary and scattered radiation energy spectra measured by 
Fehrenbacher et al. (1997).

Tube Voltage (kV) Mean Photon Energy of 
Primary Beam

(keV)

Mean Photon Energy for 
Scattered Radiation at a 
45 Degree Angle (keV)

Mean Photon Energy for 
Scattered Radiation at a 
90 Degree Angle (keV)

70 40.0 43.2 40.8

80 43.7 45.9 44.0

90 47.0 48.7 46.4

100 50.0 51.1 48.5

110 52.7 53.4 50.8
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The slight peaks from the scattered K and L x rays shift to lower energies as the scatter
angle increases. Both Marshall et al. (1996) and Fehrenbacher et al. (1997) noted these
effects. In addition, Fehrenbacher et al. (1997) observed that at higher tube potentials and
larger scatter angles, the mean energy of the spectrum became less than the mean energy
of the incident x-ray beam. For example, the mean scatter photon energy at a scatter angle of
135 degrees was measured to be 45.9 keV compared to the mean photon energy of 52.7 keV
generated at a tube potential of 110 kV. While not examined by Fehrenbacher et al. (1997)
this effect would be expected to influence the scatter spectra from CT machines that typically
operate at tube potentials of 120 kV.

5.1.1 Radiological Procedures Performed Without the Use of Protective Aprons

General radiology facilities and equipment are designed and constructed typically to permit
medical imaging procedures to be conducted so medical staff dose can be maintained as low as
reasonably achievable without the need for the staff to wear protective aprons. The use of pro-
tective aprons is possible but no means exist to separate that component of dose incurred from

TABLE 5.2—Descriptors for the primary and scattered radiation energy spectra measured by 
Marshall et al. (1996).

Tube 
Potential 

(kV)

Mean 
Photon 

Energy of 
Primary 

Beam
(keV)

Mean 
Photon 

Energy for 
Scattered 

Radiation at 
a 45 Degree 
Angle (keV)

Mean 
Photon 

Energy for 
Scattered 

Radiation at 
a 90 Degree 
Angle (keV)

HVL of 
Primary 

Beam 
(mm of 

aluminum)

HVL of 
Scattered 

Radiation at 
a 45 Degree 

Angle
(mm of 

aluminum)

HVL of 
Scattered 

Radiation at 
a 90 Degree 

Angle
(mm of 

aluminum)

74 40.1 43.1 41.7 2.49 3.42 3.26

85 43.8 46.2 45.4 2.87 3.84 3.77

90 45.4 47.9 47.2 3.06 4.17 4.08

101 48.7 51.5 50.3 3.47 4.95 4.69

112 51.7 54.1 52.4 3.90 5.57 5.18

TABLE 5.3—Descriptors for the primary and scattered radiation energy spectra derived for 
this Commentary.

Tube 
Potential 

(kV)

Mean 
Photon 

Energy of 
Primary 

Beam
(keV)

Mean 
Photon 

Energy for 
Scattered 

Radiation at 
a 45 Degree 
Angle (keV)

Mean 
Photon 

Energy for 
Scattered 

Radiation at 
a 90 Degree 
Angle (keV)

HVL of 
Primary 

Beam 
(mm of 

aluminum)

HVL of 
Scattered 

Radiation at 
a 45 Degree 

Angle
(mm of 

aluminum)

HVL of 
Scattered 

Radiation at 
a 90 Degree 

Angle
(mm of 

aluminum)

70 40.0 42.2 40.5 2.42 3.52 3.30

80 43.7 45.7 44.0 3.03 3.74 3.45

90 47.0 46.9 45.9 3.43 4.33 4.15
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using an apron from that incurred when no apron was used. The estimation of organ doses in
these settings depends mostly on x-ray energy assumptions and avoids the complexity of
accounting for the effects of radioprotective aprons and various dosimeter wearing protocols.

Radiographic and CT procedures comprise the great majority of all imaging procedures
obtained with x rays. Over the time period covered by this Commentary, most of these proce-
dures were performed without any measurable worker irradiation. Images are typically
obtained while workers are in a shielded control area. Control areas have barriers that shield
equipment operators from both primary and single-scattered irradiation. Architectural fea-
tures, such as the location of the x-ray exposure button and door interlocks, require the operator
to remain in the protected area while x-rays are being produced. In general, these spaces are
large enough to protect several individuals simultaneously. In most diagnostic imaging areas,

Fig. 5.1. Derived radiation energy spectra for 45 degrees (top) and 90 degrees (bottom) scatter
angles for x rays generated at a peak voltage of 70 kV.
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shielding is enough to limit the irradiation of any individuals in the control area to <2 mrem
week–1 (general public design limit) (NCRP 2004).

For the purposes of this Commentary, the term general radiology is used to encompass
x-ray imaging procedures for which the use of protective aprons is not commonly employed by
medical staff. Radiological procedures performed without the use of protective aprons consist
of several types of x-ray based imaging methods principally aimed to obtain diagnostic infor-
mation of anatomical structures and abnormal or diseased tissues. Worker exposure to gen-
eral radiology x rays occur in specifically designed rooms constructed for the sole purpose of
x-ray imaging. Common features include the use of a single dosimeter located on the torso and
very infrequent use of protective aprons.

General radiology encompasses those procedures expected to result in low to moderate effec-
tive doses to workers using the criteria stated in NCRP Report No. 133 with low being
<1 mSv y–1 and moderate <25 mSv y–1 in an unshielded condition (NCRP 2000). The scattered

Fig. 5.2. Derived radiation energy spectra for 45 degrees (top) and 90 degrees (bottom) scatter
angles for x rays generated at a peak voltage of 80 kV.
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radiation energy spectra for general radiology are represented by a weighted average of the
three derived 90 degrees angle spectra. The proportions of the three tube potentials assumed
for this scenario are 45 % at 70 kV, 45 % at 80 kV, and 10 % at 90 kV. It is recognized that other
lower and higher tube potentials are used; however, in keeping with the findings of Simon
(2011) in his historical examinations of x-ray usage, 70, 80, and 90 kV settings were deemed to
be most often employed. Simon (2011) used equal weighting to assess organ doses to a popula-
tion of radiologic technologists selected from an index of registered technologists without regard
to dose. Given the emphasis of the MPS to select medical radiation workers with the highest
doses, a slightly different weighting approach was taken for the general radiology scenario.

After weighting, the composite scattered energy spectrum features a mean photon energy
of 42.6 keV with a HVL of 3.44 mm of aluminum. This weighted spectrum is recommended to
be assumed for medical staff exposed while operating x-ray equipment from a distance. Work-
ers operating x-ray equipment from a shielded control room would be exposed only to photons
that have undergone multiple scatter events, consequently this model weighted spectrum

Fig. 5.3. Derived radiation energy spectra for 45 degree (top) and 90 degree (bottom) scatter
angles for x rays generated at a peak voltage of 90 kV.
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probably overestimates the mean energy and HVL. The possible effect of energy overesti-
mates is discussed in Section 8. However, it is unlikely that doses received under the two con-
ditions can be segregated. Higher doses will occur more often when operating x-ray machines
at a distance compared to doses received from a shielded control room. For this reason an
energy spectrum for the control room environment has not been derived for the purposes of
this Commentary.

The scatter environment in the vicinity of CT machines differs from that created by radio-
graphic x-ray units; however, worker doses from operating CT units are expected to be mini-
mal because the operators are assumed to be in a shielded control room (or behind
appropriately protected rolling shields) and thus no spectrum has been employed in the devel-
opment of the CT radiation exposure scenarios. CT technology has evolved rapidly over the
past 10 y with multi-slice and multi-detector machines gaining increasing use. Most studies of
CT spectra focus on the incident beam as it most influences patient dose, the subject receiving
most interest from physicists and radiation protection experts. In general, operators are typi-
cally positioned behind shielded control booths, although much less frequently there is a small
subpopulation of CT technologists who are adjacent to the patient while imaging is performed
in order to ensure that the patient is not moving or to ensure intravenous contrast is safely
administered and to avoid sedation/anesthesia. Scatter spectra in the vicinities occupied by
such workers have not been as well studied and have tended to be related to shielding design
where specific spectral quality is not critical. The multiple scattering events required to expose
the operator located in a shielded control area will tend to reduce the overall energy spectrum
from that generated by the CT unit. The rotational aspect of the x-ray tube in CT will generate
a continuum of scatter angles at any one location. Extrapolating the findings of Fehrenbacher
et al. (1997) to 120 kV tube potentials, mean scatter photon energies adjacent to the machine
may be as much as 10 to 15 % less than the primary energies found in the unit. Table 5.4 sum-
marizes the characteristics of radiographic systems operated from a control booth.

5.1.2 Fluoroscopy and Fluoroscopically Guided Interventional Procedures

NCRP has extensively reviewed radiation dose management for FGI medical procedures,
including staff protection considerations and associated medical radiation worker exposure

TABLE 5.4—Radiological characteristics of radiographic systems operated from a control 
booth.

Sources PATIENT: Scattered photons from imaging beams 50 – 150 kVp
X-RAY TUBE ASSEMBLY: Leakage 50 – 150 kVp.

Average photon energy ranges between 40 and 50 keV arising from 
secondary scattering reactions.

Primary dose control Structural shielding; typically containing lead

RPPE None

Radiation monitor Single (typically anterior at neck) mid chest

Expected reading Minimum. If the design goal for the barriers is met, the expected 
badge irradiation will be below its lowest detectable value

Worker dose distribution Relatively uniform

Changes over time Essentially these working conditions were in place since the 1950s

Comment Workers might also be irradiated while performing other work
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scenarios (NCRP 2010b). Medical procedures employing fluoroscopic methods feature
extended periods of exposure of the patient and attending medical staff. Procedures requiring
interventional methods can involve long radiation exposures. The x-ray tube is typically
located under the exam table but is not fixed and frequently rotated in one or two planes about
the patient during a procedure thus adding another dimension to the dynamic spatial dose
conditions. The close proximity of physicians and some support staff to the patient causes high
readings to dosimeters worn outside of protective aprons. The use of RPPE is mandatory and
may include ceiling-suspended shielding, attenuating drapes placed on the patient and hung
along the sides of the table in addition to protective aprons, thyroid shields and eye protection.
The effects of protective equipment along with the highly varying radiation fields lead to
extremely nonuniform irradiation conditions for staff closest to the patient. Most measurable
dose will result from an AP geometry; however, lateral irradiation, especially from the left
side, is assumed to account for 25 % of the measured dose for interventional procedures. The
close proximity to the patient combined with typical table heights lead to scatter angles that
can approximate 45 degrees for the upper torso and head. For all fluoroscopically based pro-
cedures, the 45 degrees scatter spectra have been applied using a weighting of 35 % 70 kV,
45 % 80 kV, and 20 % 90 kV. The increased weighting given to the 90 kV setting reflects an
analysis of ~1,000 cardiac procedures conducted at a large hospital.2 After weighting, the
composite scattered energy spectrum features a mean photon energy of 44.7 keV with a HVL
of 3.75 mm of aluminum.

ICRP recently issued a report detailing the radiation protection and dosimetry issues
encountered during interventional procedures (ICRP 2018). Although not expected to affect
the MPS due to the time frame of most interest to the study, ICRP notes new interventional
procedures that employ CT and PET. PET will add higher energy photons to the overall spec-
trum. The fusion of multiple imaging modalities creates significantly different photon energy
spectra. Future efforts to convert dosimeter results to mean organ absorbed doses will be
more complex and may require more information than currently exists in the Landauer® data-
base, the primary source of dose information available for the MPS for medical radiation
workers. No attempt has been made to include these newer procedures in the development of
the overall radiation exposure scenario for interventional radiology.

5.1.2.1 Conventional Fluoroscopy: Diagnostic. Fluoroscopes are used to perform procedures
that require real time imaging guidance. An example is documenting the passage of contrast
agents through a patient’s digestive system. Fluoroscopic procedures are documented by
obtaining spot films when clinically appropriate. Fluoroscopic procedures were performed
using a direct fluoroscopic screen as the image receptor until the 1960s. Fluoroscopic screens
were replaced by image-intensifier receptors by the late 1970s. Spot-film images were
recorded using conventional radiographic cassettes (placed in front of the image receptor)
until the 1980s. They were replaced by optical cameras recording the output of the image
intensifier in the 1990s and then by digital images recorded through the system’s video chain.

Most fluoroscopic systems were designed to allow the operator to touch and manipulate the
patient during the procedure. Equipment design included operator protective flaps hanging
from the image receptor assembly and an image receptor assembly that totally intercepted
the useful beam exiting from the patient.

Some remote fluoroscopes were available and were used for procedures where touching the
patient was not clinically required. It was not uncommon to have an assistant in the room to
assist with procedures. In general, these individuals did not benefit from the protected zone
provided for the operator, but they were usually able to maintain a 1 to 2 m distance from the

2Balter S. 2019. Personnel communication. New York: Columbia University.
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useful beam. Remote control fluoroscopic operators might have been close to the patient for a
fraction of their cases. Irradiation would have been similar or somewhat higher than fixed
noninterventional fluoroscopes. Some remote-control fluoroscopes were constructed with an
overtable x-ray tube. When operators are tableside with such systems, the irradiation of their
upper bodies and head is substantially increased relative to the usual undertable x-ray tube
found in most fluoroscopic rooms. However, as shown by Marshall et al. (1996) the increased
scatter angle for overtable configurations creates a lower mean photon energy and HVL com-
pared with an undertable configuration. In the overtable setting, the mean scatter photon
energy is nearly the same as that of the incident beam, but the scatter HVL is somewhat
higher than that of the incident beam. Table 5.5 summarizes the radiological characteristics
of fluoroscopic procedures.

5.1.2.2 FGI Radiology (Undertable X-Ray Tube). The fluoroscope is used to guide the intro-
duction of contrast media into the vascular system and other structures and a variety of
devices placed into the patient with therapeutic intent. Prior to the CT era, air was injected
into the ventricular system of the brain for diagnostic purposes. This extremely painful pro-
cedure was discontinued with the arrival of the first CT scanners in 1970s. Diagnostic angi-
ography began in the 1960s with the introduction of the image intensifier. Large volumes of
interventional procedures began after 1980 with the introduction of the angioplasty balloon
catheter. With time, an increasing fraction of open surgical procedures were replaced by their
interventional counterparts. The complex nature of some of these procedures results in high
levels of irradiation of both patients and staff.

Distances between the patient and one or more operators are short because of the necessity
of manipulating devices with the fluoroscopic beam on. Images are recorded for later review

TABLE 5.5—Radiological characteristics of fluoroscopic procedures.

Sources PATIENT: Scattered photons from imaging beams 50 – 125 kV
X-RAY TUBE ASSEMBLY: Leakage 50 – 125 kV. Typically creates less dose 

than scatter from the patient.
Mean photon energies between 40 and 60 keV.

Primary dose control A variety of protective devices attached to the equipment. Standards 
required that the equipment provide a protective zone.

RPPE Protective apron ± thyroid shield
Heavy protective gloves for use in the beam during GI fluoroscopy

Radiation Monitor Single or dual depending on radiation protection approach used at the 
medical center.

Expected reading Low to moderate

Worker dose distribution Highly nonuniform due to both device mounted shielding and RPPE. 
Operators generally faced the patient until video emerged; then there 
was some side exposure.

Changes over time Fluoroscopic screens were replaced with image intensifiers starting in 
the mid-late 1960s. Television viewing often allowed more distance 
between the operator and patient. Total volume of cases declined 
sharply when CT and MRI were introduced in the 1970s.

Comment Workers might also be irradiated while performing other work.
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during diagnostic and interventional procedures. Of necessity, the patient (and staff) dose rate
for recording is higher than for fluoroscopy. Images were recorded using either cine-cameras
or a variety of radiographic detectors. In the early days of this era, recording was performed
using separate film changers. Operators and assistants often went behind radioprotective
barriers during the use of film changers. Since the 1960s, recording technology had generally
changed to photographic cameras recording the output of the image intensifier and then later
to digital recording via the image receptor. Some operators seldom moved away from the table
after these technologies were in use.

Procedures generally involved one or more operators, and at least one circulating staff
member (generally not close to the table). In many cases, one or more assistants were required
to be near the patient during periods when the x-ray beam was on. Procedures done under
anesthesia required an anesthesiologist to remain close to the table during procedures. In
some cases, the anesthesia area may have been protected by mobile shields. Table 5.6 sum-
marizes the radiological characteristics of FGI procedures.

5.1.2.3 Mini and Mobile C-Arms. Although mini and mobile C-arm x-ray units are distinct
types of radiography equipment, they pose many of the same radiological issues found in the
fluoroscopic suite. Mobile C-arms may be used as a substitute for a fixed interventional sys-
tem while mini C-arms are limited to use on small body parts. Some uses may fall within the
general radiography scenario. However, when RPPE is used, the interventional fluoroscopic
scenario should be assumed. Operator position varies depending on the monitor position.

The two primary uses of these systems are in the operating room and as a substitute for
fixed interventional systems. Some C-arms are designed and certified to meet the require-
ments of interventional systems. Staffing and staff positions tend to be similar to those of
fixed interventional equipment used to perform the same procedures. C-arms do not usually
have integrated tables. Operating room tables and detached fluoroscopy tables seldom pro-
vide the radioprotective barriers found on integrated tables. 

5.2 Nuclear Medicine

Radionuclides commonly used in nuclear medicine are listed in Table 5.7 together with
their main physical properties. Nuclear medicine radiation exposure scenarios have been seg-
regated into two time periods: before and after the extensive use of PET that, for simplicity,
has been set at the year 2000. The addition of 18F to the mix of radionuclides found in a
nuclear medicine department shifts the photon spectra to higher energies, the exact impact
depending on the relative amounts of radionuclides administered and patient workload. The
conversion coefficients for most organs do not vary materially between the energies of 0.1 and
0.511 MeV, the range of energies that dominate most nuclear medicine exposure settings.
Therefore, the separation based on PET is more a refinement in the determination of the con-
version coefficients presented in Section 7. For various reasons, some hospitals separate the
PET areas from those for traditional nuclear medicine (e.g., 99mTc based administrations). At
times, the data in the Landauer® database may indicate this separation so that more precise
conversion coefficients can be applied to the workers in that facility. Consequently, three gen-
eral scenarios have been identified: nuclear medicine procedures for which the dominant
energies are between 0.1 and 0.3 MeV, PET only where the dominant energy is 0.511 MeV,
and mixed PET/nuclear medicine where the photon energy spectra extend over the range from
0.1 to 0.511 MeV.

Radiation exposure scenarios related to nuclear medicine have been relatively constant.
Table 5.8 summarizes the most common radionuclides used in nuclear medicine by decade
from the 1960s to today. Even the addition of PET with its accompanying higher energy pho-
tons has not greatly changed the operational aspects that lead to exposure. The increased use

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



5.2 NUCLEAR MEDICINE   /   33

of nuclear medicine during the period being examined by the MPS for both diagnostic and
therapeutic purposes and the consequent increases in the quantities of radionuclides used
have tended to increase nuclear medicine worker doses but the requirement to administer the
radionuclides and attend to patients has remained constant. Radiation safety efforts to
reduce dose to technologists and other staff have had greater effect on dose rates in occupied
areas than on the geometrical and spectral aspects of exposure most influencing the conver-
sion of personal dosimetry results to mean absorbed doses for various organs.

Radiation exposures in nuclear medicine result primarily from the preparation and han-
dling of individual unit doses of radiopharmaceuticals and their administration to patients.
Additional dose may also arise from:

TABLE 5.6—Radiological characteristics of FGI procedures.

Sources PATIENT: Scattered photons from imaging beams 50 – 125 kV.
X-RAY TUBE ASSEMBLY: Leakage 50 – 125 kV. Typically creates less dose 

than scatter from the patient.
Mean photon energies between 40 and 50 keV.

May be single plane or biplane

Worker locations Radiographic tubes used with film-changers until about 1990 
(operators and workers generally moved to a shielded area during 
these runs).
Film changers disappear when digital imaging was introduced 
around 1990. Some operators and staff tended to stay near patient 
during fluorography in this era.

Primary dose control A variety of protective devices attached to the equipment. Ceiling 
suspended face-shields became common around 2000. Rolling shields 
were sometimes used by anesthesia and individuals not required to 
be close to the table.

RPPE Protective apron (many wrap-around) ± thyroid shield.
Eye protection should be considered when lens of eye dose could be 
the limiting regulatory concern.

Radiation monitor Single dosimeter located over the apron at the collar or two 
dosimeters with one located over the apron at the collar and the 
other located under the apron on the chest depending on institution 
and time period.

Expected reading Over-apron doses moderate to high. Under-apron doses low to 
minimal.

Worker dose distribution Highly nonuniform due to both device mounted shielding, ceiling 
suspended shielding (e.g., face shields). RPPE and nature of x-ray 
field in the vicinity of the patient.
Exposure geometry can be AP and lateral depending on the relative 
positions of the patient, image displays, and operator.

Changes over time Image intensifiers enabled this technology in the late 1960s.
Digital subtraction angiography and interventional procedures 
introduced around 1980.
Increasingly replaces open surgery.
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TABLE 5.7—Commonly used radionuclides in nuclear medicine and their main physical 
properties (does not include alpha emitters) (adapted from Orsini et al. 2013).

Radionuclide Half-Life Energy (keV) Emission

11C 20.4 min 1,982
511

Positron
Gamma

13N 9.96 min 511 Positron

15O 122.2 s 511 Positron

18F 109.8 min 634
511

Positron
Gamma

32P 14.3 d 1,710
Spectrum

Beta
Bremsstrahlung

67Gaa 78.3 h 93, 185, 296 Gamma

68Ga 68.3 min 770, 1,880
511

Positron
Gamma

82Rb 1.3 min 3,150
511

Positron
Gamma

89Sr 50.5 d 1,460 Beta

90Y 64.8 h 2,270 Beta

99mTc 6.06 h 142 Gamma

111Ina 67.9 h 172, 245 Gamma
Auger electrons

123Ia 12.8 h 159 Gamma
Auger electrons

131I 196.8 h 284, 364, 637
810

Gamma
Beta

133Xe 5.24 d 346
81, 35, 31

Beta
Gamma, x ray

153Sm 45.6 h 800
70, 103

Beta
Gamma

177Lu 6.71 d 500
113, 208

Beta
Gamma

188Re 16.8 h 2,110
155

Beta
Gamma

201Tla 72 h 135 – 167
69 – 83

Gamma
X ray

aDecay also with electron capture and secondary emission of a characteristic x ray.
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• overall elevated dose rate in the work area from stored radionuclides;
• radionuclides awaiting administration; and
• contaminated materials and patients waiting for administered radiopharmaceuticals

to become distributed within the body for proper diagnostic or therapeutic effect. 

Dose rates vary spatially as sources, particularly patients and individual dose units, are
moved in the radiation zone. Temporal variations occur as the quantities of radionuclides
are added and decay, along with changes in workloads and ordered procedures.

Using energy information available from personal dosimeters worn by technologists,
Villoing, Kitahara et al. (2018) observed average photon energy spectra ranging between 0.1
and 0.14 MeV depending on the level of scattering in a facility where the use of 99mTc predom-
inated. Within a facility that only performed traditional nuclear medicine imaging (no PET),
some doses were observed to have originated from slightly higher energies. Although no rea-
sons for the higher energies were offered, the facility is known to use 131I that would increase
the observed photon energies. The researchers also examined energies derived from dosime-
ters for two facilities where PET and traditional nuclear medicine imaging was performed.
They observed that some technologists were exposed to a mixture of lower and higher photon
energies while others were predominately exposed to the higher energies associated with
PET; leading them to conclude that worker rotations among traditional nuclear medicine
and PET imaging were occurring. Conversations with medical health physicists revealed that
shortly after the introduction of PET, worker rotations among nuclear medicine procedures
were implemented to avoid the concentration of the elevated doses associated with PET to a
few technologists. A separate study examined annual doses to 208 nuclear medicine technol-
ogists working in nine large hospitals located throughout the United States from 1979
through 2015 (Villoing, Yoder et al. 2018). Results showed an overall increase in both average
annual dose and the range of annual doses occurring in the 1999 to 2000 timeframe, while
becoming relatively stable in subsequent years. However, the study did not assess specific
work history, so the researchers were not able to confirm this increase was due solely to PET
or to increased workloads in general.

Unlike the continuous photon energy spectra associated with x-ray imaging, the spectra in
nuclear medicine exhibit a more discontinuous pattern dominated by the discrete energies
emitted by the radionuclides with some contribution from scattered photons. Except for
the studies just noted that have limited value for extrapolation, there is little information
regarding the relative contribution to either measured doses or estimated organ doses from

TABLE 5.8—Most common nuclear medicine radionuclides used from 1960s to today.

Time Period

1960s 1970s 1980s 1990s 2000s 2010s

32P 32P 32P

131I 131I 131I 131I 131I 131I

99mTc 99mTc 99mTc 99mTc 99mTc

201Tl 201Tl 201Tl 201Tl 201Tl

11C 11C

18F 18F
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the various radionuclides encountered in nuclear medicine. Doses to nuclear medicine work-
ers are expected to originate primarily from the discrete photons emitted by the various radio-
nuclides. In most scenarios a lesser amount of the dose will arise from scattered photons
created in the patient and shielding fixtures. However, the worker/patient geometry may
result in the worker exposure arising predominantly from the patient. For example, if the
imaging room is small and the worker position is in close proximity to the patient, Compton
scattering will predominate. It is difficult to generalize the exposure geometry during imaging
because of the wide variety of room configurations among hospitals. Table 5.9 lists the emitted
photon energies and the average Compton photon energy for the common radionuclides
expected to most contribute to measured doses. The average Compton photon energy was cal-
culated using equations and data presented by Evans (1968).

Before the year 2000, the photon energy spectra from 99mTc and other radionuclides emit-
ting similar photon energies (e.g., 201Tl, 123I) have been assumed to create ~95 % of the mea-
sured dose to nuclear medicine staff with 131I contributing the remaining 5 %. Iodine-131 is
used in the therapeutic treatment of certain thyroid diseases and while such therapy consti-
tutes a very small fraction of nuclear medicine procedures, the amount of radioactivity is not
comparatively trivial. Therefore, a small contribution to nuclear medicine staff doses has been
considered appropriate for doses incurred in larger hospitals. Iodine-131 inclusion does not
materially affect the overall conversion coefficient for nuclear medicine. The relative change
in the conversion coefficients in the energy range from 0.1 to 0.4 MeV is such that altering the
dose contribution percentages would not materially alter the basic conversion coefficients pre-
sented in Section 7.

After the year 2000, the influence of PET becomes moderately more important because it
shifts the photon spectra to higher energies and PET contributions to the measured dose are
increased. NCRP Report No. 184 (NCRP 2019) noted an ongoing increase in the percentage of
PET procedures shifting from ~8 % of overall nuclear medicine procedures in 2006 to ~15 %
by 2016. The dynamic growth of PET imaging over the past 20 y prohibits an effective assess-
ment as to yearly changes in its relative contribution to annual nuclear medicine worker
doses. If no clear information exists for a nuclear medicine worker exposed after 2000, conver-
sion coefficients are based on 25 % of the dose arising from exposure to 18F; 70 % from 99mTc,
and the remainder from 131I. A separate conversion coefficient for PET has been calculated
when it is clear that doses arise only from 18F. Villoing, Kitahara et al. (2018) noted the effects
of scatter to add a lower energy component to the primary gamma ray from 99mTc in a nuclear

TABLE 5.9—Average energy of Compton scattered photons from common radionuclides used 
for nuclear medicine.

Source Energy of Emitted Photons
 (MeV)

Average Energy of Compton 
Scattered Photons (MeV)

99mTc 0.142 0.117

201Tl 0.135 0.112

201Tl 0.167 0.135

131I 0.284 0.210

131I 0.364 0.256

131I 0.637 0.397

18F 0.511 0.335
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medicine department only using 99mTc. Therefore, the dose from scattered radiation has been
assumed to contribute ~10 % of that from photons of the primary radionuclides. The sensitiv-
ity of this assumption is reviewed in Section 8.

5.3 Radiation Therapy

Several discoveries and technological developments in radiation oncology and radiation
therapy, summarized in Table 5.10, have impacted medical worker dosimetry over time.

5.3.1 Development of Radiation Therapy

 Early radiation therapy using x rays began with lower energies and superficial treatments
shifting to deeper treatments as higher energy x-ray tubes and machines were developed
(Coolidge 1913; Courant 2008). The megavoltage era (1950 to present day) saw the introduc-
tion of cobalt teletherapy, producing high-energy gamma rays (Brucer 1990) and of higher
energy electron linear accelerators (also known as electron linacs) able to deliver megavoltage
x rays (Fry 1948). Cobalt teletherapy could produce beams equivalent to ~1.3 MV x rays. Elec-
tron linacs became clinically available by the mid-1950s (Thwaites and Tuohy 2006), but
widespread application occurred in the 1960s and 1970s. The first 60Co therapy unit was
developed by General Electric in 1951. Ten years later, 1,750 units were in operation, and no
one was manufacturing 250 kV orthovoltage equipment (Brucer 1990). By the 1980s linacs
had replaced most 60Co units, and since that time linac technology has undergone continuous
refinements such as intensity modulation.

The first clinical use of a proton beam occurred at Berkeley in 1954 (Boone et al. 1977). In
the mid-1980s the first hospital-based proton facility became feasible, and in 1990 the first
hospital-based proton treatment facility opened at Loma Linda University Medical Center.
Subsequently, in the 2010s numerous hospitals installed proton treatment facilities (Slater
2012). These eras represent a continuum rather than a succession of distinct periods but are
a convenient way to assess the evolution of radiation therapy.

5.3.2 Development of Brachytherapy

From the early 1900s doctors used radionuclides, primarily 226Ra, to treat a variety of can-
cers. From the 1940s to the 1960s radium and radon seeds were the most commonly used
radioactive materials for brachytherapy. In the 1960s, 137Cs in tubes became popular until
replaced by 192Ir that could be obtained in a variety of configurations more applicable to a par-
ticular tumor. Seeds containing 198Au were also used for permanent interstitial placements.
Remote HDR afterloaders were developed in the 1970s to reduce radiation exposure to per-
sonnel who handled the sources or cared for the patients. By the 1990s HDR afterloaders were
commonly available in most hospitals that used brachytherapy. LDR brachytherapy was
achieved by permanently implanting small 125I or 103Pd sources called seeds. Neither HDR nor
LDR use result in significant radiation exposure to therapy or nursing personnel.

5.3.3 Radiation Exposure Scenarios for Brachytherapy

Two radiation scenarios have been derived for brachytherapy: one for the period prior to
1970 and one for the period 1970 and later years. The difference reflects the reduction in the
use of 226Ra and 60Co seeds and the increase in the use of 192Ir. This shift in use significantly
reduces the effective photon energy spectra. No information has been discovered that exam-
ined the relative contribution to measured doses from each of the principal brachytherapy
sources. Discussions with radiation safety officers familiar with the early periods of brachy-
therapy has led to the assumptions listed in Table 5.11. The complex decay schemes for 226Ra
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TABLE 5.10—Discoveries and technological developments in radiation oncology and radiation 
therapy (Bernier et al. 2004; Hilaris 2013; Thariat et al. 2013).

Year Discoveries and Technological Developments

1895 Roentgen: X rays

1896 Becquerel: Radioactivity

1898 Curie: Radium

1900 Steinbeck: Treated skin cancer with fractions of radiation therapy

1903 • Cancers first treated with radium
• First case of cervical cancer cured by x rays

1903 Alexander Graham Bell: Suggests sealed radium sources inserted into tumor for 
treatment

1906 Abbe: Interstitial brachytherapy (radium) performed in the United States

1913 Coolidge: First successful cathode x-ray tube, enabling external-beam radiation 
therapy

1915 Radium Department established at Memorial Hospital, New York City: Radium 
and radium emanation (from radon plant) treatment techniques

1920s • Brachytherapy with radium widely used to treat accessible tumors with 
needles (skin, oral cavity, and anus) or tubes (uterus)

• Orthovoltage x rays for treatment
• Teleradium therapy development

1936 Heyman: Packing technique for brachytherapy

1940s Betatrons for therapy

1943 Fry: First electron linear accelerator for radiation therapy (United Kingdom)

1948 Radiation therapy with synthetic radioactive 60Co (teletherapy)

1957 First linear accelerator installed in the United States

1955 – 1960s New synthetic radionuclides developed for brachytherapy (137Cs, 192Ir, 198Au)

1960s Low-energy 125I seeds for brachytherapy introduced

1966 Remote afterloading HDR units for brachytherapy introduced

1967 Stereotactic radiosurgery

1980s Hospital-based proton therapy developed

1990s • Multileaf collimator allows for three-dimensional conformal radiation therapy
• Intensity-modulated radiation therapy developed
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and 192Ir span sufficient energies that accounting for spectral effects from scattered radiation
was not attempted. The sensitivity of these assumptions on the conversion coefficients is
examined in Section 8.

TABLE 5.11—Relative percent contributions to measured dose from common brachytherapy 
sources by time period.

Source Percent Contribution to 
Dose Before 1970

Percent Contribution to 
Dose from 1970 Onwards

137Cs 25 25

60Co 15 —

198Au 10 —

192Ir — 75

226Ra 50 —
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6. Personal Monitoring

Personal monitoring has been an integral component of radiation protection since the early
part of the 20th century when it became obvious that mechanisms were needed to alert per-
sonnel about the levels of radiation received prior to the onset of observable effects such as
skin erythema. Personal monitoring thus provides a means to manage possible adverse out-
comes before they become evident or unavoidable. Implied is a metrological system based on
an assumed relationship between the personal dosimeter and the worker, a standard under-
standing of a quantity of radiation, and a time period over which the quantity of radiation
might be received without noticeable harm. Personal monitoring provides the most direct
indication of the radiation levels to which a specific worker was exposed.

The selection of the medical radiation worker population of the MPS relies almost exclu-
sively on the Landauer® database that contains nearly five decades of annual and lifetime
personal monitoring results. During this period, changes in radiation protection guidance
from ICRP, NCRP, and other authoritative organizations, including regulatory agencies,
influenced the duration of monitoring periods, the quantities measured and the tissues of
interest. This section introduces important aspects of personal monitoring related to the
radiological environments found in medical facilities and for the most part excludes dosime-
try issues encountered in studying other worker groups. This section is not intended to be a
detailed presentation of the dosimetry physics and measurement uncertainties associated
with the design and analysis of personal dosimeters. Information regarding these details is
presented in NCRP Report No. 158 (NCRP 2007).

The essence of personal monitoring, sometimes referred to as individual monitoring, involves
the issuance of one or more dosimeters (sometimes called badges) to a worker who attaches the
device(s) adjacent to or on an area of the body corresponding to the location of the radiosensitive
tissues of interest. An analytical evaluation of the dosimeter occurs on a periodic frequency or
as dose information is needed. Film, thermoluminescent dosimeters (TLD), and optically stim-
ulated luminescence (OSL) dosimeters involve a process in which a new dosimeter is given to
the worker and the old dosimeter collected and sent to a laboratory for analysis. The analytical
laboratory reports the dose measured by the dosimeter along with accumulated totals. Radia-
tion safety experts compare the analytical results to regulatory limits to identify those rare
instances of noncompliance but more often to identify unexpected changes in the worker’s dose
indicating a possible errant action occurring at some point in the monitoring program (e.g., a
failure in the measurement technology, dosimeters being exposed apart from the worker, dosim-
eters not being correctly used, or failure to return dosimeters to the analytical laboratory).

Personal monitoring receives additional impetus from an employer’s concern about
addressing intangible worker anxieties about radiation exposure and legal reasons stemming
from tort law in which a person can seek compensation for being harmed. These reasons com-
bined with the low relative costs associated with monitoring have resulted in large numbers

In this section, the expression of radiological units reflects the terminology within the
source historical records, reports and databases expected to be used by epidemiologists.
The corresponding SI unit is provided when an unambiguous conversion from the origi-
nal value is possible.
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of medical workers being monitored, some with little or no probability for exposure — moni-
toring for purposes of proving the negative.

While related to radiation dosimetry quantities, personal monitoring can be considered a
system in which a numerical value or score is expressed in radiation dosimetry units. This
perspective highlights that the results of personal monitoring do not represent truly known
values of the absorbed dose received at any point in or throughout the body of a worker.
Instead, the dose received by the dosimeter and that by the person become highly correlated,
a sufficiently strong correlation that has enabled the dose measured by the dosimeter to be
commonly considered as that received by the person. However, conservatisms reflected in
radiation protection philosophy and its regulatory implementation have resulted in practices
that focus on measuring the highest doses on the body and using quantities that similarly
reflect the highest doses occurring in the body. Therefore, many dosimetry results represent
an upper bound on doses received, particularly for mean absorbed organ doses. In part, this
conservatism requires adjustments to personal monitoring results to derive best estimates of
organ dose applicable for epidemiological research as described in NCRP Report No. 178
(NCRP 2018) and detailed in this Commentary.

6.1 Influence of Radiation Protection Guidance and 
Regulation on Personal Monitoring

A complex evolution of quantities and terminology has encumbered personal monitoring
with confusion regarding the historical meaning of personal monitoring results. Adding to
this complication has been the use of the same units for different quantities, particularly
during the early periods of monitoring when, for example, the roentgen was both a quantity
of radiation describing an amount of ionization in air and the unit used to express the quan-
tity. Additionally, roentgen was also the unit commonly applied to the terms exposure dose,
tissue dose, and air dose. Similarly today, the unit called the sievert (ICRU 1993) is used for
both protection and operational quantities that are fundamentally different from each other.
As the changes in quantities have been implemented, monitoring records obtained under an
older set of quantity definitions have not generally been recomputed to the newer quantities
so that lifetime dose records may represent the summation of different dose quantities. NCRP
(2018) recommends that the MPS convert all personal monitoring results into values of the
personal dose equivalent, Hp(10), as a prerequisite for assessing mean organ absorbed doses
accumulated over a lifetime of work. Therefore, it becomes prudent to understand the various
dose quantities used for personal monitoring, the time periods during which a quantity was
used, and the methods to make appropriate conversions to Hp(10).

ICRP and NCRP have issued several radiation protection recommendations, opinions and
statements over the last 85 y. New dosimetry quantities have frequently accompanied the rec-
ommendations. However, it is the codification of these recommendations and quantities into
regulatory requirements for users of radiation and radioactive materials that most impacts
personal monitoring because of the central role monitoring plays to demonstrate compliance
with regulatory dose limits. It is not always assured that new recommendations become cod-
ified and if codified, there is often a delay between the issuance of new or revised recommen-
dations and their translations into regulatory requirements. In their attempt to balance
inspection and enforcement specificity without becoming too prescriptive, regulations have
allowed an equivalency of different quantities to be used in demonstrating compliance with
dose limits.

Changes to dosimetric quantities have introduced the issue of additivity when dose results
are summed over extended periods. Generally, directives have assumed a practical compara-
bility as the differences were thought to be immaterial given the overall uncertainty in
the radiation dose response for many diseases. The question of additivity did not arise until
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protection guidance began to consider 13 week and total lifetime doses. The Federal Radiation
Council (FRC) in 1960 was possibly prescient in suggesting that dose records be maintained
in terms of absorbed dose as they anticipated changes to the relative biological effectiveness
(RBE) (FRC 1960). Although FRC’s focus was on the RBE and they did not anticipate the
development and subsequent evolution of new radiation protection quantities that began in
the late 1970s, the following statement recognized the potential impacts on lifetime doses by
future changes: “…and in view of the relative importance of the total accumulated dose
throughout a worker’s lifetime, agencies and departments may wish to consider the desirabil-
ity of maintaining exposure records in such a fashion the recalculation of the accumulated dose
in rem can be made at any time when changes in the RBE are justified.” ICRP dismissed the
issue of additivity in its 1990 recommendations as it pertained to changes in the radiation and
tissue weighting factors (ICRP 1991). ICRP believed such changes would be infrequent
and stated its opposition to correct earlier values thereby recommending the additivity of dose
equivalent to equivalent dose and HE to effective dose. With respect to the dominance of photon
radiations in occupational medical exposures, the underlying fears of FRC have not material-
ized as all photon energies are assumed to have the same effectiveness even though studies
continue to examine whether different photon energies are more effective at causing harm
(NCRP 2018). Certainly, the process to update past records would not be trivial, would create
confusion and likely would not result in better radiation protection, particularly given the
uncertainty regarding lifetime dose risks. The need to reconcile older dose quantities to those
of today arises from the needs of epidemiologists to use current information enabling the esti-
mation of mean organ absorbed doses.

The equivalencies between the quantities, personal dose equivalent and HE, for external
dosimetry allowed in the United States since the mid-1990s have resulted in a dual system of
records being employed in the medical setting — the personal dose equivalent when no pro-
tective apron is used and an approximation to the HE when a protective apron is used in FGI.
The changes to the periods of time over which a permissible dose may be received have also
influenced personal monitoring protocols but to a much lesser extent than the changes to
quantities. Dosimetry record keeping has been more affected, not so much by the exact period
but by specifying dose limits over several time periods. The numerical magnitude of the allow-
able dose has not materially impacted the practical aspects of personal monitoring as the
technology employed in dosimeters has always been sufficiently sensitive to assess much less
than the dose limit.

6.1.1 Early Radiation Protection Dose Quantities and Maximum Permissible 
Dose Recommendations

In 1954, the National Bureau of Standards (NBS) published Handbook 59, also known as
NCRP Report No. 17, which presented the recommendations of the National Committee on
Radiation Protection, the predecessor to the current NCRP (1954). Entitled, Permissible Dose
from External Sources of Radiation, the handbook presented a series of protection rules that
differed from earlier recommendations made by the American Committee on X Ray and
Radium Protection in 1933. Two fundamental changes that influenced personal monitoring
were the expression of permissible doses in terms of rem based on the quantity, absorbed dose,
and the increase in the period of time during which the maximum permissible dose could be
received, going from 0.1 R d–1 to 0.3 rem week–1. A week was defined as any consecutive 7 d
period. The 0.1 R d–1 guidance value pertained to a measurement made in air in the area to
be occupied by the worker (air dose). The change to a 0.3 rem week–1 maximum permissible
dose applied to the total body with the active blood forming organs, gonads, and lens of the
eye called out as critical organs. Introducing the rad and rem caused the Committee to relate
the concept of absorbed dose to the quantities commonly used, the air dose and tissue dose,
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with both expressed in units of roentgen. The quantity for which the rem was the unit was
not identified until an addendum to NBS Handbook 59 was published in 1958 that named the
quantity as RBE dose (NCRP 1958).

The idea of an absorbed dose for an organ introduced a series of statements about the
meaning of the dose for an organ as it applied to the concept of a maximum permissible dose,
particularly for organs distributed throughout the body (e.g., active blood forming tissues).
The following statements (NCRP 1958) were made regarding the active blood forming organs
and gonads:

• “An average dose for a significant volume of the blood forming organs in the body
region in which the tissue dose is highest is satisfactory. The significant volume may be
assumed to be of the order of 1 cm3.

• “For the gonads, the pertinent dose may be assumed to be the average dose in a signif-
icant volume of the organ in the region of highest tissue dose.”

Combined with the premise of a suitable maximum permissible dose, these two statements
formed the basis in which personal dosimeters were to be worn at the point of highest dose on
the body; a practice that continues today.

Handbook 59 presented a second rule aimed at exposure to x rays with energies <3 MeV,
recommending an air dose of 0.3 R week–1. The air dose refers to that amount of radiation
received by a person occupying a place in a radiation field that would produce an amount of
ionization in air measured in the absence of scatter (free-in-air), that is, measured without
the person being present. This approach acknowledged the practice of measuring an exposure
rate with an instrument in an area and limiting one’s presence in the area by the time it took
to reach a certain integrated roentgen value. The Committee stated that the two recommen-
dations do not result in the same absorbed dose to the critical organs in a broad beam in which
a worker remains stationary. The 0.3 R value does not account for the increase in dose created
by radiation scattered in the body that is reflected in the 0.3 rem value. The Committee
explained that as workers move about, the body surfaces become exposed with the effect to
spread the dose within the body. Based on this logic, the Committee believed that the two
rules based on different quantities would offer similar protection given the relatively limited
knowledge of radiation effects at the levels being recommended.

Having addressed the differences between air dose and absorbed dose, the Committee
attended to the comparison between tissue dose, also expressed in units of roentgen, and the
absorbed dose to tissue expressed in units of rad. A tissue dose expressed in roentgen was
stated to mean “… that the radiation at some particular point in the specified tissue has the
potentiality to producing, under proper conditions, the number of ion pairs per gram of air
required by the definition of the roentgen” (NCRP 1954). Unfortunately, there is no constant
conversion between a tissue dose expressed in roentgen and an absorbed dose to tissue
expressed in rads. However, for x-ray and gamma-ray energies commonly contributing to a
medical radiation worker’s dose, the Committee explicitly stipulated “…that for ordinary
x rays the basic permissible weekly tissue dose in rads for a given critical organ shall be
numerically equal to the value in roentgens assigned to it.” It was the Committee’s preference
that future doses would be expressed in rad or rem but the equivalencies between air dose,
tissue dose, and absorbed dose would persist within the regulations until 1994 when amend-
ments made to Title 10, Part 20 of the Federal Code of Regulations (10 CRF Part 20) became
effective (DOL 1991).

A numerical equivalency exists between doses expressed in units of rad and rem for photon
radiations that have an RBE of one. With the equivalency assumed between tissue dose and
absorbed dose, it became common to assume for photon radiations 1 R equals 1 rad equals
1 rem. This equivalency was furthered by FRC in their report, Background Material for the
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Development of Radiation Protection Standards (FRC 1960), in which numerous references
can be found with dose being expressed in roentgen and rem without specifying the underly-
ing definition. The following quantities were deemed equivalent to 1 rem for regulatory pur-
poses in the federal regulations from 1960 through 1993, a dose of:

• 1 R due to x or gamma radiation; and
• 1 rad due to x, gamma or beta radiation.

The regulations further explained that “For determining exposures to x or gamma rays up
to 3 MeV, the dose limits may be assumed to be equivalent to the air dose.” The air dose is the
dose measured in air at or near the body surface in the region of highest dosage rate. It should
be noted that federal regulations altered the definition of air dose from that used in NBS
Handbook 59. The equivalency assumed between 1 rem and 1 roentgen enabled dosimetry
laboratories to continue to use the roentgen as the quantity for calibration of both their radi-
ation fields and dosimeters.

A result of the equivalencies allowed among the different quantities was that the units of
dose stated on reports and records of dosimetry results did not clearly define the specific quan-
tity measured. For example, Landauer® reports prior to 1960 expressed dosimetry results in
units of milliroentgen (mR). Examination of calibration procedures and records indicate that
the quantity assessed was exposure at the surface of the body. In 1960, commensurate with the
enactment of federal regulations, Landauer® reports reported the same quantity but in units
of millirem (mrem). It was not until 1984 that Landauer® began measuring deep- and shallow-
dose equivalents in a spherical phantom composed of tissue equivalent material but the units
were still millirem in accordance with regulatory guidance. This shift in quantities was well
publicized and described in the legends accompanying the dosimetry reports (Landauer 1984)
so there is little ambiguity as to what was measured.

NBS Handbook 59 (NCRP 1954) explicitly named the gonads, active red blood forming tis-
sues, lens of the eye, and the skin as critical organs with the skin having a maximum permis-
sible dose twice that for the other organs. The distinction gave rise to the concept of strongly
penetrating and weakly penetrating radiations (primarily beta particles but also very low
energy x rays called Grenz rays used for certain treatments of the skin) because the deeper
seated organs would not be exposed to the weakly penetrating radiations and thus not receive
a dose as great as the skin. A period of time existed during which dosimetry reports identified
doses as being from penetrating and nonpenetrating radiations. The red blood forming organs
were stated to have an average depth of 5 cm in the body.

6.1.2 Influence of Dosimetry Performance Testing

The question regarding the accuracy of personal monitoring measurements has been a con-
tinuing subject for regulators and users of monitoring services. The National Sanitation Foun-
dation (now NSF International) developed one of the first standards outlining a protocol for
testing personal dosimeters (NSF 1966). A second protocol for testing film dosimeters was
proposed by scientists from Battelle Northwest (Unruh et al. 1967). The objectives for both
efforts were to improve film dosimeter performance, enable dosimetry services to implement
quality assurance programs, and provide a mechanism by which the public could identify ser-
vices with acceptable measurement performance. The irradiation conditions and the specifi-
cation of the dose quantities did not explicitly conform to the concepts presented in the earlier
NCRP and FRC publications. The radiation unit assumed to be equivalent to 1 rem for x and
gamma ray irradiation was the roentgen. The conditions of irradiation required dosimeters to
be mounted on an air equivalent structure [Styrofoam® (Dow Chemical, Midland, Michigan)].
The effects of the performance tests were to steer dosimetry services to measure roentgen
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free-in-air or what NCRP termed the air dose instead of tissue dose or absorbed dose. The
tests did not evaluate the performance of dosimeters as they would have been used; that is,
the ability of dosimeters to assess backscatter radiation. The performance tests may have
examined the competency of dosimetry services to assess the ionization in air but not the
quantities being recommended for dose limitation. The focus on the measurement of exposure
may have been influenced by an ICRU statement that the roentgen was the best quantitative
measurement permitted by existing technology (ICRU 1962). Much of the reliance on expo-
sure as the quantity for performance testing stemmed from the lack of agreed coefficients that
could relate exposure to the absorbed dose at some depth in tissue. Resolution of this situation
required definitions as to the elemental composition of tissue and the geometrical form of tis-
sue acceptably replicating the body.

Reinforcing the efforts to use quantities related to the absorbed doses in the body, ICRU
presented two new radiation protection quantities in 1971; the absorbed dose index and the
dose equivalent index (ICRU 1971). These quantities were partially created to address
ICRU’s concern that “Quantities relevant to radiation protection are often loosely used and
approximations employed in determining their values are sometime poorly understood. A
comparatively wide margin for numerical error may be admissible in radiation protection, but
it is essential that the quantities employed be clearly identified.” The index quantities repre-
sent the maximum absorbed dose and dose equivalent occurring in a 30 cm diameter sphere
composed of tissue equivalent material. Originally developed as a quantity for specifying
ambient radiological conditions, the index quantities as applicable to personal monitoring
suffered from nonadditivity because the point of maximum dose in the sphere varied with the
type and energy of radiation. Thus as a personal monitoring quantity, the index quantities
made it necessary to assess and sum doses at all points in order to identify the maximum dose,
a highly impractical task. To overcome this deficiency, the shallow and deep absorbed dose
and dose equivalents at two depths in the sphere were adopted for use in an American
National Standards Institute (ANSI) standard for dosimeter performance testing developed
by the Health Physics Society Standards Committee (ANSI/HPS 1982). The shallow-dose
equivalent was defined as the dose equivalent at a point 0.07 mm depth along the diameter
of the 30 cm diameter sphere that is parallel to the incident radiation beam. Similarly, the
deep-dose equivalent was the dose equivalent at a point 1 cm depth along the same diameter
of the sphere. The specification of deep and shallow doses eliminated the practice of reporting
penetrating and nonpenetrating doses.

Dosimeter processing services such as Landauer® were induced by federal regulatory
amendments (NRC 1987) to become accredited by the National Voluntary Laboratory Accredi-
tation Program administered by the National Institute of Standards and Technology. Accred-
itation was based in part on passing the performance tests specified in the ANSI standard
noted in the previous paragraph, thus causing dosimetry services to report deep- and shal-
low-dose equivalents occurring in a tissue equivalent sphere and thus ending the practice to
equate measurements of roentgen, made in air or on the surface of the body with the dose
equivalent to tissue. The first dosimetry services, including Landauer®, received accreditation
in 1984 and began reporting the deep- and shallow-dose equivalents at that time. A revision
to the ANSI standard (ANSI/HPS 1993) made in 1993 shifted the phantom shape in which
the deep and shallow doses were defined to a slab phantom, although the names deep and
shallow were retained.

6.1.3 U.S. Implementation of ICRP and NCRP Guidance Related to 
Effective Dose Equivalent

In 1977, ICRP adopted a new approach to radiation protection controls (ICRP 1977) that
did not impact monitoring measurements in the United States until 1994 when extensive
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amendments to 10 CFR Part 20 became effective. New radiation protection dose limits were
defined in a manner that permitted comparability of the risks of radiation injury for different
conditions under which a worker could be exposed, particularly those conditions causing dif-
ferent degrees of homogeneous irradiation of the body. The new quantity introduced by ICRP
was initially unnamed but later became called the effective dose equivalent (HE). The HE

shifted the focus from dosimetry at a point to dosimetry aimed at assessing the mean dose
within the volume of a critical organ. The critical volume of 1 cm3 stated in NBS Handbook 59
(NCRP 1954) was replaced by the volume a particular organ was assumed to possess. The HE

is another protection quantity that cannot be measured directly and must be approximated by
what have become to be known as operational quantities. Personal dosimeters are able only to
measure dose at the point where the dosimeter is located. Information regarding the construct
of the body and the conditions of irradiation (e.g., radiation type, energy, and angle of inci-
dence) is necessary to create coefficients able to relate a point measurement to an average dose
within an organ. Many coefficients are required to address the different organs and irradia-
tion conditions. For external exposures, the dose equivalent index was deemed a suitable sur-
rogate for the HE. Coefficients were eventually published in ICRP Publication 51 (ICRP 1987).

In 1985, ICRU introduced two quantities for personal monitoring: the individual dose
equivalent, penetrating, Hp(d) and the individual dose equivalent, superficial, Hs(d) (ICRU
1985). These quantities are defined as dose equivalents in soft tissue below a specified point
on the body at depth (d). For penetrating radiations, the recommended depth was 10 mm, and
for weakly penetrating radiations 0.07 mm. The calibration of dosimeters to be worn on the
trunk was to be performed on a suitable phantom. ICRU restated its preference to use the 30 cm
diameter sphere first introduced with the dose equivalent index. These new ICRU quantities
were essentially the same as those specified in the ANSI dosimeter testing standard
(ANSI/HPS 1982) so that monitoring in the United States was functionally in agreement with
international guidance.

The 1990 recommendations of ICRP updated its 1977 recommendations and included a revi-
sion to the quantity for use in limiting doses (ICRP 1991). The new quantity, effective dose,
reflected the substitution of radiation weighting factors for the quality factor, the use of the
Medical Internal Radiation Dose (MIRD) phantom for defining the size and location of tissues
and revised tissue weighting factors. The term, equivalent dose to a tissue was given to the
product of the mean absorbed dose to a specified tissue in the MIRD phantom and the radiation
weighting factor. In 1993, NCRP issued new recommendations for the limitation of exposure to
ionizing radiation (NCRP 1993). NCRP also adopted the effective dose and equivalent dose
quantities. The effective dose is also a protection quantity that cannot be measured directly as
was its predecessor, the HE. For monitoring external doses, the new recommendations found
the individual dose equivalents defined by ICRU as suitable, conservative estimates of the
effective dose when the body was more or less uniformly irradiated. The operational quantities
remained as point quantities compared to the volumetric, risk adjusted focus of the protection
quantities. The conduct of personal monitoring, particularly when the body is not uniformly
irradiated, has been impacted by the ongoing efforts to practically relate the operational and
protection quantities in ways that can be physically and clearly implemented.

ICRU in Reports 47 and 51 ended the use of the spherical phantom for personal monitoring
and recommended a slab phantom composed of soft tissue for use in calibrating personal
dosimeters for photon dosimetry (ICRU 1992, 1993). With dimensions of 30 by 30 by 15 cm,
the slab phantom was thought to suitably recreate the scatter radiation that would be
reflected from the body. To distinguish doses assessed for a spherical phantom, the individual
dose equivalents, penetrating and superficial, were replaced by the term, personal dose equiv-
alent, Hp(d). The personal dose equivalent is an operational quantity for individual monitor-
ing that serves as a surrogate for the radiation protection quantities of dose equivalent to an
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organ and HE within the meaning of U.S. regulations. The formal definition of the personal
dose equivalent is the dose at a depth, d, in soft tissue in the trunk of the body. The body loca-
tion and the depth are not specified; however, convention has typically set the depth at 10, 3,
and 0.07 mm corresponding to the maximum doses likely to be received by the deeper organs,
the lens of the eye, and the skin, respectively. For calibration purposes, the personal dose
equivalent was equated to the doses occurring in a slab phantom composed of ICRU four-ele-
ment tissue and sets of conversion coefficients were developed to relate air kerma to the per-
sonal dose equivalent for the slab geometry (ICRU 1992; ICRP 1996).

As previously mentioned, amendments to radiation protection regulations to translate
ICRP and NCRP philosophies of radiation protection into a framework consistent with regu-
latory needs became effective in 1994. The following highlights those changes most directly
impacting personal monitoring:

• quarter and lifetime dose limits were replaced by annual dose limits;
• total HE was the sum of the HEs arising from external and internal exposures;
• dose equivalent to an organ was similarly to be the sum of the dose equivalents from

external and internal sources;
• dose limit for the lens of the eye was increased to 15 rem y–1 (150 mSv y–1); and
• dose limit for the whole body was simply stated as 5 rem y–1 (50 mSv y–1).

For external dosimetry, the personal dose equivalent at a depth of 10 mm, Hp(10) (also
called the deep dose), was defined to be the surrogate for the HE. Similarly, Hp(3) and Hp(0.07)
(also called the shallow dose) were accepted as the doses for the lens of the eye and skin,
respectively. Therefore, with the implementation of the new regulations in 1994, the meaning
of the terms deep and shallow dose shifted from being defined in a sphere to being defined in
a slab. Commensurate with this change was a new revision to the ANSI dosimetry perfor-
mance testing standard that adopted the slab dose quantities (ANSI/HPS 1993). Landauer®

implemented the slab quantities concurrent with the effective date of the federal regulatory
amendments (Landauer 1993).

The limitation of doses based on the summation of internal and external doses, one of the
more fundamental changes brought about by the new guidance, caused Hp(10) to be also
treated as the dose equivalent to an organ from external sources. Internal dosimetry analyses
were to generate a committed dose equivalent for each internally exposed organ and a com-
mitted effective dose equivalent representing the sum of the products of the tissue weighting
factors and committed dose equivalent doses. To each is added an estimate of the dose from
external sources [i.e., Hp(10)], to create the total organ dose equivalent and the total HE. This
has the effect of making the deep dose both the value used as the HE as well as the equivalent
dose to an organ. The use of Hp(10) as an estimate of the dose equivalent to a tissue and as an
estimate for the HE may have been functionally practical from a conservative, dose limitation
perspective. A strict logical analysis would suggest that, for external sources, the numerical
values for the HE and the dose equivalent to an organ are the same. For the MPS, Hp(10)
should not be assumed to be the mean DT even though the regulatory rules might imply such
an equality. Figure 6.1 displays the relationship between the deep dose and several organs in
the male body based on the most recent data published by ICRP (2010). The results for the
female body do not differ materially from the male except for the breast and gonads as shown
in Figure 6.2.

Prior to the 1994 federal regulatory amendments, the lens of the eye was subject to the
same quarterly dose limit as the active red blood forming tissues, the gonads, and the whole
body. The amendments increased the dose limit for the lens of the eye from 1.25 rem quarter–1

to 15 rem y–1 (12.5 mSv quarter–1 to 150 mSv y–1). However, the change in the lens of the eye
dose limit did not affect the operational aspects of personal monitoring. Monitoring remained
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Fig. 6.1. The relationship between Hp(10) (gray/sievert) and the mean absorbed dose to selected
organs irradiated in an AP direction in the male body.

Fig. 6.2. The relationship between Hp(10) (gray/sievert) and the mean absorbed dose to selected
organs irradiated in an AP direction in the male and female body.
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directed to measure the highest dose to the whole body that included the head, upper arms,
and upper legs. Retaining the head as part of the whole body and therefore a potential point
of highest dose for monitoring, especially when protective aprons were used, contradicted the
philosophy behind the HE. The risk of stochastic diseases from the radiosensitive organs in
the head is minor compared to the organs located in the torso that contribute most of the sto-
chastic disease risk. The reduction in overall risk afforded by protective aprons was not being
considered by the initial guidance documents indicating acceptable monitoring strategies con-
gruent with the intent of the regulations to limit exposures to a deep dose of 5 rem y–1

(50 mSv y–1) at the point on the body of highest dose.
ICRP issued a new set of recommendations in 2007 with revised tissue weighting factors

and new Monte-Carlo-based calculations employing more realistic anthropomorphic models
and radiation transport considerations for estimating effective dose and equivalent dose to a
tissue (ICRP 2007). The new recommendations preserved the effective dose and equivalent
dose terminologies. The U.S. regulations have not formally adopted the 1990 or 2007 ICRP
recommendations that most affect personal monitoring; however, the information presented
in NCRP Report No. 178 for converting personal monitoring results to the mean DT are based
on the 2007 ICRP revisions (ICRP 2010; NCRP 2018).

Hp(10) overestimates the HE (and effective dose), particularly for the x-ray energies used
in x-ray imaging, because the larger organs that contribute most to the stochastic risk are
located at depths in the body much >10 mm. This conservatism becomes excessive when
Hp(10) values assessed from dosimeters worn over protective aprons are assumed to be equal
to the HE because most of the organs contributing to stochastic disease risk are located in the
torso and thus shielded. The requirement to locate dosimeters at the point of highest dose
added to this conservatism and caused several health physicists to propose methods of inter-
preting dosimeter results in terms of the HE and effective dose when the body was not uni-
formly irradiated as occurs in fluoroscopy and FGI procedures when staff wear protective
aprons (Faulkner and Harrison 1988; Webster 1989; Niklason et. al. 1993; Rosenstein and
Webster 1994; NCRP 1995). Uniform irradiation was assumed by ICRP when it stated that
Hp(10) was a suitable operational surrogate for the effective dose.

NCRP and ANSI put forth a series of formulas to be used for translating measurements of
Hp(10) into estimates of the effective dose equivalent, HE and effective dose (NCRP 1995;
ANSI/HPS 2018). Equations 6.1 and 6.2 were recommended for estimating HE for medical
staff when protective aprons are worn during diagnostic and interventional medical proce-
dures using fluoroscopy. Equation 6.1 applies to the case when one dosimeter is worn over the
apron at the collar. Equation 6.2 applies to the case when two dosimeters are worn; one
located above the apron at the collar and one located under the apron on the torso.

, (6.1)

, (6.2)

where Hp(10)over is the deep dose measured by the dosimeter worn over the apron and
Hp(10)under is the deep dose measured by the dosimeter located under the apron. These formu-
las were allowed by state regulatory agencies beginning at varying times during the middle
to late 1990s. Landauer® allowed its clients to elect to use the formulas as they gained state
regulatory approval. Compared to an unadjusted Hp(10) measured over the apron at the collar
(representing the dose to the head as the highest exposed part of the whole body), the equa-
tions result in significantly lower numerical dose values.

HE 0.3 Hp 10 over=

HE 0.4 Hp 10 over 1.5 Hp 10 under+=
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The two equations do not necessarily yield equivalent numerical values for the same radio-
logical condition. For example, if a worker wears two dosimeters and Hp(10)under is less than
the minimum detectable dose (treated as zero in the dose calculations), then Equation 6.2
reduces to 4 % of Hp(10)over or approximately nine times less than would be reported for a
worker wearing only a single dosimeter over the apron. The attenuation provided by protec-
tive aprons varies according to the x-ray energy spectrum and thickness of the apron but gen-
erally ranges between 95 to 99 % attenuation so that only the most highly exposed staff yield
measurable doses from the under-apron dosimeter. An analysis of 65,510 monitoring results
from the two dosimeter method found only 11 % had under-apron doses that exceeded
0.05 mSv (Yoder and Salasky 2016).

To summarize, the Landauer® database of annual and lifetime doses reflect five different
dose quantities since 1954. From 1954 through 1984, the quantity measured was roentgen at
the surface of the body. From 1985 through 1994, the measured quantity was the deep dose
existing in a 30 cm diameter sphere of tissue equivalent material. After 1994, three quantities
were possible: the deep dose existing in a 30 by 30 by 15 cm slab of tissue equivalent material,
the HE evaluated according to Equation 6.1, and the HE evaluated according to Equation 6.2.
This last period presents special challenges in the conversion to a mean organ absorbed dose.
The Landauer® database only contains the results of the final dose calculation and does not
directly indicate which of the three possible dose evaluations were used during the year. For-
tunately, there is additional information in the database from which reasonable inferences
can be made as to which quantity may be reflected. For the two dosimeter method, an extra
complication arises from the multiple combinations of Hp(10)over and Hp(10)under that can yield
the same numerical value for HE. Section 7 presents the methods for converting the different
dose quantities to the mean organ absorbed dose.

A complicating issue is the use of thyroid shields and the attention given by staff to prop-
erly wear protective aprons. Neither situation can be discerned from the Landauer® data;
however, the effects of thyroid shields are limited primarily to the organs in the esophageal
area and that minor part of the active bone marrow residing in the cervical bones. Additional
discussion regarding the effects of protective aprons appears in Section 7.3.3.

6.1.4 Monitored Population

Decisions employers make about whom to monitor affect the composition of the medical
radiation worker cohort. Only medical workers issued a Landauer® dosimeter were eligible
for initial inclusion in the population of workers. This differs from some of the worker cohorts
of the MPS who were identified based on their physical presence at a nuclear test or national
laboratory. The selection of whom to monitor varies among medical facilities only with respect
to those workers not routinely expected to receive a measurable dose or enter a secure radia-
tion area. Workers with an actual or reasonable likelihood to be in a radiation area are always
assumed to have been issued a dosimeter; whether the dosimeter was worn is a separate
issue. Regulations have explicitly required monitoring for those workers whose dose could
exceed a fraction of a regulatory limit.

Medical facilities have typically issued dosimeters to more workers than the regulations
would have required as a precaution should controls and worker actions not adhere to expec-
tations. It is common for facilities to monitor low-risk workers for a period of time usually
spanning 1 to 2 y and if no doses are detected, suspend monitoring for that person. These
actions could impact the analysis of those workers randomly selected from the medical radi-
ation worker population with lifetime doses <10 mSv. The annual dose records for some of the
low-dose workers may not total as many years as those with higher doses. That is, some of
the lowest lifetime dose subjects in the Landauer® database may not fit the typical under-
standing of a medical radiation worker and their lifetime records may artificially appear

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



6.1 INFLUENCE OF RADIATION PROTECTION GUIDANCE AND REGULATION   /   51

highly abbreviated. As a precaution, members of the cohort who have less than a few years of
annual monitoring results and no measurable dose should be noted. As discussed later, the
possible presence of low-risk workers may impact the treatment of missed dose or dose
received but not above that detectable by the dosimetry system. Monitored workers with no
or very little expectation to enter a radiation area would not be expected to receive any dose
and would not be subject to missed dose as there would be nothing for the dosimeter to detect
above background radiation. Therefore, the application of missed dose corrections should be
based on those workers in the low-dose group who have received some measurable annual
doses as a sign of their possible, repetitive presence in radiation areas.

6.1.5 Type of Radiations of Interest

The radiation exposure scenarios described in Section 5 indicate that x and gamma rays
constitute the radiations leading to mean absorbed doses to the lung, brain, and other organs.
Although beta particle emitters have been used for a few medical procedures and laboratory
tests, the range of beta particles in tissue is too short to create dose in tissues other than the
skin and perhaps the lens of the eye. Neutrons can be generated during the operation of cer-
tain high-energy accelerators used in radiation therapy or radionuclide production. The
extremely high radiation dose rates generated by these machines dictate their being located
in heavily shielded vaults from which workers are prohibited by a system of interlocks and
operating procedures. Therefore, while neutrons may be present in a few medical facilities,
they are not expected to contribute to worker doses. Monitoring a medical radiation worker
for neutrons is a rare occurrence and, for practical purposes, neutrons can be discounted as a
source of organ dose within the Landauer® database. In the rare instance in which a medical
worker receiving a neutron dose might be selected as a member of the study cohort, the neu-
tron dose equivalent would be included in the annual dose record as a dose equivalent quan-
tity and the neutron contribution to absorbed dose would be overstated by a factor of 10 based
on the quality factor Landauer® normally applied to neutron doses. For the time period of this
study, any neutron doses, if present, would be low and would have minimal effect on the
assessment of mean organ doses even with the overstatement.

6.1.6 Location of Dosimeters on the Body

The location where dosimeters are positioned on the body has technical, regulatory and
practical implications. This results in a compromise balancing dosimeter performance, regu-
latory intent and issues associated with the treatment and handling of patients. Dosimetry
services such as Landauer® expect dosimeters used to monitor the body be worn somewhere
on the torso. Calibration and analysis routines anticipate the backscatter created by the body
and detected by the dosimeter. The level of backscatter varies with energy, being greatest at
energies between 0.05 and 0.07 MeV, the range of energies commonly encountered in diagnos-
tic and fluoroscopic radiology. Backscatter is relatively minimal (<10 %) for the higher energy
photons present in nuclear medicine and radiation therapy.

As described above, regulations have required dosimeters be located at the point on the
whole body expected to receive the highest dose. The radiation exposure scenarios described
in Section 5 identify this location as on the front of the body given that medical workers direct
their attention to the patient during the use of radiation. Protective aprons significantly
reduce the dose to the torso placing the head and upper arms as that part of the whole body
receiving the highest dose. Therefore, dosimeters worn outside the protective apron are usu-
ally located at the collar adhering to the assumption that the dose at the neck is sufficiently
similar to that delivered to the head. Collar dosimeters can also indicate the dose to the lens
of the eye.
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With the exception of medical workers who wore protective aprons, the dose results in the
Landauer® database can be assumed to originate from dosimeters worn on or near the chest
such that the dosimeter results should highly correlate with the amount of radiation received
by the lung. Given that this would be at or near the point of highest dose, the head can be
assumed to have been exposed to a comparable amount of radiation. Certain types of medical
clothing prohibit attachment of the dosimeter at the chest. Instead, some dosimeters have
been worn at the waist level. While there may be dose differences between the waist and
chest, there are no reliable data from which to make adjustments to correct Hp(10) values
occurring at the waist to those that would exist on the chest.

The wearing location of dosimeters for workers using protective aprons has been a topic of
long-standing discussion (Brateman 1989; Bushong 1989; NCRP 1989; Simon et al. 2006;
ANSI/HPS 2018; ICRP 2018). The debate centers on whether a single dosimeter should be
worn over the apron or under the apron, or whether two dosimeters be worn, one under and
one over the apron. The head has been considered a part of the whole body under the premise
that parts of the skull contain active red blood forming cells. Additionally, the lens of the eye
is considered a separate tissue. The monitoring requirements for the whole body and lens of
eye together cause the head to become the main target for monitoring when an apron is pres-
ent. While some exceptions have been noted regarding the wearing of a single dosimeter
under the apron, it can be assumed that the Landauer® dose results prior to 2000 will reflect
the dose of a dosimeter worn over the apron. As noted in Section 6.1.3, dosimeters worn under
an apron seldom yield detectable doses. Staff who wore a single dosimeter under the apron
would appear in the lowest exposed population of workers and thus have a small probability
of being selected in the cohort. If selected, the effect would be limited to the unshielded tissues
in the head.

6.1.7 Monitoring Frequency

Monitoring frequency refers to the periodicity for the exchange of dosimeters. This has
been influenced in part by the time over which maximum permissible doses or dose limits are
expressed. Another consideration is the timely need for information to allow preemptive
actions before doses become unacceptably high or to detect doses that suddenly become less
than expected as might happen when a worker fails to wear a dosimeter. Predictability and
the level of a worker’s doses affect the selection of monitoring frequency. Workers not expected
to receive meaningful doses and who work in relatively stable radiological conditions tend to
be assigned to longer frequencies but generally not longer than one calendar quarter. Many
as low as reasonably achievable programs also tend to examine doses accumulated over a
quarter. Costs can also influence the frequency. Longer periods require less logistical efforts
to collect and distribute dosimeters, fewer shipments to the dosimetry laboratory, and less vol-
ume of data to manage. However, longer frequencies can result in more difficult dose recon-
structions to estimate or calculate doses when dosimeters are lost or damaged. Monitoring
frequency becomes a matter of preference and dosimetry services such as Landauer® have
enabled their clients to institute a variety of monitoring frequencies including weekly,
biweekly, semimonthly, monthly, bimonthly, quarterly, semiannual and annual monitoring.

Before the mid-1960s, Landauer’s® clients can be assumed to have practiced weekly moni-
toring service continuing the pattern adopted in response to the weekly maximum permissi-
ble doses initially recommended by NCRP in 1954. The change in the expression of the
maximum permissible dose to 3 rem (30 mSv) in 13 consecutive weeks did little to alter cli-
ent’s selection of the weekly frequency nor did the change to calendar quarter limits. There
was concern that film packaging was not sufficiently robust to protect film from moisture
damage. Monthly monitoring became more popular with the introduction of the Gardray®

8 mm film system in 1968 by Technical Operations (Tech/Ops) and conveyed to Landauer® as
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part of Tech/Ops acquisition of Landauer® the same year. The Gardray® 8 film was packaged
to preclude moisture damage as well as improve its physical durability. As recently as several
years ago, monthly monitoring was the dominant frequency, especially for those workers rou-
tinely receiving the highest doses and who comprise the most important segment of medical
radiation workers in the MPS.

Landauer’s® implementation of TLD technology in 1974, led it to offer quarterly monitor-
ing as part of a tiered service strategy. Film was restricted to monthly and more frequent peri-
ods. TLD was limited to monthly and quarterly periods but pricing made monthly TLD service
much more expensive than monthly film service. As of the mid-1990s just before the introduc-
tion of OSL dosimeters, monthly film service accounted for between 60 and 70 % of the work-
ers monitored by Landauer®. Monthly TLD service accounted for ~10 % and quarterly TLD
service ~20 %.

The monitoring frequency affects the number of measurements summed to obtain an
annual dose value and, therefore, influences the uncertainty of the annual dose value. In
addition, the monitoring frequency establishes the number of possible readings in a year that
may have been less than Landauer’s® minimal reportable dose value. Doses less than the min-
imum have always been treated as zero for the purposes of accumulated dose totals. This
affects the treatment of missed dose and is further explained in Section 7.

The Landauer® database of annual and lifetime doses does not indicate the monitoring fre-
quency; therefore, the following assumptions should be used:

• weekly monitoring before 1968;
• monthly monitoring from 1968 through 1980;
• monthly monitoring for high-dose workers (those with annual doses >1 mSv); from

1980 to the present; and
• quarterly monitoring for the lesser exposed workers after 1980.

These recommendations are not expected to greatly influence the final annual and lifetime
dose values used for estimating the mean organ absorbed doses. The different uncertainties
arising from the number of measurements is likely to be much less than the uncertain-
ties arising from the actual use of the dosimeters. Missed dose estimates will tend to impact
the lesser exposed workers who will have likely had many monitoring results less than the
reportable minimum value.

6.2 Landauer® Dosimeters and Technologies

This section describes the different dosimeters employed by Landauer® for the measure-
ment of x and gamma rays during the periods of interest to the MPS. It is beyond the scope of
this Commentary to present detailed technical information about the technologies and their
measurement capabilities. The literature is extensive regarding the science, the operational
aspects and performance of the technologies used in personal monitoring and is too volumi-
nous to replicate for this Commentary. NCRP Report No. 158 is an excellent starting point for
learning about personal monitoring technology (NCRP 2007).

Landauer® has used three basic radiation dosimetry technologies for the measurement of
whole-body dose from x and gamma rays. Film was used from 1954, the year Landauer®

began, until 2002. Thermoluminescent dosimetry was used from 1973 through approximately
2002. Extensive use of OSL technology began in 1998 and continues today.

The Gardray® 8 mm film dosimeter was used by Landauer® from 1969 through 2002
(Figure 6.3). The Gardray® system was introduced in 1967 by Tech Ops, a Boston-based com-
pany that acquired R.S. Landauer® Jr. and Company in 1968 and merged their own, smaller
film dosimeter service with that of Landauer®. The Gardray® system was based on several
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automated processes including a proprietary packaging system and analysis system that
offered significant economic benefits as well as a smaller, more user-friendly dosimeter. The
film packet contained Kodak Type 2 Personal Monitoring Film® (Eastman Kodak Company,
Rochester, New York), a film with two emulsions of different sensitivity coated on opposite
sides of a single film base. Its relatively low price made it a popular dosimeter and the source
of many of the dose results measured before 2000.

Landauer® used several different models of dosimeters based on TLD technology as shown
in Figure 6.4. All used lithium fluoride TLD material (TLD-100). The different models arose
because of improved analysis automation and market desires for enhanced visual features to
distinguish dosimeters of different monitoring periods as hospitals often used both monthly
and quarterly monitoring concurrently. The later models used plastic frames onto which iden-
tification information could be laser engraved thus avoiding the problem of printed labels
becoming illegible from dirt and abrasion. The T dosimeter was used from 1973 until replaced
by the K dosimeters in the mid 1980s. Based on automated TLD analysis equipment, the ini-
tial configuration featured a holder retained by the user and an insert containing the TLD
sensors. The revised model eliminated the insert so that the user received a fully assembled
dosimeter with each exchange.

In 1998, Landauer® introduced the Luxel® dosimeter shown in Figure 6.5. The dosimeter
featured OSL technology using powdered, aluminum oxide crystals coated onto a plastic film.
The dosimeter was completely sealed and was mounted onto a clip retained by the user. In
2004, the Luxel® dosimeter was replaced with the Luxel+® dosimeter.

The question regarding the minimum measurable dose often arises as it affects the amount
of dose that might have been received by a worker but not measured, also called missed dose.
Seemingly a simple question, the answer is not so straightforward and usually begins with
the phrase, “it depends” because there is no single value and each exposure situation can pos-
sess a different minimum depending on the dosimetry technology, the measurement instru-
mentation, and other factors.

The monitoring period influences the amount of background dose accumulated by the
dosimeter. The aim of personal monitoring is to assess the dose above background. As the back-
ground dose increases, the amount of occupational dose required to be statistically above the
background dose increases as well. The elapsed time from dosimeter preparation to analysis
will normally span ~2.5 to 3 months for a monthly exchange period and 4.5 to 5 months for a
quarterly period. Background dose rate varies geographically (NCRP 2009). In Landauer’s®

case, dosimeters are shipped from and to the Chicago area, sometimes over large distances;
sometimes between different elevations (Chicago to Denver); sometimes between buildings
built from different materials and sometimes inadvertently accompanied by other radioactive
materials adding to the nonoccupational dose possibly delivered to a dosimeter (Passmore and
Kir 2010). To account for this variation, control dosimeters of the same type as those used by
the workers accompany the dosimeters to be used. When the client follows the instructions
given by the dosimetry laboratory to store control dosimeters in an area that only experiences
background radiation and return them with the worker dosimeters, then the dose measured

Fig. 6.3. The Landauer® Gardray® 8 mm film dosimeter. 
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by the control dosimeter can serve as a reference for comparison to the dose measured from the
dosimeter worn by the worker. The reported dose becomes the difference between the worker
dosimeter result and an estimate of the background dose as measured by the control dosimeter.

The multiple answers possible to the question of minimum detectable or measurable dose
gave rise to the concept of a minimum reportable dose. As film was the first technology used
by Landauer®, its traits established a precedent that carried through until the introduction
of the OSL-based Luxel® dosimetry system. The selection of a minimum reportable dose rep-
resented a desire to avoid listing multiple values of minimum detectable doses for each com-
bination of monitoring period and photon energy. This multiplicity of values was made more
complex as the minimum detectable doses for other radiations such as beta particles and neu-
trons were much different. Multiple values could present an element of complexity that would
more likely confuse many clients and workers by instilling an artificial appearance of varying
dosimetry quality. Therefore, Landauer® elected to state a minimum reportable dose of
10 mrem (0.1 mSv) for photons based on the least sensitive measurement condition, high-
energy photons. Landauer® rounded all doses to the nearest 10 mrem (0.1 mSv) except that
net doses of 9 mrem (0.09 mSv) or less were reported as “M” for minimal and considered as
zero in all accumulated dose totals. The minimum reportable dose of 10 mrem (0.1 mSv) was
thought to be materially less than the dose limits so that the uncertainty and rounding did
not adversely interfere with safe radiological practices.

In 1998, Landauer® introduced the Luxel® dosimeter. As implemented, the OSL dosimetry
technology possessed a 2 mrem (0.02 mSv) minimum detectable dose above background from

Fig. 6.4. Primary TLD dosimeters used by Landauer® from left to right: Model T; Model K;
revised Model K. 

Fig. 6.5. The Luxel+® dosimeter. 
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high-energy photons for monthly monitoring periods and doses could be reported to the near-
est 1 mrem (0.01 mSv). This was a significant change in that 10 mrem (0.1 mSv) would no lon-
ger be the minimum numerical value reported and it generated different levels of client accep-
tance. Therefore, Landauer® altered its policy on minimum reportable doses to permit its
clients to select either a 1 or 10 mrem (0.01 or 0.1 mSv) reporting threshold. This dualism was
in response to concerns from some radiation safety officers that reporting to the nearest
1 mrem (0.01 mSv) would generate more questions and concerns among some radiation work-
ers who might see 1 or 2 mrem (0.01 or 0.02 mSv) changes in dose from period to period, vari-
ations that were trivial from a radiation protection perspective but would occupy the radia-
tion safety officer’s time to address.

The Luxel® dosimetry system offers insight regarding the distribution of doses <10 mrem
(0.1 mSv) that would not have been reported with either the film or TLD systems. This distri-
bution can be examined for different types of medical settings to enable better estimates of
missed or unreported dose and applied to past annual dose assessments assuming the
low-dose distribution seen since 2000 is similar to that which existed 40 y ago.

6.3 Landauer® Dosimetry Records

The primary source of dose information available for the MPS for medical radiation work-
ers originates from an electronic database created by Landauer® in the mid-1980s as part of
an agreement to assist the NCI Radiation Epidemiology Branch with a study of radiologic
technologists (Boice et al. 1992; Simon et al. 2006). The database was assembled from stored
computer backup tapes with annual and lifetime-to-date dose totals that went back to 1977.
The database has been updated periodically with new dosimetry data with the last update
adding dose information up to 2015. Annual dose information before 1977 must be retrieved
from microfilm copies of dosimetry reports; although the 1977 data includes the accumulated
lifetime-to-date dose. All doses prior to 1984 reflect the same quantity so the need to examine
annual dose information before 1977 should only be to resolve special questions pertaining to
the assumed radiation exposure scenario, the pattern of dose accumulation when large life-
time doses occur and to assess whether dose information from non-Landauer® sources might
exist.

The database does not contain the individual dosimeter results that when summed create
the stored annual and lifetime-to-date doses. Individual dosimetry results, communicated
to the client via a dosimetry report, have been archived as images, not as digital data. These
reports indicate the monitoring period (e.g., weekly, monthly, quarterly, etc.); the quantitative
dose values with indications of the radiation type and energies detected; and the quarterly,
annual, and lifetime-to-date dose totals. Archived report images remain available for quality
control checks and to verify assignments of workers to radiation exposure scenarios as the
dose reconstruction process dictates.

6.3.1 Data Structure and Terminology

The structure of the database reflects the commercial arrangement between Landauer®

and its customers who purchased the monitoring services. Each customer can have various
administrative and financial tracking requirements along with the overriding need to comply
with their specific regulatory requirements contained in their radioactive material and radi-
ation machine use licenses and approvals. Therefore, various data extractions and cross-file
linkages must be executed to assemble the dose data in forms compatible with the needs of
the epidemiologists. Terminology becomes important to prevent errant associations of the
data elements and dose calculations.
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Landauer® assigns each customer a unique account number and places the customer into
a customer category when the customer enrolls in the dosimetry service. The customer cate-
gory code was intended for Landauer’s® internal marketing intelligence and to group certain
types of customers who can reference a national service contract. Given the focus on medical
radiation workers, the first step is to extract from the overall dosimetry database the infor-
mation pertaining to customers with category codes corresponding to hospitals, medical clin-
ics, and private practices expected to have the radiation exposure scenarios described in
Section 5. The customer category code designates certain specialty practices such as dental
offices, veterinarians, chiropractors, and medical laboratories (e.g., stand-alone imaging cen-
ters). The dosimetry guidance to estimate mean organ absorbed doses given in this Commen-
tary only applies to the medical scenarios so all other customer types need to be removed from
the working files.

The account number forms the most reliable means for the initial organization of data.
This is because customer names change over time, but account numbers do not. The available
information related to the customer includes:

• customer account number;
• customer name;
• customer category code;
• city;
• state; and
• zip code.

Placing a worker into a radiation exposure scenario using the Landauer® database will be
one of the more difficult decisions. The database contains no information specific to a person
as to the type of work performed from which to infer the exposure scenario. The name of the
customer along with its customer category code can provide insight as to the most probable
exposure scenarios. For example, a private practice or laboratory customer with a name such
as X Ray Laboratory will not likely have nuclear medicine, radiation therapy, and fluoroscopy
settings. Hospitals will tend to have all possible exposure scenarios. Stand-alone imaging clin-
ics may have both general radiology and nuclear medicine settings but not interventional
fluoroscopy.

Customers enroll those people they wish to monitor, called participants, into their account
or accounts. Within a specific account number, each worker is given a numerical identifier
called a participant number. The participant number is only unique to a worker within one
account number. Each combination of account number and participant number represents a
distinct entity for which annual and lifetime-to-date dose values are stored. A worker’s radi-
ation dose is only tracked at the account number level so if a person exists in multiple account
numbers, irrespective of whether the account numbers relate to a single customer, then dose
information from the other account numbers the worker might be enrolled in will not appear;
although there are exceptions when dose history is transferred between accounts as described
later. When a worker exists in multiple accounts, it is highly improbable that they will have
the same participant number in each account as participant numbers are assigned in sequen-
tial order. Therefore, other unique personal identifiers available to the MPS must be used to
link across accounts.

With an account number, workers can be grouped according to various commonalities the
worker may have based on each customer’s preferences. Each grouping is given an abbrevia-
tion called a series code. In 2011 the series was renamed as a subaccount. For convenience and
to acknowledge the length of time in use, the word, series, will be used to denote a grouping
within an account. Series enable any of several administrative aids such as having groups of
dosimeters be delivered to a particular department or mailstop within a building and having
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dosimetry reports printed in group order to aid distribution. Series are coded with 1 to 3
alphanumeric characters according to the customer’s preferences. Frequently the series code
will be an abbreviation of a department such as RAD for radiology, NUC for nuclear medicine,
and CCL for cardiac catheterization laboratory. For such apparent series codes, one can infer
the likely radiation exposure scenarios to be encountered by the workers within that series.
A worker can be assigned to multiple series within an account as a convenience that enables
a worker to have dosimeters located in different work areas. This improves the likelihood that
a dosimeter will be present for those who work in multiple locations separated distantly from
each other. In this case, the worker receives a dosimeter for each series and the doses from the
dosimeters in each series are summed together for the quarter, annual, and lifetime-to-date
totals.

The dose information for a participant is presented in Table 6.1. The database contains one
record of this information for each year so a participant could have many records if they were
monitored for many years. The annual dose represents the total dose from all monitoring peri-
ods for the indicated calendar year. For early years, the annual and lifetime-to-date doses rep-
resent the status at different times. The lifetime-to-date dose is the sum of all annual doses at
the time of the creation of the backup tapes. Generally, the backup tapes were created six
months after the end of a calendar year. The six-month delay allowed customers to return late
dosimeters and make any adjustments due to errant use of the dosimeter. The expense of data
storage prior to the 1990s caused Landauer® to restrict the amount of data stored and made
available on its online systems that existed in the 1970s and 1980s so that the lifetime-to-date
dose was a running total. Therefore the lifetime-to-date dose values contain the sum of the
annual doses through the indicated year plus any dose accumulated between the end of the indi-
cated year and the time at which the backup tapes were written.

The enrollment date is the date on which the worker was first issued a dosimeter as a par-
ticipant with the customer. The termination date is the date on which a participant was
removed from the account by the customer. Comparison of these two dates can reveal how
much of a person’s career might be covered. The two dose adjustment types (before and after
enrollment) reflect doses a worker received from other institutions. Medical workers fre-
quently work, either sequentially or simultaneously, at several institutions during their
career. The regulatory limits apply to the total dose a person receives from all employers so it

TABLE 6.1—Dose information available for a participant.

Account number in database

Participant number

Series code

Monitored year

Deep-dose total for the indicated monitored year (millirem)

Deep-dose total lifetime-to-date (millirem) approximately six months after the end of the 
monitored year

Deep-dose adjustments made for periods after enrollment (millirem)

Deep-dose adjustments made for periods prior to enrollment (millirem)

Enrollment date

Termination date
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is incumbent on customers to obtain dose information from its workers who have received
dose at other places. Prior to 1994, dose information from other employers was required to
assure up-to-date lifetime and current quarter doses to prevent the 5 × (N – 18) lifetime limit
and quarterly limit from being exceeded. The regulatory amendments that became effective
in 1994 replaced the lifetime and quarterly limits with an annual limit; however, licensees
were encouraged to obtain lifetime dose information from other employers and required to
obtain dose information for the current monitoring year to assure compliance with the annual
5 rem limit. The consequence of the regulatory change in the frequency at which employers
obtained accumulated dose for prior years is unknown. The dose adjustment prior to enroll-
ment is an addition to the lifetime dose total for doses received before the participant was
enrolled in the account and is recognized during the year the adjustment was entered by the
account administrator. Similarly, the dose adjustment after enrollment reflects dose received
by the participant at other institutions while being enrolled in the account.

6.3.2 Dosimetry Reports

Dosimetry reports can serve as a secondary source of information to help resolve uncer-
tainties about a worker’s radiation exposure scenario and whether a protective apron might
have been used. Dosimetry reports have undergone many revisions over the years as regula-
tions and quantities changed. The reports have maintained a general appearance and listing
of the dosimetry information. Dosimetry reports are stored as images on various media
depending on the time period. Before approximately 1980, reports were photographed onto
microfilm. After that, reports were recorded onto microfiche using a direct computer tape to
microfiche transfer procedure. Beginning in 1994, report images have been stored in elec-
tronic memory and retrieved using various versions of document management software.

In addition to the data contained in the database, dosimetry reports provide the following
information that does not appear in the electronic database:

• monitoring period;
• dose results for the monitoring period and the accumulated total dose for the current

calendar quarter;
• dosimeter type or model;
• photon energy assessment for doses in excess of a certain numerical threshold; and
• codes referring to unusual or abnormal conditions detected during the analysis proce-

dures or when special dose analyses were performed.

The photon energy assessment refers to a relative energy range based on the ratio of dose
measurements made under the different metallic filters present in the dosimeters. The
energy codes were to assist radiation safety officers with investigations regarding the source
of unexpected doses. Originally applicable only for the film dosimeters, the energy assessment
was expanded to TLD dosimeters in 1984 with the conversion to measure deep and shallow
doses. Codes existed for three energy ranges: L for photon fields with an effective energy
<0.1 MeV, M for fields with effective energies between 0.1 and 0.25 MeV, and H for fields
>0.25 MeV (Landauer 1986). Reports for the Luxel® dosimeters eliminated the M category
and conveyed the energy as either 0.1 MeV (PL) or >0.1 MeV (PH) with P meaning photon
exposure. The energy codes have been used to distinguish x-ray environments from those of
the high-energy photon conditions found in nuclear medicine.

Dosimetry reports also contain dose information for all dosimeters issued to a worker. If
the use of a protective apron is suspected and confirmation is needed, then the dosimetry
report will indicate whether one or two whole-body dosimeters were issued and if an HE

adjustment was made. The HE adjustment service option did not become available until 1994
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but was not commonly used until 2002 when full conversion to the Luxel® dosimetry system
was completed. Prior to 1994, reports will not clearly indicate whether a dosimeter was worn
over or under the protective apron. Landauer® has allowed customers to monitor workers with
a second dosimeter since the 1960s. The primary dosimeter was called a Type 1 Whole-Body
dosimeter and the secondary dosimeter called a Type 8 Other Whole-Body dosimeter. How-
ever, there was no indication as to where the two dosimeters were located, particularly in ref-
erence to over or under a protective apron. In general dosimeters would have been worn over
the apron but exceptions have been noted (Brateman 1989; Bushong 1989; NCRP 1989; Simon
et al. 2006). In the event two dosimeters were worn, comparison of the results can indicate the
likely location with the lesser value assumed to be under the apron. After 1994, for those
wearing two dosimeters and not subscribing to the HE calculations, the highest dose of the two
would be treated as the dose for compliance purposes responding to the problem of wearing
dosimeters in the incorrect location.

Examining dose reports may be useful when a worker exhibits an abnormally high annual
dose or an annual dose that is much different than observed for other years. Occasionally, film
dosimeters exposed to x rays could indicate an unusually large dose when the film packet was
not loaded into the dosimeter correctly. Film’s high sensitivity to x rays could cause even a
small exposure to be reported as a high dose if the film was not properly loaded. This event
causes the energy code to be H for high when one would expect a code of L.
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7. Converting Personal Monitoring 
Results to the Mean Absorbed Dose to 
the Lung and Other Organs

This section describes the steps required to translate personal monitoring results into
average or mean organ absorbed doses with a focus on the lung, brain, active bone marrow,
and other organs that the MPS may wish to examine depending on the results of its mortality
information. The steps described below assume that a cohort of medical radiation workers has
been selected from those Landauer® clients with customer codes pertaining to medical estab-
lishments where the radiological exposure scenarios described in Section 5 are believed to
exist. This cohort is expected to total ~100,000 people selected on the basis of an estimated
lifetime dose derived from the lifetime-to-date doses contained in the Landauer® database.

NCRP Report No. 178 describes the general approach recommended for the MPS to trans-
late personal monitoring results to estimate mean organ absorbed doses (NCRP 2018). The
following sections detail the steps applicable to use the information existing in the Landauer®

dosimetry database. The recommended order may need to be altered in some situations when
information may not be available or to accommodate computer program steps. A distinction
is made between the terms lifetime dose and lifetime-to-date dose. The former refers to the
summation of a worker’s dose from all employers while the latter refers to the accumulated
dose a worker received as a participant in one account. Lifetime dose requires the use of per-
sonal identifiers to link doses from multiple accounts and employers. This Commentary
focuses on occupational doses received during the practice of medicine, but some workers may
also have received doses from nonmedical employment that must be considered as part of the
entire MPS effort. In some cases, the Landauer® lifetime-to-date dose includes doses obtained
from other employers but there is no certain assurance these doses reflect an entire career.

Annual doses represent the basic dose element as different conversion coefficients must
be used depending on the year as noted in Section 6. Radiation exposure scenarios should be
assigned on an annual basis to account for changes in the radiological spectrum that may
have occurred and to account for a worker changing assignments that have different exposure
conditions. Annual doses can then be summed to establish a lifetime-to-date value for a spe-
cific account. Lifetime-to-date values from all accounts are summed to create the lifetime dose
from medical occupational exposures after making analyses as to whether doses have been
brought forward from other accounts (e.g., dose since-inception and dose prior-to-inception).

7.1 Assemble a Worker’s Sequence of Dose Accumulation

Step 1 in the establishment of a lifetime mean organ absorbed dose is the arrangement of
annual dose totals from dosimeter measurements in chronological order as shown in Table 7.1.
The inception and termination dates listed for the participant can aid in establishing this
order in addition to the years listed for annual doses. Maintaining a segregation of the annual
doses by account will aid the execution of later steps. Doses identified in the Landauer® data-
base as received prior-to-inception and since-inception originate from exposures at other
accounts and may not have arisen from the same radiation exposure scenario as that leading
to the doses while the participant was part of the account in question. Both dose types are
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TABLE 7.1—An example of a dose history log showing multiple accounts occurring in sequence with both prior-to-inception and 

since-inception doses. All doses are shown in millirem as reported historically.

Account
Number

Account
Name

Account
Zip Code

Participant 
Number

Series 
Code

Inception 
Date

Termination
Date

Year
Annual 
Dose for 

Year

Dose 
Since 

Inception

Dose 
Prior to 

Inception

1111 City Hospital 11111 333 RAD 1/1/1980 1980 100 1,000

1111 City Hospital 11111 333 RAD 1/1/1980 1981 220

1111 City Hospital 11111 333 RAD 1/1/1980 1982 50

1111 City Hospital 11111 333 RAD 1/1/1980 1983 450

1111 City Hospital 11111 333 RAD 1/1/1980 1984 500

1111 City Hospital 11111 333 RAD 1/1/1980 1985 300

1111 City Hospital 11111 333 RAD 1/1/1980 1986 420

1111 City Hospital 11111 333 RAD 1/1/1980 1987 650 250

1111 City Hospital 11111 333 RAD 1/1/1980 1988 300

1111 City Hospital 11111 333 RAD 1/1/1980 1989 240

1111 City Hospital 11111 333 RAD 1/1/1980 5/1/1990 1990 80

2222 Village Hospital 11112 10 DIA 7/1/1990 1990 60

2222 Village Hospital 11112 10 DIA 7/1/1990 1991 850

2222 Village Hospital 11112 10 DIA 7/1/1990 8/31/1992 1992 550

3333 X-Ray Imaging Patners 22222 56 DIA 10/1/1992 1992 20 1,460

3333 X-Ray Imaging Patners 22222 56 DIA 10/1/1992 1993 30

3333 X-Ray Imaging Patners 22222 56 DIA 10/1/1992 1994 50

3333 X-Ray Imaging Patners 22222 56 DIA 10/1/1992 1995 200
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provided to Landauer® by the customer based on information obtained from the worker as
required by regulation and general good radiation safety practice. Prior-to-inception doses
should be linked to the first annual dose for that account. Doses received since-inception
appear in the annual dose total and should be evaluated separately as to the most likely expo-
sure scenario.

Within each account, results should be arranged by calendar year. Although the Landauer®

database includes a running lifetime-to-date dose for an account, this value should only be
used as a check on the sum of all doses at the last year of monitoring because the life-
time-to-date dose represents that existing approximately six months after the calendar year.
The Landauer® lifetime-to-date values may represent the sum of different dose quantities
depending on the time period covered and do not consider the effects of protective aprons.
Table 7.1 shows an example dose history listing with the following situations:

• Dose of 1,000 mrem was received by the worker before starting work at City Hospital
in 1980. This dose does not appear in the annual dose for 1980 and the table does not
indicate the number of years or employers that are represented by the 1,000 mrem
dose. The value does appear as part of the lifetime-to-date total in the Landauer® data-
base.

• Dose of 250 mrem was received at another, unidentified employer after the worker
began to be monitored by City Hospital. This dose appears in the annual dose total of
650 mrem for 1987. Therefore the dose received at City Hospital (account 11111) in
1987 was 400 (650 mrem less 250 mrem).

• Worker received doses in 1990 and 1992 as a participant in two accounts but not simul-
taneously.

• 1,460 mrem dose prior-to-inception listed for account 22222 in 1992 equals the sum of
the lifetime-to-date doses for account 11112. Therefore, this dose total has been
included in the dose history from account 11112 and should not be included in the life-
time dose total for account 22222.

The handling of prior-to-inception dose poses several challenges because the origin is not
known and the risk of double counting doses exists. In contrast, omitting prior-to-inception
doses may cause a lifetime dose to be underestimated. Subjective judgment may be required
based on an account’s pattern of providing prior-to-inception doses and the relative value of
the dose compared to the lifetime-to-date from earlier periods from other accounts. Note that
at this point in the process none of the doses have been translated to Hp(10).

7.2 Assigning an Annual Dose for a Worker to a 
Radiation Exposure Scenario

A radiation exposure scenario should be associated with each annual dose. The scenario will
influence the selection of the appropriate conversion coefficient required to estimate the mean
DT. The radiation exposure scenarios described in Section 5 can be distilled into three groups:
exposure to low energy x rays when no protective aprons are assumed to be worn, exposure to
low energy x rays during fluoroscopically based procedures when protective aprons are
assumed to be worn, and exposure to high-energy gamma and x rays encountered in nuclear
medicine and radiation therapy where no protective aprons are assumed. Except for the period
after approximately 2000 when the use of the HE calculations became common, the dose values
are assumed to be that from the over-apron dosimeter. This assumption is based on a series of
letters to the editor of the Health Physics Journal (Brateman 1989; Bushong 1989), state-
ments made by NCRP in Report No. 105 (NCRP 1989), the results of questionnaires answered
by radiologic technologists (Simon et al. 2006), and the regulatory intent to monitor the head
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and lens of the eye as explained in Section 6. The possibility exists that some of the doses for
participants in the Landauer® database reflect measurements made under the protective
apron; however, the significant attenuation afforded by protective aprons will cause the mea-
sured doses to be very low thus making such cases unlikely to have been selected as part of the
cohort group.

The combination of account name, and series code is expected to indicate a probable radi-
ation exposure scenario. Situations will exist where this information is not sufficiently infor-
mative in which case examining dosimetry reports may be very useful. Dosimetry reports will
reveal the presence of two dosimeters and by comparison which was worn under or over a pro-
tective apron, the energies of the photons detected by the dosimeter, and which of the two HE

formulas were applied to the dosimeter results.
The series code must be relied on for those accounts where multiple exposure scenarios may

exist. The series codes often are mnemonic and acronymic aids that can indicate the likely sce-
narios encountered by participants associated with the series. For example, RAD, DIA, CT,
MAM, SUR, OR, and EMG refer to radiology, diagnostic, computerized tomography, mammog-
raphy, surgery, operating room, and emergency locations or departments within a hospital.
These represent areas where general diagnostic radiology should predominate. Codes CCL,
ANG, and SP have been frequently used to indicate cardiac catheterization laboratory, angi-
ography, and special procedures while NM and NUC are used for nuclear medicine labs.

Unfortunately, some facilities use less descriptive codes and it may be necessary to consult
dosimetry reports to gain greater insight. When the energy Code M or H for a dosimeter read-
ing appears in a dosimetry report, a radiation exposure scenario with high-energy photons
should be assumed. Energy codes of L indicate exposure to x rays with energies <0.1 MeV and
introduce the possibility of the use of a protective apron. A protective apron should be
assumed when the participant has dosimetry results for two dosimeters. A dosimeter type
code was used to indicate the intended purpose of the dosimeter in dosimetry reports prepared
before 1994. A Type 1 dosimeter was intended to monitor the whole body and to be the pri-
mary dose used for regulatory purposes. A Type 8 dosimeter was identified as an “other
whole-body” dosimeter and was issued for secondary purposes. When a protective apron was
used, the Type 1 dosimeter was assumed to be that worn over the apron at the collar and its
dose value should numerically be larger than the dose value from the Type 8 dosimeter that
was assumed to have been worn under the apron. The dosimetry report can be used to confirm
whether the customer acted in accordance with Landauer’s® intentions. In situations when
the dosimetry report cannot be examined, an annual dose threshold may be considered above
which the study subject should be assumed to have worn a protective apron. Study subjects
selected randomly from the lowest lifetime dose population should be treated as being exposed
to the general radiology scenario without the use of protective aprons.

The above suggestions for assigning an annual dose to an exposure scenario when neither
the series code exists nor reference to dosimetry report information is possible are based
on the relative preponderance of general radiology workers in the Landauer® database com-
pared to other medical disciplines when doses are low. For higher doses, a greater probability
exists that the doses arise from either nuclear medicine or interventional/fluoroscopic radiol-
ogy. Such cases introduce greater uncertainty because the presence of a protective apron is
possible and the energies of the two scenarios are distinctly different.

Dosimetry reports generated after 1993 replace the type code with a use code. The change
arose from a desire for codes to clearly indicate the intended location on the body where a
dosimeter should be worn. The Code WHBODY indicates “whole body” and generally refers to
a single dosimeter worn on the torso. Codes COLLAR and WAIST generally indicate the sit-
uation when a protective apron was used with the collar dosimeter worn over the apron and
the waist dosimeter worn under the apron. If an HE calculation was applied, an additional
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Code ASSIGNED would be listed indicating the result of an HE calculation and the specific
formula used. Yoder and Salasky (2016) examined the relative use and dose results of the HE

calculations used by Landauer® customers. In the process, they compiled a list of accounts and
the series containing participants that employers had identified as being eligible for the spe-
cial calculations. This list can be an additional tool for identifying those account numbers,
their series codes, and participant numbers for whom a protective apron should be assumed.

7.3 Converting an Annual Dose to Hp(10)

The conversion of an annual dose to Hp(10) depends on the radiation exposure scenario and
the year the dose was received. The year indicates the photon energy spectra believed to exist
for the assigned exposure scenario and the dose quantity measured at that time. The conver-
sion process includes a step correcting for the presence of a protective apron that is required
to assess the mean absorbed dose to the organs located in the shielded torso.

7.3.1 Converting Annual Doses Assessed Before 1984

Landauer® records of dosimeter construction and calibration reveal that all annual and life-
time-to-date dose values determined before 1984 reflect the quantity, exposure, expressed in
units of roentgen, or millirem depending on the year, as measured at the surface of the body in
accordance with guidance from NCRP and governmental regulations as discussed in Section 6.
The conversion of an exposure measurement to Hp(10) is accomplished through a series of steps
in which exposure is related to the absorbed dose in air that is subsequently related to the
absorbed dose to tissue at the surface of the body that is finally related to the absorbed dose to
tissue at a 10 mm depth in the body. Section 3 of NCRP Report No. 178 (NCRP 2018) presents
the basic information needed to make the transition from exposure to Hp(10). The conversion
may also translate the units of older quantities, rad and rem, into SI units of gray and sievert.

The absorbed dose in air, Dair, expressed in rads, is related to exposure (X), expressed as
roentgens, by the following formula (NCRP 2018):

. (7.1)

The formula to express Dair in gray is:

. (7.2)

The ratio of the mass energy absorption coefficient of tissue (en /)tissue to the mass energy
absorption coefficient of air (en /)air is used to calculate the absorbed dose in tissue, Dtissue from
Dair according to Equation 7.3:

. (7.3)

Values for the mass energy absorption coefficients have been calculated by Hubbell and
Seltzer (2004) and can be obtained electronically from the website of the National Institute of
Standards and Technology. The values of the coefficients vary with energy and must be
weighted by the relative abundance of the photon energies believed to comprise the specific
radiation exposure scenario. Values of the mass energy absorption coefficients for tissue and air
at 1 keV intervals have been estimated from the Hubbell and Seltzer data using curve-fitting
software. The results of the curve fitting were then used to compute the ratios of the mass

Dair 0.876 X=

Dair 0.876 10 2–  X=

Dtissue
 Dair en  tissue 

en  air 
-------------------------------------------=
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energy absorption coefficients in 1 keV intervals. The data were then weighted by the various
photon energy spectra assumed for the radiation exposure scenarios as outlined in Section 5.

The final step is to translate the absorbed dose to tissue at the surface of the body to that
existing at a depth of 10 mm (deep dose). The absorbed dose to tissue at the surface of the body
approximates closely Hp(0.07), the shallow-dose equivalent or skin dose. Therefore, the ratio
of the deep- to shallow-dose coefficients weighted by the appropriate energy spectra can be
used to estimate the absorbed dose to tissue at the 10 mm depth. ICRP Publication 74 (ICRP
1996) lists factors relating both Hp(10) and Hp(0.07) to air kerma for monoenergetic photon
fields incident on a slab phantom at various angles from which deep- to shallow-dose ratios
can be computed. Values of both sets of dose coefficients were estimated in 1 keV intervals
using curve-fitting software and then used to calculate the deep- to shallow-dose ratios. The
ratios were then weighted by the fractional abundance of photons comprising the various
energy spectra assumed for the radiation exposure scenarios. Table 7.2 lists the ratios of mass
energy absorption coefficients and the ratios of the deep- to shallow-dose coefficients for the
various exposure scenarios.

A protective apron with a dosimeter located over the apron at the collar is assumed for
workers assigned to the fluoroscopic and FGI radiology scenario thus an adjustment is
required to estimate the value of Hp(10) that would have existed under the apron on the chest.
Yoder and Salasky (2016) studied the relationship between the over- and under-apron dosim-
eter results in 2012 for medical staff indicated by their employers as working in FGI settings.
They examined over 65,500 pairs of monthly Landauer® Luxel+® dosimeter results and
observed a median over- to under-dose ratio of 23; however, 79 % of the paired readings had
an under-apron dose that failed to exceed 0.05 mSv and did not provide clear information
about the effective attenuation. A median over to under-apron dosimeter dose ratio of 9.2 was
observed for those instances when the under-apron dosimeter was 0.05 mSv. NCRP obtained
the data set used by Yoder and Salasky and augmented it with comparable data from 2009
and 2015. Using annual dosimeter dose totals for the over and under-apron dosimeters,
median ratios of 17 (based on 2,137 results), 19 (based on 3,614 results), and 19 (based on
2,947 results) were observed for the years 2009, 2012, and 2015, respectively. Mean ratios cal-
culated from the same data were 23, 26, and 27 for 2009, 2012, and 2015, respectively. The
over to under dosimeter ratio largely depends on the attenuation characteristics of the protec-
tive apron but also on any spatial differences in the dose rates at the locations of the dosime-
ters, differences in dosimeter performance when the dosimeters are not directed at the same
angle toward the source and from the changes in the photon energy spectrum and resultant
backscatter imparted by the apron between that experienced by the over-apron dosimeter and
that experienced by the under-apron dosimeter. The observed ratios for 2009, 2012, and 2015
suggest a composite ratio of 20 or an effective 95 % attenuation factor between an annual dose
at the collar and one on the chest under the protective apron. The lead-equivalent shielding
offered by protective aprons ranges from 0.25 to 0.5 mm attenuating 90 to 99 % of the x-ray
spectra assumed for the radiology related scenarios. Therefore, it is recommended that
dose values from dosimeters worn over the protective apron be reduced by a factor
of 20 for estimating mean organ doses to tissues located in the torso.

Table 7.3 compiles the previous information into single coefficients for the different expo-
sure scenarios applicable for annual doses measured before 1984. The value for the FGI sce-
nario includes a correction for the attenuation of the protective apron that is assumed for
exposure of organs located in the torso. No correction is necessary for unshielded body loca-
tions. Discounting the effect of protective aprons, the variation among the scenarios is not
great with a range of slightly >10 %. Therefore, when the radiation exposure scenario cannot
be determined for any specific year for a participant assumed not to have worn a protective
apron, then a general coefficient of 0.95 would be reasonable to use.
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7.3.2 Converting Annual Doses Measured Between 1984 and 1995

The quantity reflected in the annual doses measured by Landauer® dosimeters between
1984 and 1995 was the dose at a depth of 10 mm in a sphere composed of tissue equivalent
material and has been defined as the ambient dose equivalent, H*(10). Hp(10) is the dose at
a depth of 10 mm in a slab of tissue equivalent material. Therefore, the only adjustment
needed is to account for the differences in the amount of scatter existing in each phantom
shape with the slab phantom exhibiting more scatter from the extra material at the front face.
ICRP (1996) published factors relating air kerma to both H*(10) and Hp(10). The ratio of the
coefficients will indicate the adjustment needed to convert from the Landauer® reported dose
and Hp(10). Table 7.4 presents ICRP data adjusted for the weighted energy spectra for each
scenario. The same protective apron adjustment as noted in Section 7.3.1 should be used for
the FGI scenario. Dosimeter results for this scenario should be multiplied by 0.05 to
estimate Hp(10) for shielded body areas after correcting for phantom geometry.

TABLE 7.2—Ratios of mass energy absorption coefficients and of the deep- to shallow-dose 
coefficients for the various exposure scenarios.

Scenario

General radiology Weighted x-ray spectra at 
90 degree scatter angle

0.96 0.96

Fluoroscopic and FGI 
radiology

Weighted x-ray spectra at 
45 degree scatter angle (head)

0.96 0.96

Nuclear medicine before 2000 1.09 1.07

Nuclear medicine from 2000 
onwards

Mixed radionuclides including 
18F
18F only (PET departments)

1.09

1.10

1.05

1.00

Radiation therapy before 1970 1.10 1.00

Radiation therapy from 1970 
onwards

1.10 1.01

TABLE 7.3—Factors to convert Landauer® dosimeter values measured as exposure (X) to 
Hp(10) for measurements made before 1984.

Scenario
Coefficient 

Hp(10)/X (rem/R)

General radiology 0.92

Fluoroscopy and FGI procedures
Shielded organs
Unshielded organs

0.05
0.92

Nuclear medicine 1.17

Radiation therapy 1.10

 en  
tissue 

en  
air 

---------------------------------------
  Hp 10  

 Hp 0.07 
-------------------------
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7.3.3 Converting Annual Doses Measured After 1995

In 1995, Landauer® began to report dosimetry results in terms of Hp(10) following the revi-
sions to the dosimetry system performance tests used for accreditation. All doses after 1995,
except those for the FGI scenario, need no adjustment. Adjustments to annual doses received
during FGI become more difficult because an annual dose could be the result of three different
assessments. The dose value could be Hp(10) from a dosimeter worn over the protective apron,
the HE evaluated from a single dosimeter located over the apron at the collar (Equation 7.1),
or HE evaluated from two dosimeters (Equation 7.2). The customer selects the monitoring pro-
tocol. The relative adoption of each monitoring protocol has varied over the years as state
regulatory agencies began to accept the HE assessment formulas. The HE assessments signifi-
cantly reduce the numerical dose value compared to Hp(10) measured over the apron. The
Landauer® database does not indicate which of the three dose assessments were used for the
annual doses thus requiring information from other sources. Sudden reductions in the annual
doses observed for multiple participants assigned to the fluoroscopic scenario for an account
number may indicate a change in the monitoring protocol from Hp(10) to HE; however, which
HE assessment may remain uncertain.

Extensive use of the HE assessment protocols did not begin until 2000. The first examina-
tion of the relative use of the protocols was made by Yoder and Salasky (2016) for measure-
ments made in 2012. Their study identified 659,679 separate HE monitoring results with
223,919 relating to the two dosimeter protocol and 435,760 for the single dosimeter protocol.
Approximately 35 % of the dosimeter Hp(10) measurements from either protocol yielded doses
above 0.05 mSv, a surprising observation given the population had been identified by the cus-
tomer as medical staff working in the fluoroscopic setting. As noted above, the 2012 data set
has been augmented with data from 2009 and 2015. Table 7.5 presents the numbers of
accounts and participants monitored by each HE method for the three years.

Both protocols have been increasingly used in terms of the number of institutions electing
to implement HE monitoring and the number of participants monitored. The number of par-
ticipants monitored with a single dosimeter worn over the apron significantly exceeds the
number monitored with two dosimeters increasing from a ratio of 1.68 to 2.8. Several factors
influence the selection: overall cost of issuing one dosimeter compared to two, probability of
two dosimeters being incorrectly placed or used together, and the level of dose reduction

TABLE 7.4—Factors to adjust for the scatter differences between slab and spherical phantoms.

Scenario

(Sv/Gy) (Sv/Gy)

General radiology 1.64 1.55 1.04

Fluoroscopy & FGI procedures 1.64 1.55 1.04

Nuclear medicine 
Before 2000
2000 onwards (mixed radionuclides including 18F)
2000 onwards (PET departments only)

1.64
1.41
—

1.57
1.36
—

1.08
1.07
1.02

Radiation therapy
Before 1970
1970 onwards

1.17
1.33

1.17
1.28

1.01
1.03

  Hp 10  

 Kair
------------------------   H* 10  

 Kair
------------------------

  Hp 10  

  H* 10  
------------------------
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desired. Accounts usually elect to use one or the other method; although, some do use both
methods for reasons not evident in the data. The data sets from 2009, 2012, and 2015 have
enabled a list of account numbers and participant numbers, and the series codes in which the
participants are associated for each protocol. The lists can aid in determining which dose
quantity is reflected in the annual dose value as well as the series codes each account uses to
denote worker groups performing FGI procedures and thus wearing protective aprons.

Annual doses assumed to be Hp(10) values measured over the protective apron need only
be adjusted for the effect of the protective apron, that is, multiplied by 0.05. Doses believed
to be HE assessed from a single dosimeter worn over the apron should be multiplied by 0.17,
the result of reversing the HE reduction of 0.3 (Equation 6.1) and then applying the protective
apron adjustment to yield an Hp(10) value for shielded areas of the body. For unshielded areas,
the value of HE should be divided by 0.3. HE doses arising from two dosimeters become more
difficult to adjust because there are many combinations of dosimeter results that can lead to
the same HE value. Unfortunately, the formulas for estimating HE are encumbered with sig-
nificant uncertainty and it is preferable to derive a most likely value for the over-apron dosim-
eter and then adjust for the protective apron.

Yoder and Salasky (2016) noted nearly 80 % of the dosimeter results originating under the
protective apron failed to exceed the minimum detectable dose. Therefore, most HE values
derived from two dosimeters will only reflect the dose from the over-apron dosimeter that,
according to Equation 6.2, will be 4 % of the Hp(10) value measured, nearly equal to the 5 %
value that would have been applied for the attenuation of the apron. Using the same 2009,
2012, and 2015 data sets, Borrego et al. (2018) examined annual HE values for staff who rou-
tinely had positive under-apron doses (nine plus times in 12 months). They observed median
full-year HE values of 3.5, 3.4, and 2.92 mSv for 2009, 2012, and 2015, respectively. Combining
all years, a median HE dose of 3.21 mSv was determined. For comparison, median full-year HE

doses derived from all two dosimeter monitoring results were 0.36, 0.38, and 0.35 mSv for the
same years with an overall median dose of 0.37 mSv. Therefore, it may be possible to set an
annual HE threshold below which the under-apron dosimeter can be assumed to be zero and
the dose adjusted as noted earlier in this paragraph. The lower quartile values reported by
Borrego et al. (2018) were 2.27, 2.47, and 2 mSv for the three years, respectively with a value
of 2.16 mSv for all years.

As the ratio of the over to under Hp(10) dose values decreases, the relative importance of
the under-apron dosimeter increases. For example, when the under-apron dosimeter yields a
measurable value, it will account for almost 80 % of the HE assessment when the ratio is 10
compared to 55 % for a ratio of 30. At a ratio of 20, the under-apron dosimeter contribution to
HE will be 65 %. If a threshold annual HE value of 1.5 mSv is used, then the under-apron
Hp(10) dose could range from 0.56 mSv for an over to under-apron dose ratio of 30 to 0.79 mSv
for a ratio of 10. The corresponding over-apron Hp(10) values would range from 16.7 to

TABLE 7.5—The use of HE protocols for the years 2009, 2012, and 2015.

Year

Number of Accounts 
Electing to Use a 

Single Dosimeter to 
Assess HE

Number of 
Participants 

Monitored with a 
Single Dosimeter

Number of Accounts 
Electing to Use Two 
Dosimeters to Assess 

HE

Number of 
Participants 

Monitored with Two 
Dosimeters

2009 815 31,382 902 18,609

2012 1,002 56,558 922 25,163

2015 1,611 92,640 1,073 33,029
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7.9 mSv for the same ratios, respectively, and would reduce to 0.84 and 0.4 mSv after making
the adjustment for the attenuation of the protective apron. For an over to under-apron dosim-
eter dose ratio of 20 (that assumed for attenuation adjustments) the projected under and over
Hp(10) doses from an HE value of 1.5 mSv would be 0.65 and 13 mSv, respectively. For these
examples, the ratios of the under-apron Hp(10) dose to HE become 0.53, 0.43, and 0.37 for over
to under Hp(10) ratios of 10, 20 and 30, respectively. If an HE dose resulted solely from the
over-apron dosimeter, then HE should be multiplied by 1.25 to arrive at an Hp(10) dose under
the apron. This is several times the adjustment to make when HE originates from two dosim-
eters each yielding non-zero dose values. This highlights the lack of equivalency between the
two dosimeter monitoring protocols and the possible errors made in deriving an estimate of
Hp(10) under the protective apron from a value of HE. Given that the majority of under-apron
results do not exceed a zero dose, then using the 1.25 correction to HE would be appropriate
except for those annual doses that exceed a threshold value when it would be unreasonable to
assume that an under-apron dose could not be detected. A reasonable threshold would be
between 1.5 and 2 mSv. If the uncertainty becomes unacceptable for workers with large
annual doses, then dosimetry reports should be consulted to reveal the accumulated annual
doses for both the over- and under-apron dosimeters. 

It should be noted that Hp(10) doses over the apron are used to assess organ doses to the
head, lens of the eye, and other organs not shielded by the apron. The adjustments to HE to
derive the over-apron dose become:

• multiply HE by 25 when no under-apron dose is believed to have been detected or if less
than a threshold value such as 1.5 or 2 mSv; and

• multiply HE by 8.5 when an under-apron dose is believed to have been detected or if
greater than a threshold value such as 1.5 or 2 mSv.

The impact of the difficulties arising from the HE assessments will be marginalized by the
following two factors:

• period impacted spans the most recent years making it unlikely to account for a signif-
icant fraction of the lifetime dose for those with many years of exposure; and

• significant reduction in the dose created by the HE formulas reduces the chance work-
ers so monitored will be selected as members of the study cohort that focuses on those
with the highest lifetime doses.

7.3.4 Addressing Missed Dose

NCRP Report No. 178 (NCRP 2018) describes missed dose as dose a worker might have
received while wearing a dosimeter but was less than the minimum recorded, reportable or
detectable by the dosimetry system. Minimal doses are treated as zero in the accumulated
annual and lifetime doses. It has been customary for epidemiology studies to add an estimate
of the missed dose to a subject’s lifetime dose estimate — typically some fraction of the mini-
mum detectable dose integrated over the number of monitoring measurements not detecting
a dose. Adjusting for missed dose involves a number of assumptions that should reflect the
context under which a worker encountered occupational radiation environments. Those mem-
bers of the study cohort selected on the basis of having lifetime doses thought to exceed
100 mSv will have few minimal annual dose results while those randomly selected from the
population with lifetime doses <10 mSv will likely have numerous years of minimal dose.

Workers receiving doses just above, at, or just below the detection limit would be expected
to have some results being positively reported and some reported as minimal from the statis-
tical variation in the dosimetry measurement. Prior to 1998, the minimum reporting dose for

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



7.3 CONVERTING AN ANNUAL DOSE TO Hp(10)   /   71

Landauer’s® film and TLD dosimetry systems was 0.1 mSv. A worker repeatedly receiving a
dose equal to the minimum reporting dose over many monitoring periods might be expected
to have approximately half of the readings above the minimum reporting value of 0.1 mSv
and half treated as zero dose. In these cases, adjusting for missing dose would be reasonable.
In contrast, it would not be appropriate to adjust for missing dose for a worker with multiple
years of doses less than the minimum reportable value of 0.1 mSv within an account.

NCRP examined ~119,400 over-apron collar dosimeter measurements supplied by Lan-
dauer® that were made in 2009 for workers believed to be involved with fluoroscopy and FGI
procedures. The results originated from the Luxel+® dosimetry system that features reporting
in increments of 0.01 mSv. The data provide insight regarding the distribution of doses
<0.1 mSv, the reporting threshold that existed for the Landauer® dosimetry systems. Slightly
more than 98,000 or 82 % of the results failed to exceed 0.01 mSv. The percentages of the
over-apron doses ranging between 0.01 and 0.09 mSv appears in Figure 7.1. The median dose
was ~0.035 mSv and this would be a reasonable value to assume for missed dose per monitoring
period for the film and TLD dosimeters. No missed dose adjustment is recommended for dose
results from the Luxel® and Luxel+® dosimetry systems that were in use mainly after 2000.3

Adjustments for missing dose will affect those workers with the lowest lifetime doses. The
random process used to select the medical radiation worker cohort of the MPS may result in
workers possessing relatively few years of exposure as they have not had sufficient time to
accumulate much dose. As workers with low lifetime doses are not expected to yield much epi-
demiological value, the effect of missing dose adjustments may increase their dose value mar-
ginally, especially if only a few years of monitoring data have been acquired. Therefore,
missing dose adjustments may be warranted for those workers with intermediate lifetime
doses, for example 10 to 100 mSv. In these instances, annual doses <1 mSv will probably have
some monitoring periods with minimal dose, the lower the annual dose, the more minimal
results are likely.

3Yoder RC. 2019. Personal communication. Matthews (NC).

Fig. 7.1. The percentages of all over collar dosimeter readings between 0.01 and 0.09 mSv in
0.01 mSv increments.3
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Adjusting for missing dose requires an estimate of the number of monitoring results that
were less than the detection limit or minimum reportable value. Section 6 noted that moni-
toring periods have ranged from weekly to quarterly over the decades of interest to the MPS.
The guidance from Section 6 is repeated below:

• weekly monitoring before 1968;
• monthly monitoring from 1968 through 1980;
• monthly monitoring for high-dose workers (those routinely receiving annual doses

>1 mSv) from 1980 to the present; and
• quarterly monitoring for the lesser exposed workers after 1980.

When adjustment for a missing dose is deemed appropriate, the following additions to an
annual dose are suggested:

• increase each annual dose to a minimum value of 0.4 mSv (this is based on using the
median dose value of 0.035 mSv per monitoring period when most monitoring periods
for the year do not exceed 0.01 mSv); and

• add a dose equal to 0.2 mSv for annual doses that are between 0.4 and 1 mSv (this is
based on assuming that about one-half of the monitoring periods do not exceed
0.01 mSv).

7.4 Converting Annual Hp(10) Values into Estimates of 
Mean Organ Absorbed Dose

Estimates of mean organ absorbed doses should be computed from the Hp(10) doses derived
from the guidance outlined in Sections 7.2 and 7.3. Each organ of interest possesses its own
set of conversion coefficients relating Hp(10) to the mean organ absorbed dose. In addition,
some organs may have multiple coefficients for a given exposure scenario depending on
whether the organ has been shielded with protective aprons. Appendix E of NCRP Report
No. 178 (NCRP 2018) presents coefficients for monoenergetic photons relating the mean
absorbed dose for organs in the male and female bodies to Hp(10). Conversion coefficients have
been computed for 1 keV intervals using curve-fitting software to enable weighting by the
photon energy spectra derived for the radiation exposure scenarios that were also defined in
1 keV intervals. Table 7.6 summarizes the assumptions employed for each of the radiation
exposure scenarios outlined in Section 5.

The complexities imposed by the use of protective aprons has been raised multiple times
within this Commentary. The use of shields to protect the thyroid has not been a universal
practice during the years covered by the MPS. From discussions with various radiation safety
officers, thyroid shields became more commonly used during the mid-1980s as interventional
procedures and digital subtraction angiography were implemented in larger or academic hos-
pitals. As these procedures became more widely practiced, thyroid shields are believed to have
also become standard protective devices. In the absence of other information, this Commen-
tary has assumed that thyroid shields became commonplace at the same time that the HE cal-
culations were being accepted or about 1994. The effect of the thyroid shield obviously
influences the value of Hp(10) to be used for the thyroid organ dose but also that for the esoph-
agus and parts of the active bone marrow located in the cervical vertebrae. During discussions
conducted during the preparation of this Commentary, some medical health physicists
revealed concerns about the attentiveness of medical staff to properly wear protective aprons
and thyroid shields so that optimum shielding was accomplished. There is no mechanism to
determine the frequency of shoddy practices nor the magnitude of the errors in dose assess-
ments that might occur.
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The active bone marrow is distributed among various parts of the skeletal system. Simon
(2011) estimated that ~17 % of the active bone marrow residing in the bones of the head
(8.5 %), cervical vertebrae (3.7 %), thoracic vertebrae (3.9 %), and upper parts of the humeri
(1.7 %) would be unshielded by protective aprons used since 1960. Citing information from
various ICRP publications, ANSI/HPS (2018) arrived at a similar overall conclusion of 15 %
of the active bone marrow residing in body compartments of the head/neck and upper extrem-
ities. Apportioning a value of Hp(10) would ideally be based on the percent of the dose deliv-
ered to the various active bone marrow tissues. However, the conversion coefficients for the
active bone marrow do not segment the distribution of the doses into various parts of the body

TABLE 7.6—Radiation exposure scenario assumptions.

Scenario Source Description Relative Weighting 
Applied to Each Source 

(percent)

General radiology 
(x-ray exposure without 
protective aprons)

70 kV (  = 40.5 keV; HVL = 3.30 mm 
aluminum)

80 kV (  = 44.0 keV; HVL = 3.45 mm 
aluminum)

90 kV (  = 45.9 keV; HVL = 4.15 mm 
aluminum)

All spectra evaluated at an angle of 90 degrees 
from the primary beam

45

45

10

Fluoroscopy and FGI 
procedures 
(x-ray exposure with 
protective aprons)

70 kV (  = 42.2 keV; HVL = 3.52 mm 
aluminum)

80 kV (  = 45.7 keV; HVL = 3.74 mm 
aluminum)

90 kV (  = 46.9 keV; HVL = 4.33 mm 
aluminum)

Weighted spectra underneath 0.4 mm lead (  
= 62.8 keV; HVL = 9.3 mm aluminum)

All spectra evaluated at an angle of 45 degrees 
from the primary beam

35

45

20

Nuclear medicine before 
2000

99mTc [includes other radionuclides with 
similar energies (e.g., 201Tl)].

131I

95

5

Nuclear medicine since 
2000

99mTc [includes other radionuclides with 
similar energies (e.g., 201Tl)]

131I
18F
18F only for exclusively dedicated PET 

departments

70

5
25

100

Radiation therapy before 
1970

226Ra
137Cs
60Co
198Au

50
25
15
10

Radiation therapy since 
1970

192Ir
137Cs

75
25
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but provide an estimate of the mean active bone marrow dose received under generally uni-
form irradiation. Values of Hp(10) under and over a protective apron could reasonably be
assigned to the percentage of the organ shielded or unshielded. In the case of the active bone
marrow, the value for Hp(10)under could be applied to ~83 % of the organ [using the Simon
(2011) estimate] and the remainder assumed to have been irradiated to the field estimated for
the unshielded parts of the body. When a thyroid shield is believed to have been used, then
the percentages applicable for the unshielded part of the active bone marrow are reduced to
~10 %, with 90 % assumed to have been shielded. Protective shields shift the photon energy
spectrum to greater mean energies and HVLs; therefore conversion coefficients have been
calculated for those organs that could be shielded or not shielded depending on the use of a
thyroid shield. Two conversion coefficients for the active bone marrow, thyroid, and esophagus
have been computed for the scenario assuming the use of RPPE: one for when the thyroid is
shielded and one for when the thyroid is not shielded. Note that the difference is immaterial
for the active bone marrow and whether to assume the use of a thyroid shield is at the conve-
nience of the epidemiologists.

The bone surfaces are another distributed tissue that is only partly protected by protective
aprons. However, NCRP elected not to derive conversion coefficients for multiple shielding
assumptions because the area of the protected body varies with the length of the apron com-
bined with the morphology of the wearer as to how much of the skeleton is actually protected.
In addition, the arms and in particular the hands are likely to receive higher doses than that
measured on the body. Therefore, there is much uncertainty about the dose value to use for
the bone surfaces and the conversion coefficients are provided as information should later
analyses reveal an appropriate division of the measured dosimeter doses. Table 7.7 presents
the recommended coefficients to convert Hp(10) to DT for the two scenarios involving exposure
to x rays. Table 7.8 presents the recommended coefficients to convert Hp(10) to DT for the two
scenarios related to nuclear medicine while Table 7.9 presents conversion coefficients for the
two radiation therapy scenarios. Except for the heart, the organs listed represent those for
which specific tissue weighting factors were presented in ICRP Publication 118 (ICRP 2012).
The skin with a tissue weighting factor of 0.01 has been omitted because of the difficulty of
determining the mean dose to the skin. The heterogeneity of the radiation fields encountered
in medical procedures and the absence of extremity monitoring results make estimation of
skin doses highly conjectural. The heart, for which there is not a specific tissue weighting fac-
tor, is included as interest has been expressed by the MPS committee as they consider possible
evidence of cardiovascular effects of low-dose radiation exposure.

7.5 Combining Annual Hp(10) Values into 
Lifetime-to-Date and Lifetime Values

The original annual dose values retrieved from the Landauer® database and the annual
mean absorbed doses to each specific organ of interest should be summed separately for each
account to calculate lifetime-to-date doses. The lifetime-to-date doses derived from the origi-
nal annual doses can be used to judge whether prior-to-inception doses or since-inception
doses should be included in the lifetime-to-date total.

Annual doses that exceed regulatory limits or appear inconsistent with doses received in
other years should be verified through an examination of dosimetry reports. Certain situa-
tions arise in which the annual dose values may not correspond to that received by the par-
ticipant. Examples include dosimeters being exposed when not worn by the participant as
happens when a dosimeter is left attached to a lab coat or protective apron in an x-ray room,
damage to a dosimeter causing an artificially large dose as occurs when film is exposed to light
from a pinhole leak in the packet or foreign material causing spurious light when processing
TLDs, and contamination with short-lived radionuclides used in nuclear medicine. Many but
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not all these events are detected during the analysis of the dosimeters. Landauer® dosimetry
reports include messages that indicate when such situations are detected; however, Landauer®

does not unilaterally make the correction and reports the dose indicated. It seeks the cus-
tomer’s instruction as to what dose should be assumed for the monitoring period. Correction
reports are issued adjusting the errant dose and removing its effect from all accumulated dose
totals. Unfortunately, not all customers will inform Landauer® as to the correct dose to use
because they may keep independent records and not use Landauer’s® reports as evidence of
compliance with the regulations. In these instances, the annual dose in the Landauer® data-
base will not reflect any adjustment and appear unusually large in comparison to annual doses
for other years. In contrast, high exposures occur and these should be included in the lifetime
dose summations. Therefore, unusually high annual doses should be verified using dosimeter
reports. If an annual dose is excluded, then it should be replaced using an average annual dose
computed from the 1 or 2 y preceding and following the year in question.

TABLE 7.7—Organ-specific conversion coefficients (gray/sievert) relating Hp(10) to DT for 
females and males for exposure scenarios involving the use of x rays in a medical setting.

Organ

General Radiology (x-ray exposure 
without protective aprons)

Fluoroscopy and FGI Procedures (x-ray 
exposure with protective aprons)a

Female Male Female Male

Bone surfaces 0.60 0.53 0.84 0.76

Brain 0.18 0.17 0.30 0.28

Breast 0.72 0.74 0.74 0.74

Colon 0.64 0.53 0.74 0.71

Heart 0.56 0.50 0.74 0.66

Liver 0.52 0.41 0.62 0.51

Lung 0.45 0.46 0.57 0.56

Esophagus 0.50 0.37 0.50b

0.70c
0.36b

0.51c

Ovaries 0.31 — 0.46 —

Active bone 
marrow

0.48 0.43 0.67b

0.68c
0.60b

0.61c

Salivary gland 0.33 0.41 0.58 0.56

Stomach wall 0.59 0.53 0.86 0.78

Testes — 0.89 — 0.81

Thyroid 1.02 0.96 0.82b

0.89c
0.86b

0.94c

Urinary bladder 0.78 0.53 0.76 0.50

aThe value of Hp(10) is that estimated to exist under any radioprotective aprons.
bWithout thyroid protection.
cWith thyroid protection.
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The possibility exists that prior-to-inception and since-inception doses have originations in
other Landauer® accounts associated with the particular worker leading to a risk of including
annual doses multiple times in the determination of the total lifetime mean organ absorbed
dose. In contrast, the possibility exists that the doses from other non-Landauer® customers or
from Landauer® customers that do not provide information enabling a person to be linked
across multiple institutions are not reflected and should be included in the total lifetime dose.
Prior-to-inception doses associated with a worker’s earliest annual dose should be included in
the lifetime-to-date dose because there is no earlier source of annual dose information that
could create a duplication.

Since-inception doses appear in the annual dose total for the year of entry. It is unlikely
the source can be identified from other accounts because the since-inception dose may only
include part-year data making it difficult to compare with full-year dose values. Since-incep-
tion doses tend to be small values and their inclusion is not expected to create significant over-
statements of the lifetime dose. Therefore, annual doses for which since-inception doses
contribute a small proportion should be treated as if the entire annual dose was received

TABLE 7.8—Conversion coefficients (gray/sievert) relating Hp(10) to DT for females and males 
for exposure scenarios involving nuclear medicine procedures.

Organ

Nuclear Medicine
Before 2000

Nuclear Medicine
from 2000 Onwards

Female Male

Female Male

Multiple
Radionuclides

PET
Only

Multiple
Radionuclides

PET
Only

Bone surfaces 0.74 0.71 0.74 0.76 0.71 0.74

Brain 0.46 0.44 0.50 0.60 0.48 0.59

Breast 0.90 0.90 0.92 0.98 0.92 0.99

Colon 0.85 0.78 0.86 0.88 0.79 0.82

Heart 0.80 0.78 0.81 0.84 0.79 0.82

Liver 0.77 0.70 0.78 0.8 0.70 0.74

Lung 0.69 0.72 0.71 0.76 0.74 0.79

Esophagus 0.80 0.68 0.81 0.82 0.70 0.76

Ovaries 0.68 — 0.70 0.74 — —

Active bone 
marrow

0.71 0.67 0.71 0.73 0.68 0.70

Salivary gland 0.60 0.64 0.64 0.75 0.68 0.79

Stomach wall 0.82 0.79 0.82 0.84 0.80 0.82

Testes — 0.94 — — 0.94 0.95

Thyroid 1.01 1.00 1.00 1.00 1.00 1.00

Urinary 
bladder

0.95 0.85 0.95 0.94 0.85 0.86
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under the exposure scenario determined for the participant by the account making the since-
inception dose entry.

Doses received before 1977 appear in the Landauer® lifetime-to-date dose value for 1977.
As noted repeatedly, the 1977 lifetime-to-date value includes dose received during the first
half of 1978. If the annual dose for 1978 is not large, the estimate for doses received prior to
1977 can be calculated by subtracting the 1977 annual dose from the 1977 lifetime-to-date
dose. If the 1978 dose is relatively large, then the doses received prior to 1977 can be calcu-
lated by subtracting the sum of the annual doses from the final lifetime-to-date dose. Unless
research examining dosimetry reports for years before 1977 is performed, the exposure sce-
nario determined for 1977 should be applied to the doses received before 1977.

The lifetime mean organ absorbed dose equals the sum of the adjusted lifetime-to-date
doses for each account in which a specific study subject appears as a participant. A range of
dose values can be estimated based on altering the decisions to include or exclude prior-to-
inception, since-inception doses, or annual doses that have been highlighted as questionable.

TABLE 7.9—Conversion coefficients (gray/sievert) relating Hp(10) to DT for females and males 
for exposure scenarios involving radiation therapy, primarily brachytherapy.

Organ
Radiation Therapy Before 1970 Radiation Therapy from 1970 Onwards

Female Male Female Male

Bone surfaces 0.78 0.77 0.75 0.73

Brain 0.64 0.63 0.58 0.57

Breast 0.98 0.99 0.97 0.98

Colon 0.89 0.84 0.87 0.81

Heart 0.85 0.84 0.83 0.81

Liver 0.82 0.76 0.80 0.73

Lung 0.79 0.82 0.75 0.78

Esophagus 0.84 0.79 0.82 0.75

Ovaries 0.77 — 0.73 —

Active bone 
marrow

0.75 0.73 0.72 0.69

Salivary gland 0.78 0.82 0.73 0.77

Stomach wall 0.86 0.84 0.84 0.81

Testes — 0.95 — 0.94

Thyroid 1.01 1.00 1.00 1.00

Urinary bladder 0.95 0.88 0.94 0.86
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8. Dependence of Conversion 
Coefficients on Radiation Exposure 
Scenario Assumptions

Section 4 identified the effect of photon energy on conversion coefficients. The radiation
exposure scenario assumptions regarding the radiation sources and the resultant photon
energy spectra described in Section 5 represent composite or weighted spectra believed to
encompass the range of energies responsible for most of the measurable doses received by
medical radiation workers. Medical staff will likely have been exposed to spectra that differ
from the composite spectra and which imparts one of many elements of uncertainty. The
impacts of assumptions about the photon energy spectra on the recommended conversion coef-
ficient relating measured values of Hp(10) (millisievert) to DT (milligray) are examined in the
following analyses. The analyses provide insight about the possible range of the conversion
coefficients if different assumptions had been made. In addition, some of the information may
prove useful for deriving alternate dose coefficients should more detailed information become
available than that discernible from the Landauer® database. This section is not intended to
be an extensive treatment of all uncertainties regarding the doses that any one study subject
might have actually received. Other NCRP reports have more thoroughly identified the types
and sources of uncertainty encountered during dose reconstructions applicable for all worker
cohorts involved in the MPS (NCRP 2007, 2018). This section addresses some of the dosimetry
considerations unique to the medical radiation worker cohort.

NCRP was charged to develop detailed methodology as presented in NCRP Report No. 178
(NCRP 2018) to derive mean absorbed doses for the lung, brain, and other organs. These
organs have been identified as important to certain sponsors of the MPS; however, informa-
tion has been provided for all organs with specific tissue weighting factors. Once the basic
radiation conditions have been defined, it becomes a straightforward mathematical process
to calculate conversion coefficients for multiple organs.

8.1 Influence of X-Ray Energy Spectra Assumptions

For this Commentary, NCRP derived model scattered x-ray spectra at increments of 1 keV
generated at peak voltages of 70, 80, and 90 kV. These spectra approximated the mean photon
energies and HVL measured by Marshall et al. (1996) and Fehrenbacher et al. (1997). These
three model scatter spectra were weighted to provide a composite spectrum believed to
encompass the range of x-ray exposure conditions that create the highest doses. Marshall
et al. (1996) reported that the mean photon energy for the scattered spectra was not very dif-
ferent from the mean photon energy of the primary spectra generated by the x-ray unit. Based
on this observation, Simon (2011) chose to base conversion coefficients relating air kerma to
mean organ dose using the mean primary photon energy. This decision caused NCRP to com-
pare its recommended conversion coefficients with alternate coefficients derived from alter-
nate approaches, namely using mean photon energies and HVL based effective photon
energies instead of detailed energy spectra. The effective photon energy of a HVL, also some-
times called the equivalent energy, is taken as a monoenergetic photon that would have the
same HVL as the first HVL of the poly-energetic spectra. Table 8.1 through Table 8.3 compare
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conversion coefficients, DT /Hp(10) (milligray/millisievert), for the derived scatter spectra and
the incident x-ray spectra using the mean photon energy and effective energy for several
organs in the female and male bodies.

The effect of the different energy specifications is most evident for the brain. Focusing on
the incident spectra data, using the HVL (effective photon energy) reduces the value of the
conversion coefficient by a factor of two for the incident 80 and 90 kV peak generating voltage
conditions and by a factor of three for the 70 kV condition. The HVL specification causes a
lower energy compared to the model and the mean photon specifications. The lower energy
value causes the bone structures encompassing the brain to impart a greater attenuating
effect due in part to the increased density of bone and its higher effective atomic number com-
pared to the soft tissues. The conversion coefficient doubles as the energy increases from 30.7
to 34.4 keV demonstrating the rapid change with energy. A similar situation can be observed
for the HVL data for the scattered spectra. The use of the mean photon energy increases the
energy value thus increasing the conversion coefficient.

Compared to the model spectra, the use of the mean photon energy for the incident and
scatter spectra causes less than a 5 % change in the conversion coefficient for the brain. The
active bone marrow also exhibits a meaningful dependence on whether the effective or mean
energy is used. In contrast to the brain and active bone marrow, the conversion coefficients
for the breast and thyroid vary little with how the spectra are specified. The colon and lung
display approximately a 15 to 25 % effect with the HVL conversion coefficients being less than
the reference scatter spectra and the mean photon energy specification. In conclusion, the
method to define the energy of the radiological conditions influences the value of the conver-
sion coefficients for many organs, particularly those organs enclosed by bone.

The conversion coefficients for all organs derived for the model scatter spectra increase by
~10 % or less as the peak generating kilovoltage increases from 70 to 90 kV. This same pat-
tern is seen for the conversion coefficients determined using the mean photon energy. There-
fore, the weighting of the different proportions of the three x-ray conditions used to derive the
recommended conversion coefficients listed in Section 7, should be considered more of a
refinement than a critical determinant for the x-ray exposure scenarios.

No specific conversion coefficients were assessed for CT because no appropriate studies
were identified that examined the photon energy spectra at locations where medical staff
might reside during CT operation. Most CT spectra research has examined the characteristics
of the primary beam as the focus frequently has been on assessing patient organ and effective
doses. Those studies that looked at scatter tended to confine the area of interest to that adja-
cent to the primary beam and used a fixed x-ray tube configuration as opposed to a rotating
tube. Other studies have focused on room shielding calculations where the interest is on HVL
of shielding required to reduce air kerma or dose rates in occupied areas.

CT technology has evolved greatly over the past 20 y and includes multi-slice and multide-
tector-row machines. The filtration of the narrow CT beam now involves bow-tie shaped filters
that impart more complex spectral variations in space. In addition, the rotating aspect of the
x-ray generator creates an array of scatter angles. Scatter angle was shown in Section 5 to
affect the spectrum in traditional x-ray imaging. CT units typically operate at higher peak
generating voltages with 120 kV often being cited as a common setting. Such peak voltages
will create higher mean photon energies in the primary beam compared to those assumed in
Section 5. Kim et al. (2012) measured and calculated mean photon energies from two manu-
facturers of multi-detector CT machines operated at 120 kV. They observed mean energies
ranging from ~59 to 65 keV depending on the filter configuration and manufacturer. Birch
et al. (1979) assessed mean photon energy from CT units in use at that time ranging from 56
to 70 keV depending on the filtration. The mean energy of the scatter spectra from these con-
ditions is expected to be less than that of the primary energy due to higher proportionate
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TABLE 8.1—Comparison of organ-specific conversion coefficients (gray/sievert) for females and males evaluated using different 

descriptors of a photon spectra generated at a peak voltage of 70 kV with 3 mm of aluminum filtration.

Organ

Model Scatter 
Spectrum at 90 Degree 

Scatter Angle

Mean Photon Energy 
Equal to 40 keV for 
Incident Spectrum

Effective Energy of 
30.7 keV for HVL 
Equal to 2.42 mm 

Aluminum for Incident 
Spectrum

Mean Photon Energy 
Equal to 40.5 keV for 
Scattered Spectrum

Effective Energy of 
34.9 keV for HVL 
Equal to 3.30 mm 

Aluminum for 
Scattered Spectrum

Female Male Female Male Female Male Female Male Female Male

Bone surfaces 0.58 0.51 0.61 0.54 0.37 0.32 0.61 0.54 0.49 0.42

Brain 0.17 0.16 0.17 0.15 0.07 0.06 0.17 0.15 0.11 0.10

Breast 0.72 0.74 0.71 0.73 0.71 0.75 0.71 0.73 0.70 0.73

Colon 0.62 0.51 0.64 0.54 0.48 0.36 0.64 0.54 0.56 0.44

Heart 0.54 0.48 0.56 0.51 0.36 0.31 0.57 0.51 0.46 0.41

Liver 0.50 0.39 0.52 0.40 0.34 0.23 0.52 0.40 0.43 0.31

Lung 0.43 0.44 0.46 0.46 0.29 0.30 0.46 0.46 0.37 0.38

Esophagus 0.47 0.35 0.50 0.36 0.29 0.22 0.50 0.36 0.39 0.29

Ovaries 0.28 — 0.28 — 0.12 — 0.28 — 0.19 —

Active bone marrow 0.46 0.40 0.48 0.42 0.28 0.24 0.48 0.42 0.37 0.32

Salivary gland 0.31 0.40 0.32 0.41 0.22 0.32 0.32 0.41 0.27 0.37

Stomach wall 0.57 0.50 0.60 0.53 0.42 0.34 0.60 0.53 0.51 0.43

Testes — 0.88 — 0.91 — 0.79 — 0.91 — 0.86

Thyroid 1.01 0.95 1.05 0.98 0.92 0.85 1.05 0.98 0.99 0.92

Urinary bladder 0.76 0.50 0.78 0.53 0.65 0.30 0.78 0.53 0.72 0.72

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



8.1 IN
F

L
U

E
N

C
E

 O
F

 X
-R

A
Y

 E
N

E
R

G
Y

 S
P

E
C

T
R

A
 A

S
S

U
M

P
T

IO
N

S   /   81

TABLE 8.2—Comparison of organ-specific conversion coefficients (gray/sievert) for females and males evaluated using different 
descriptors of a photon spectra generated at a peak voltage of 80 kV with 3 mm of aluminum filtration.

Organ

Model Scatter 
Spectrum at 90 Degree 

Scatter Angle

Mean Photon Energy 
Equal to 43.7 keV for 

Incident Spectrum

Effective Energy of 
33.6 keV for HVL 
Equal to 3.03 mm 

Aluminum for Incident 
Spectrum

Mean Photon Energy 
Equal to 44 keV for 
Scattered Spectrum

Effective Energy of 
35.5 keV for HVL 
Equal to 3.45 mm 

Aluminum for 
Scattered Spectrum

Female Male Female Male Female Male Female Male Female Male

Bone surfaces 0.61 0.54 0.69 0.62 0.46 0.40 0.69 0.62 0.51 0.45

Brain 0.19 0.18 0.21 0.2 0.10 0.09 0.21 0.2 0.12 0.11

Breast 0.73 0.75 0.72 0.73 0.70 0.74 0.72 0.73 0.70 0.73

Colon 0.64 0.54 0.69 0.59 0.54 0.42 0.69 0.59 0.58 0.46

Heart 0.57 0.52 0.62 0.56 0.44 0.38 0.62 0.56 0.48 0.42

Liver 0.53 0.42 0.58 0.46 0.41 0.29 0.58 0.46 0.45 0.33

Lung 0.46 0.46 0.51 0.51 0.35 0.36 0.51 0.51 0.39 0.40

Esophagus 0.51 0.38 0.57 0.41 0.36 0.27 0.57 0.41 0.41 0.30

Ovaries 0.32 — 0.35 — 0.17 — 0.35 — 0.20 —

Active bone marrow 0.50 0.44 0.55 0.48 0.34 0.29 0.55 0.48 0.39 0.33

Salivary gland 0.34 0.41 0.36 0.43 0.26 0.36 0.36 0.43 0.28 0.38

Stomach wall 0.6 0.54 0.66 0.59 0.49 0.41 0.66 0.59 0.53 0.45

Testes — 0.89 — 0.94 — 0.84 — 0.94 — 0.87

Thyroid 1.02 0.96 1.08 1.01 0.98 0.90 1.08 1.01 1.01 0.93

Urinary bladder 0.78 0.54 0.82 0.60 0.70 0.38 0.82 0.60 0.73 0.43
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TABLE 8.3—Comparison of organ-specific conversion coefficients (gray/sievert) for females and males evaluated using different 

descriptors of a photon spectra generated at a peak voltage of 90 kV with 3 mm of aluminum filtration.

Organ

Model Scatter 
Spectrum at 90 Degree 

Scatter Angle

Mean Photon Energy 
Equal to 47 keV for 
Incident Spectrum

Effective Energy of 
35.4 keV for HVL 
Equal to 3.43 mm 

Aluminum for Incident 
Spectrum

Mean Photon Energy 
Equal to 45.9 keV for 
Scattered Spectrum

Effective Energy of 
38.5 keV for HVL 
Equal to 4.15 mm 

Aluminum for 
Scattered Spectrum

Female Male Female Male Female Male Female Male Female Male

Bone surfaces 0.65 0.58 0.74 0.66 0.51 0.45 0.72 0.65 0.51 0.50

Brain 0.21 0.20 0.24 0.22 0.12 0.11 0.23 0.21 0.15 0.13

Breast 0.73 0.74 0.72 0.73 0.70 0.73 0.72 0.73 0.71 0.73

Colon 0.67 0.57 0.72 0.63 0.58 0.46 0.71 0.62 0.62 0.51

Heart 0.60 0.55 0.66 0.61 0.48 0.42 0.65 0.59 0.54 0.48

Liver 0.56 0.45 0.62 0.50 0.45 0.33 0.61 0.49 0.49 0.37

Lung 0.49 0.49 0.54 0.54 0.39 0.40 0.53 0.53 0.43 0.43

Esophagus 0.55 0.41 0.61 0.45 0.41 0.30 0.60 0.44 0.46 0.34

Ovaries 0.35 — 0.40 — 0.20 — 0.38 — 0.25 —

Active bone marrow 0.53 0.47 0.60 0.53 0.39 0.33 0.58 0.52 0.43 0.38

Salivary gland 0.35 0.43 0.38 0.45 0.28 0.38 0.38 0.44 0.30 0.39

Stomach wall 0.63 0.57 0.69 0.63 0.53 0.45 0.68 0.62 0.57 0.50

Testes — 0.91 — 0.95 — 0.87 — 0.95 — 0.89

Thyroid 1.04 0.98 1.09 1.03 1.01 0.93 1.08 1.02 1.03 0.96

Urinary bladder 0.81 0.58 0.85 0.65 0.73 0.43 0.84 0.64 0.76 0.48
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energy losses from Compton scattering and from multiple scattering events required to
expose the operator. As noted earlier, as the photon energy increases the proportion of energy
lost to the Compton electron increases causing a corresponding decrease in the energy of the
scattered photon (Evans 1968). Fehrenbacher et al. (1997) observed that the mean photon
energy of the scattered beam became less at larger angles than that of the primary beam as
the peak generating voltage exceeded 90 kV. Therefore, the mean photon energies from CT
scatter spectra at a distance from the machine are likely to range between 50 and 60 keV and
may be less if multiple scattering events are considered, in which case the conversion coeffi-
cients for the FGI scenario should suffice. Table 8.4 presents conversion coefficients for 50, 55,
and 60 keV photons and indicates that for most organs, the precision of defining the energy
spectrum is not materially important, except for the ovaries for the female and, not surpris-
ingly, for the brain in both sexes where the difference exceeds 20 %.

8.2 Influence of Nuclear Medicine Source Assumptions

The dominant energies anticipated to contribute most to the measurable doses in nuclear
medicine range from 0.1 to 0.511 MeV. Table 8.5 lists conversion coefficients for photon ener-
gies at these two boundaries as well as an intermediate energy (0.25 MeV). For comparison,

TABLE 8.4—Organ-specific conversion coefficients DT/Hp(10) (gray/sievert), for photon 
energies of 50, 55, and 60 keV.

Organ

50 keV
[DT/Hp(10)]

55 keV
[DT/Hp(10)]

60 keV
[DT/Hp(10)]

Female Male Female Male Female Male

Bone surfaces 0.77 0.69 0.80 0.72 0.82 0.74

Brain 0.27 0.25 0.30 0.28 0.33 0.31

Breast 0.73 0.74 0.75 0.75 0.76 0.76

Colon 0.75 0.66 0.78 0.69 0.80 0.72

Heart 0.69 0.64 0.73 0.68 0.75 0.71

Liver 0.65 0.54 0.69 0.58 0.71 0.61

Lung 0.57 0.56 0.60 0.59 0.62 0.62

Esophagus 0.65 0.48 0.69 0.52 0.73 0.55

Ovaries 0.44 — 0.49 — 0.54 —

Active bone 
marrow

0.64 0.57 0.69 0.62 0.72 0.65

Salivary gland 0.41 0.46 0.43 0.49 0.46 0.50

Stomach wall 0.71 0.66 0.75 0.70 0.77 0.73

Testes — 0.96 — 0.97 — 0.98

Thyroid 1.09 1.04 1.10 1.05 1.09 1.06

Urinary bladder 0.87 0.69 0.90 0.74 0.92 0.77
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TABLE 8.5—Organ-specific conversion coefficients, DT/Hp(10) (gray/sievert), for the AP irradiation geometry for selected energies 

encompassing the range of energies expected in nuclear medicine.

Organ

0.1 MeV
[DT/Hp(10)]

0.25 MeV
[DT/Hp(10)]

0.511 MeV
[DT/Hp(10)]

Suggested Using Weighted 
Sources After Year 2000

Female Male Female Male Female Male Female Male

Bone surfaces 0.78 0.73 0.71 0.70 0.76 0.74 0.74 0.71

Brain 0.42 0.40 0.52 0.51 0.61 0.59 0.50 0.48

Breast 0.86 0.85 0.95 0.96 0.98 0.99 0.92 0.92

Colon 0.86 0.77 0.85 0.79 0.88 0.82 0.86 0.79

Heart 0.80 0.78 0.81 0.79 0.84 0.82 0.80 0.79

Liver 0.77 0.69 0.77 0.70 0.81 0.74 0.78 0.71

Lung 0.68 0.69 0.72 0.75 0.77 0.80 0.71 0.74

Oesophagus 0.80 0.66 0.80 0.71 0.82 0.76 0.81 0.70

Ovaries 0.65 — 0.70 — 0.74 — 0.70 —

Active bone marrow 0.75 0.69 0.69 0.66 0.73 0.70 0.71 0.68

Salivary gland 0.55 0.59 0.67 0.71 0.75 0.79 0.64 0.67

Stomach wall 0.81 0.79 0.82 0.80 0.84 0.82 0.82 0.80

Testes — 0.96 — 0.94 — 0.95 — 0.94

Thyroid 1.04 1.03 1.00 0.99 1.00 1.00 1.00 1.00

Urinary bladder 0.96 0.85 0.93 0.85 0.94 0.87 0.95 0.85
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the conversion coefficients recommended in Section 7 for the period after 2000 are repro-
duced. Except for the brain, the influence on the conversion coefficients of precisely defining
the energy spectra within nuclear medicine is not great. The other lesser used radionuclides
emit photons within the boundaries presented in the table and thus organ doses arising from
these other radionuclides should be adequately reflected in the suggested conversion coeffi-
cients. The lower energy of 0.1 MeV is based on Compton scatter photons originating from tis-
sue interactions with the 0.14 MeV photons from 99mTc and other radionuclides emitting
similar photon energies.

8.3 Influence of Radiation Therapy Source Assumptions

The range of photon energies encountered in radiation therapy is more extensive than that
existing in nuclear medicine. The energies that might have been present range from
~0.1 MeV to several megaelectron volts depending on the mix of radiation sources. Focusing
on brachytherapy sources, the period before 1970 was likely to be dominated by higher energy
sources such as 226Ra and 60Co that were subsequently replaced by 137Cs and 192Ir. Table 8.6
lists conversion coefficients for each of the primary sources used in the derivation of the rec-
ommended coefficients present in Section 7. The photon emissions for 226Ra were taken from
an evaluation made by Chiste et al. (2008). As with the other exposure scenarios, the conver-
sion coefficient for the brain exhibits the greatest sensitivity to changes in sources compared
to the other organs. The relative change for the brain is less than that for nuclear medicine
and radiology due to the higher photon energies associated with the brachytherapy sources.
The relative consistency among the conversion coefficients for each organ minimizes the
importance of the weighting given to each source or other unlisted sources emitting photons
predominantly between 0.2 and 2 MeV.
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TABLE 8.6—Organ-specific conversion coefficients, DT/Hp(10) (gray/sievert) in the AP irradiation geometry for common sources 

used for brachytherapy.

Organ

198Au 137Cs 60Co 192Ir 226Ra

Female Male Female Male Female Male Female Male Female Male

Bone surfaces 0.72 0.74 0.76 0.78 0.82 0.83 0.72 0.73 0.77 0.78

Brain 0.57 0.58 0.63 0.64 0.71 0.72 0.55 0.56 0.63 0.64

Breast 0.98 0.97 0.99 0.99 0.99 0.98 0.98 0.96 0.98 0.97

Colon 0.81 0.87 0.83 0.89 0.87 0.90 0.80 0.87 0.83 0.88

Heart 0.81 0.83 0.83 0.85 0.86 0.88 0.80 0.82 0.83 0.85

Liver 0.73 0.79 0.76 0.82 0.80 0.86 0.72 0.79 0.76 0.82

Lung 0.78 0.75 0.82 0.79 0.86 0.84 0.77 0.70 0.81 0.79

Esophagus 0.74 0.81 0.78 0.83 0.83 0.87 0.74 0.81 0.78 0.84

Ovaries 0.73 — 0.76 — 0.82 — 0.72 — 0.77 —

Active bone marrow 0.68 0.71 0.72 0.75 0.78 0.80 0.68 0.71 0.72 0.75

Salivary gland 0.77 0.73 0.82 0.73 0.87 0.84 0.75 0.71 0.81 0.77

Stomach wall 0.81 0.83 0.83 0.86 0.86 0.89 0.81 0.83 0.83 0.86

Testes — 0.95 — 0.95 — 0.95 — 0.94 — 0.95

Thyroid 1.00 1.00 1.00 1.01 0.99 1.01 0.99 1.00 0.99 1.01

Urinary bladder 0.86 0.94 0.88 0.95 0.90 0.96 0.86 0.94 0.88 0.95
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9. Summary and Conclusions

The population of medical radiation workers features a large component of female workers
from which the MPS can examine sex differences in radiation mortality risk. The sex related
differences in lung cancer risk between males and females (females having an approximate
three times higher risk) seen in the atomic-bomb survivor data has caused NASA to focus
attention on its risk policies for female astronauts that may experience extended times in
space, especially for any possible flights to Mars. Consequently, NASA requested NCRP
develop specific guidance for using the results of personal monitoring of medical radiation
workers to estimate the mean or average DLung for use with the MPS epidemiological program.
The guidance presented in this Commentary combined with the information presented in
NCRP Report No. 178 (NCRP 2018) enable estimates of the mean absorbed doses to the lung
and other organs to be derived from personal monitoring results.

This Commentary presents sets of conversion coefficients applicable for medical radiation
workers that relate the quantity, personal dose equivalent [Hp(10)] usually expressed in units
of millisievert, to the mean absorbed dose to an organ or tissue, DT, expressed in units of mil-
ligray. Conversion coefficients have been developed for four primary radiation exposure sce-
narios all characterized by exposure to x and gamma rays (photons):

• general radiography;
• fluoroscopically based imaging and FGI procedures when protective aprons are uti-

lized;
• nuclear medicine; and
• brachytherapy procedures associated with radiation therapy.

The conversion coefficients relating Hp(10) to DT for an organ depend on estimates of the
photon radiation energies exposing the worker, the physical orientation between the worker
and the radiation source (irradiation geometry), the use of protective shielding and other spa-
tial variations that impart uneven irradiation of the body, and the sex of the worker for which
morphological differences between males and females can be important for certain organs of
interest. Six radiation exposure scenarios have been defined for medical radiation workers
based on a general level of commonality among these factors:

• exposure to x rays with very little to no use of protective aprons (termed general radiol-
ogy);

• exposure to x rays with universal or extensive use of protective aprons (termed fluoros-
copy and FGI procedures);

• exposure during the conduct of nuclear medicine related activities before 2000;
• exposure during the conduct of nuclear medicine related activities since 2000;
• exposure during administration of radiation therapy to patients before 1970; and
• exposure during administration of radiation therapy to patients since 1970.

The year 2000 represents a reasonable demarcation when PET began to materially impact
the magnitude of worker doses involved with nuclear medicine-based imaging procedures. The
year 1970 represents a similar demarcation in the shift from LDR to HDR brachytherapy and
the resultant use of new radionuclide sources. Exposure to the very high energies employed
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for teletherapy were not thought to create meaningful staff doses due to isolation of the radi-
ation sources in well-shielded vaults from which staff are barred entry during patient irradi-
ation; thus the focus of the radiation therapy exposure scenarios is on brachytherapy.

Hp(10) is derived from measurements made by personal monitoring dosimeters worn by the
workers during their exposure to radiation. Several radiation quantities have been employed
to measure worker doses during the time spanning many of the medical worker careers. The
quantities include exposure defined as a measurement in air (originally called roentgen and
also expressed in units of roentgen), the individual dose equivalent defined as a measurement
at a point 10 mm depth in a sphere of tissue equivalent material (expressed in units of rem or
sievert), and the personal dose equivalent defined at a point 10 mm depth in a slab of tissue
equivalent material [abbreviated as Hp(10) and also expressed in units of rem or sievert]. The
changes in the measured quantities reflect the evolution of radiation protection philosophy.
The numerical values of the different quantities do not differ greatly for the same exposure
condition but optimum dosimetry is accomplished by converting all measurements to Hp(10)
thereby standardizing the use of the conversion coefficients for an organ.

The dosimetric challenge becomes using dose values measured outside the protective
apron to predict the Hp(10) dose value that would exist underneath the apron on the torso.
This relationship is influenced by numerous variables including:

• attenuating effect of different lead-equivalent thicknesses and designs of protective
aprons used by workers;

• uncertainty about whether thyroid shields were used and properly worn;
• spatial differences in dose rate that exist between the location of dosimeters and the

organs of interest;
• variation in wearing location of dosimeters; and
• shift toward greater average energies of the x-ray spectrum imparted by the protective

apron.

An additional complication arises from the use of protective aprons when attention
becomes focused on the active bone marrow and other tissues widely distributed in the body.
Most of the active bone marrow will be shielded but perhaps as much as 15 % of the marrow
will be unshielded due to marrow being present in the head and neck skeletal structures. The
mean absorbed dose to the entire tissue becomes more difficult to estimate. The dose to the
neck area is influenced by the presence of thyroid shields whose use has not always been cer-
tain during the 50 y period under study. Therefore, the dose to the unshielded active bone mar-
row becomes more conjectural compared to the doses to organs completely located in the torso.
Given these dosimetry challenges, conversion coefficients have been determined and pre-
sented in this Commentary for all the organs for which ICRP has most recently recommended
specific tissue weighting factors (wT) for each of the scenarios for each sex (ICRP 2007).

The large number of medical establishments using radiation; the propensity for medical
staff to work for numerous medical establishments, sometimes concurrently and sometimes
successively; along with the absence of national dose registries for medical workers that exist
for nuclear power plant workers and others, demands the use of private databases to capture
medical radiation worker doses. Few databases exist in electronic formats covering the many
decades of dose results a worker may accumulate. The Landauer® database for all its uncer-
tainties offers the most extensive and consistent set of data available from which to under-
stand both the dose levels and radiation risks incurred by large numbers of medical workers
in the United States.

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



89

Abbreviations and Acronyms

ANSI American National Standards Institute

AP anterior to posterior

CT computed tomography

d depth

Dair absorbed dose in air

DIA series code abbreviation for diagnostic

DLung absorbed dose to the lung

DT absorbed dose to an organ or tissue

FGI fluoroscopically guided interventional (procedure)

FRC Federal Radiation Council

HDR high dose rate

HE effective dose equivalent

Hp(0.07) dose equivalent at a depth of 0.07 mm in the body (millisievert) (shallow-dose 

equivalent)

Hp(10) dose equivalent at a depth of 10 mm in the body (millisievert) (deep-dose 

equivalent)

HVL half-value layer

ISO isotropic

LDR low dose rate

LET linear-energy transfer

LLAT left lateral

MIRD Medical Internal Radiation Dose (phantom)

MPS Million Person Study of Radiation Workers and Veterans

OSL optically stimulated luminescence

PA posterior to anterior

PET positron emission tomography

RAD series code abbreviation for radiology

RBE relative biological effectiveness

RLAT right lateral

ROT rotational

RPPE radiation personal protective equipment

TLD thermoluminescent dosimeter
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Glossary

absorbed dose (D): The mean energy d imparted to matter of mass dm by ionizing radiation at the
point of interest. In the Système International d’Unités (SI), the unit of absorbed dose is J kg–1

with the special name gray (Gy).
accelerator: A device that accelerates charged particles (e.g., protons, electrons) to high speed in

order to produce ionization or nuclear reactions in a target; often used for the production of certain
radionuclides or directly for radiation therapy. The cyclotron and the linear accelerator are types of
accelerators.

ambient dose equivalent [H*(d)]: The dose equivalent that would be produced by the correspond-
ing aligned and expanded field, in the International Commission on Radiation Units and Measure-
ments sphere at a depth, d, on the radius opposing the direction of the aligned field.

angiography: The radiographic visualization of blood vessels following introduction of contrast
material.

annual dose: The organ dose received in a given calendar year. For external sources, the organ dose
received in that year. For internal sources, the organ dose received in that year from that year’s
intake and from all previous years’ intakes.

attenuation: The reduction of radiation intensity upon passage of radiation through matter.
background radiation: (see ubiquitous background radiation).
beam: A flow of electromagnetic or particulate radiation that is either (1) collimated and generally

unidirectional or (2) divergent from a small source but restricted to a small-solid angle (charged-
particle beam, radiation beam).

beta particle: An energetic electron emitted spontaneously from nuclei in the decay of many radio-
nuclides.

bias: Tendency for an estimate to over- or underpredict an actual event.
brachytherapy: A method of radiation therapy in which an encapsulated source is utilized to deliver

photons or beta particles to a treatment site at a distance up to a few centimeters from a surface,
intracavitary, or interstitial applicator.

cancer: A general term for more than 100 diseases characterized by abnormal cells and altered con-
trol of proliferation of malignant cells.

charged particle: An atomic or subatomic quantity of matter (e.g., electron, proton, alpha particle,
ionized atom) having a net positive or negative electrical charge of one or more elementary units of
charge.

committed dose equivalent (ICRP 1977): The dose equivalent that will be accumulated in a given
organ or tissue over a period of 50 y, considered a working lifetime, after an intake of radioactive
material.

committed effective dose equivalent (NRC 1991): The sum of the products of the committed dose
equivalents (over a period of 50 y for workers) for each of the body organs or tissues that are irradi-
ated multiplied by the weighting factors (wT) applicable to each of those organs or tissues.

committed equivalent dose (ICRP 1991): The equivalent dose that will be accumulated over a
period of years, after an intake of radioactive material; for workers the period is 50 y, and for mem-
bers of the public, 70 y.

computed tomography (CT): An imaging procedure that uses multiple x-ray transmission mea-
surements and a computer program to generate tomographic images of the patient. Tomography is
a method of producing three-dimensional images of the internal structures of the human body by
the observation and recording of the differences in the effects on the passage of the x rays imping-
ing on the structures.
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conventional fluoroscopy: An imaging technique using x rays to visualize the dynamics of bodily
functioning. For example, a material with high x-ray absorption is injected or ingested and fluoros-
copy is used to monitor the progress of the material through the blood vessels or gastrointestinal
tract. The image receptor can be either an image intensifier and video camera tube, or a large-area
solid-state detector.

conventional radiography: An imaging technique where the image receptor consists of a combina-
tion of (usually two) intensifying screens in intimate contact with a photographic film (usually a
dual-emulsion film). After exposure to the x-ray image, the photographic film is then processed in
chemical solutions. Photographic film is relatively insensitive to x rays; the light from the intensi-
fying screens produces most of the film optical density (also referred to as screen-film radiography).

correlation: A measure of the interdependence of two random variables. Positive correlation is the
simultaneous increase or decrease in value of two numerically valued random variables while neg-
ative correlation is the simultaneous increase in one and decrease in the second.

cosmic radiation: Penetrating ionizing radiation, both particulate and electromagnetic, that origi-
nates in outer space.

deep-dose equivalent: {see personal equivalent dose [Hp(10)]}.
dose (ionizing radiation): A general term used when the context is not specific to a particular ioniz-

ing-radiation dose quantity. When the context is specific, the name for the quantity is used (e.g.,
mean absorbed dose, equivalent dose, effective dose).

dose equivalent (H) (ICRP, 1977): Product of the absorbed dose (D) at a point in tissue, the quality
factor (Q), and the product (N) of all other modifying factors specified by the International Com-
mission on Radiological Protection; thus H = DQN.

dose equivalent index: Maximum dose equivalent within the International Commission on Radia-
tion Units and Measurements sphere centered at the point in space to which the quantity is
assigned. The outer 0.07 mm thick shell is ignored.

dose limit: A limit on dose that is applied for exposure to individuals in order to prevent the occur-
rence of radiation-induced tissue reactions or to limit the probability of radiation-related stochas-
tic effects.

dose rate (ionizing radiation): Dose delivered per interval of time. Dose rate can refer to any dose
quantity (e.g., absorbed dose, equivalent dose).

dosimeter: A radiation detection device worn or carried by an individual to monitor the dose from the
individual’s radiation exposure.

dosimetry: The science or technique of determining dose from ionizing radiation.
effective dose (E) (ICRP 1991): The sum over specified organs and tissues of the products of the

equivalent dose in a tissue (HT) and the tissue weighting factor for that tissue or organ (wT):

. (G.1)

The tissue weighting factors have been developed from a reference population of equal numbers of
both males and females and a wide range of ages (ICRP 1991, 2007b). Effective dose applies only to
stochastic effects. The quantities E, wT, and HT are used primarily in implementing the radiation
protection system. The unit of E is joule per kilogram (J kg–1) with the special name sievert (Sv)
(see total effective dose equivalent).

effective dose equivalent (HE) (T wT HT) (ICRP 1977): The sum of organ/tissue dose equivalents
(HT), each multiplied by its tissue weighting factor (wT), summed over all tissues T.

electron: Subatomic charged particle. Negatively charged particles are parts of stable atoms. Both
negatively and positively charged electrons may be expelled from the radioactive atom when it dis-
integrates (see beta particle).

electron volt (eV): A unit of energy = 1.6 × 10–12 ergs = 1.6 × 10–19 J; 1 eV is equivalent to the energy
gained by an electron in passing through a potential difference of 1 V; 1 keV = 1,000 eV; 1 MeV =
1,000,000 eV.

equivalent dose (HT) (ICRP 1991): Mean absorbed dose in a tissue or organ (DT,R) weighted by the
radiation weighting factor (wR):

E wT HT

T

=
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. (G.2)

The SI unit of equivalent dose is joule per kilogram (J kg–1) with the special name sievert (Sv). 1 Sv
= 1 J kg–1. For exposure from external sources, wR applies to the radiation type and energy incident
on the body.

exposure: Can be used as a general term used to express the act of being exposed to ionizing or non-
ionizing radiation, magnetic fields, or ultrasound. Exposure is also a defined ionizing radiation
quantity. It is a measure of the ionization produced in air by x or gamma rays. The SI unit of expo-
sure is coulomb per kilogram (C kg–1). The previous special unit of exposure was roentgen (R),
where 1 R = 2.58 × 10–4 C kg–1 (see irradiation).

external dose: Dose to organs or tissues of an organism due to radiation sources outside the body. 
fluoroscopy: A medical x-ray procedure used for observation of the internal features of the body by

means of the fluorescence produced on a screen by a continuous field of x rays transmitted through
the body. Fluoroscopy is intended to observe moving objects for relatively long periods of time (sec-
onds to minutes) without the intent of preserving the images.

gamma rays: Electromagnetic radiation emitted by the atomic nucleus. Gamma rays have high pen-
etrating ability compared with alpha particles and beta particles (the approximate range of energy
for gamma rays is 10 keV to 9 MeV).

gray (Gy): The special name for the SI unit of the quantity absorbed dose. 1 Gy = 1 J kg–1. 1 milligray
(mGy) = 10–3 Gy.

ICRU sphere: A tissue-equivalent sphere prescribed in ICRU Report 33 (ICRU 1980) as having a
diameter of 30 cm, a composition by mass of 76.2 % oxygen, 10.1 % hydrogen, 11.1 % carbon, and
2.6 % nitrogen, and a density of 1 g cm–3.

intensity (of radiation field): Radiation fluence rate, radiation energy fluence rate, or quantities
derived from these, such as absorbed-dose rate and dose-equivalent rate.

ionizing radiation: Electromagnetic radiation (x rays or gamma rays) or particulate radiation
(alpha particles, beta particles, electrons, positrons, protons, neutrons, and heavy charged parti-
cles) capable of producing ions by direct or secondary processes in passage through matter.

irradiation: The process of exposure to ionizing radiation.
limit: In radiation protection, the dose in a given time interval established by authoritative or

consensus bodies above which the health consequences to an individual would be regarded as
unacceptable.

mammography: An x-ray examination of the breast.
mean: Sum of the measured values divided by the number of measurements. The mean value is also

often called the (arithmetic) average value. The mean of a distribution is the weighted average of
the possible values of the random variable. 

nonionizing radiation: Electromagnetic radiation that includes the ultraviolet, visible, infrared,
microwave, radiofrequency, and extremely-low-frequency portions of the electromagnetic spec-
trum. Unlike ionizing radiation, nonionizing radiation is unable to ionize atoms in its interactions
with matter.

occupational exposure: Radiation exposures to individuals that are incurred in the workplace as a
result of situations that can reasonably be regarded as being the responsibility of management
(radiation exposures received by patients associated with their medical diagnosis or treatment are
excluded).

organ dose (DT): The mean absorbed dose in an organ or tissue, obtained by integrating or averaging
the absorbed dose D over the entire volume of an organ or tissue (i.e., the total energy deposited in
the organ or tissue divided by the total mass of the organ or tissue).

personal equivalent dose [Hp(0.07)]: The dose equivalent for weakly penetrating radiation in soft
tissue, at 0.07 mm, below a specific point on the body. Hp(0.07) can be measured with a detector
which is worn at the surface of the body and covered with an appropriate thickness of tissue-equiv-
alent material. The SI unit of Hp(0.07) is joule per kilogram (J kg–1) with the special name sievert
(Sv). 1 Sv = 1 J kg–1 (previously named shallow-dose equivalent or personal dose equivalent).

HT wR DT,R

R

=
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personal equivalent dose [Hp(10)]: The dose equivalent for strongly penetrating radiation in soft
tissue, at 10 mm, below a specific point on the body. Hp(10) can be measured with a detector which
is worn at the surface of the body and covered with an appropriate thickness of tissue-equivalent
material. The SI unit of Hp(10) is joule per kilogram (J kg–1) with the special name sievert (Sv).
1 Sv = 1 J kg–1 (previously named deep-dose equivalent or personal dose equivalent).

photon: Quantum of electromagnetic radiation, having no charge or mass, that exhibits both particle
and wave behavior, such as a gamma ray or x ray.

positron-emission tomography: An imaging technique using radionuclides that emit positrons
(positively charged electrons), whose annihilation photons are imaged in coincidence to form tomo-
graphic views of the body.

quality factor (Q): A factor intended to allow for the effect on the detriment of the microscopic distri-
bution of absorbed energy. It is a function of the collision stopping power (L) in water at the point
of interest. Q = 1 for L = 3.5 keV µm–1 and less (ICRP 1977).

rad: Radiation absorbed dose, the special unit of absorbed dose equal to 100 ergs per gram. 100 rad =
1 gray (see gray).

radiation: Energy propagated through space in the form of electromagnetic waves or particles (see
ionizing radiation and nonionizing radiation).

radiation weighting factor (wR): A factor used to allow for differences in the biological effective-
ness between different radiations when calculating equivalent dose (HT). The set of wR values are
general and are independent of the tissue or organ irradiated. The wR values apply to the type and
energy of the radiation incident on the body (for external sources), or in the case of sources within
the body, the type and energy of the radiation emitted by the source. They are selected by judg-
ment after review of a broad range of experimental relative biological effectiveness data that are
relevant to stochastic effects. The quantities HT and wR are used primarily in implementing the
radiation protection system.

radiography: The production of images produced on a film or other media by the action of x rays
transmitted through an individual or an object.

radiology: That branch of healing arts and sciences that deals with the use of images in the diagno-
sis and treatment of disease.

radionuclide: An unstable (radioactive) nuclide. A nuclide is a species of atom characterized by the
constitution of its nucleus (i.e., the number of protons and neutrons, and the energy content).

radiopharmaceutical: A radioactive substance administered to a patient for diagnostic or therapeu-
tic nuclear-medicine procedures. A radiopharmaceutical contains two parts, the radionuclide and
the pharmaceutical [e.g., 99mTc DTPA (diethylenetriamine pentaacetic acid)]. In some cases the
two are one (e.g., 133Xe gas).

relative biological effectiveness (RBE): A factor used to compare the biological effectiveness of
absorbed doses from different types of ionizing radiation, determined experimentally. RBE is the
ratio of the absorbed dose of a reference radiation to the absorbed dose of the radiation in question
required to produce the same level of an identical biological effect in a particular experimental
organism or tissue.

rem: Radiation equivalent man, the former special unit of dose equivalent equal to 1 rad multiplied
by the appropriate relative biological effectiveness, quality factor, or radiation weighting factor.
100 rem = 1 sievert (see sievert).

roentgen (R): The previous special unit of exposure, a specific quantity of ionization (charge) pro-
duced by the absorption of x- or gamma-radiation energy in a specified mass of air under standard
conditions. 1 R = 2.58  10–4 coulomb per kilogram (C kg–1).

scattered radiation: Radiation that, during passage through matter, is changed in direction and is
usually accompanied by a decrease in energy.

shallow-dose equivalent: {see personal dose equivalent [Hp(0.07)]}.
shielding: Any material or obstruction that attenuates radiation (i.e., reduces the radiation level by

absorption and scattering) and thus tends to protect personnel or materials from the effects of ion-
izing radiation. 

sievert (Sv): The special name (in the SI system) for the unit of equivalent dose and effective dose;
1 Sv = 1 J kg–1. 
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source (or radiation source): Radiation-producing equipment or an aggregate of radioactive nuclei. 
stochastic effects: Effects, the probability of which, rather than their severity, is assumed to be a

function of dose without a threshold. For example, cancer and hereditary effects are regarded as
being stochastic.

Système International d'Unités (SI): The International System of Units as defined by the General
Conference of Weights and Measures in 1960. The units are generally based on the meter, kilogram
and second. The special names for the quantities used for ionizing radiation include the becquerel,
gray and sievert. 

tissue (T): A defined region of the body to which dose is calculated; organs have defined boundaries
(e.g., liver), while tissues are distributed throughout the body (e.g., active bone marrow). However,
both organs and tissues are symbolized by T.

tissue weighting factor (wT): The dimensionless factor by which equivalent dose (HT) is weighted to
represent the relative contribution of that tissue or organ to the total health detriment resulting
from uniform irradiation of the body (radiation detriment) (see effective dose).

total effective dose equivalent: A quantity used by the U.S. Nuclear Regulatory Commission. The
sum of the effective dose equivalent (for external exposure) and the committed effective dose equiv-
alent (from intake of radionuclides) (see effective dose and effective dose equivalent).

ubiquitous background radiation: Includes external exposure from space radiation (solar particles
and cosmic rays), external exposure from terrestrial radiation (primarily 40K and the 238U and 232Th
decay series), internal exposure from inhalation of radon and thoron and their progeny, and inter-
nal exposure from radionuclides in the body. 

uncertainty: Lack of sureness or confidence in predictions of models or results of measurements.
Uncertainties may be categorized as those due to stochastic variation, or as those due to lack of
knowledge founded on an incomplete characterization, understanding or measurement of a system.

unmonitored dose: Dose that is assumed to be received when a personal dosimeter was not worn.
Often unmonitored dose may be reconstructed from knowledge of workplace activities or from
co-worker data when others in the same location did wear dosimeters.

variability: A heterogeneity, diversity or range that characterizes a measured value or parameter
(e.g., differences in body weight in a population) or response (e.g., differences in sensitivity to a haz-
ardous agent in a population). Further study cannot reduce variability but may provide greater
confidence in quantitative characterizations of variability (see uncertainty). 

x rays: (1) Electromagnetic radiation emitted in de-excitation of bound atomic electrons frequently
occurring in decay of radionuclides, referred to as characteristic x rays, or (2) electromagnetic radi-
ation produced in deceleration of energetic charged particles (e.g., electrons) in passing through
matter, referred to as continuous x rays or bremsstrahlung (see gamma rays and photon).

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



95

References

[ANSI/HPS] American National Standards Institute/Health Physics Society. 1982. Dosimetry - per-
sonnel dosimetry performance - criteria for testing. Washington (DC). N13.11.

[ANSI/HPS] American National Standards Institute/Health Physics Society. 1993. Dosimetry -
personnel dosimetry performance - criteria for testing. Washington (DC). N13.11-1993.

[ANSI/HPS] American National Standards Institute/Health Physics Society. 2018. Criteria for per-
forming multiple dosimetry. Washington (DC). N13.41-2011 (R2018).

Bernier J, Hall EJ, Giaccia A. 2004. Radiation oncology: a century of achievements. Nat Rev Cancer.
4(9):737–747.

Birch R, Marshall M, Adran GM. 1979. Catalogue of spectral data for diagnostic x-rays. London
(England): Hospital Physicists’ Association.

Boice JD. 2017. Space: the final frontier-research relevant to Mars. Health Phys. 112(4):392–397.
Boice JD, Jr., Mandel JS, Doody MM, Yoder RC, McGowan R. 1992. A health survey of radiologic tech-

nologists. Cancer. 69(2):586–598.
Boone ML, Lawrence JH, Connor WG, Morgado R, Hicks JA, Brown RC. 1977. Introduction to the use

of protons and heavy ions in radiation therapy: historical perspective. Int J Radiat Oncol Biol
Phys. 3:65–69.

Borrego D, Yoder CR, Kitahara CM. 2018. Differences in adherence and reported occupational dose
for one- versus two-badge monitoring protocols among medical staff performing or assisting with
fluoroscopically-guided interventional procedures. Radiological Society of North America 2018 Sci-
entific Assembly and Annual Meeting; Nov 25–30; Chicago (IL).

Brateman L. 1989. A plea for sensible film badge placement in diagnostic radiology. Health Phys.
56(4):567–568.

Brucer M. 1990. A chronology of nuclear medicine, 1600–1989. St. Louis (MO): Heritage Publications.
Bushong SC. 1989. Personnel monitoring in diagnostic radiology: revisited—again! [Correspondence].

Health Phys. 56(4):565–566.
Chiste V, Be MM, Dulieu C. 2008. Evaluation of decay data of radium-226 and its daughters. Nuclear

structure and decay data. International Conference on Nuclear Data for Science and Technology
2007.

Coolidge WD. 1913. A powerful roentgen ray tube with a pure electron discharge. Phys Rev.
2(6):409–430.

Courant ED. 2008. Early milestones in the evolution of accelerators. In: Chao AW, Chou W, editors.
Reviews of accelerator science and technology. Hackensack (NJ): World Scientific; p. 1–5.

[DOL] U.S. Department of Labor. 1991. Employee’s benefits. Claims for compensation under the Fed-
eral Employees’ Compensation Act, as amended. Washington (DC): U.S. Department of Labor. 20
CFR Part 10.

Evans RB. 1968. X-ray and -ray interactions. In: Attix FH, Roesch WC, editors. Radiation dosimetry.
Academic Press; Chapter 3, p 93 – 155.

Faulkner K, Harrison RM. 1988. Estimation of effective dose equivalent to staff in diagnostic radiol-
ogy. Phys Med Biol. 33(1):83–91.

Fehrenbacher G, Tesfu K, Panzer W, Regulla D. 1997. Determination of diagnostic x ray spectra scat-
tered by a phantom. Radiat Prot Dosimetry. 71(4):305–308.

Foundation NNS. 1966. Standard 16 relating to film badge services. Ann Arbor (MI): NSF Interna-
tional.

[FRC] Federal Radiation Council. 1960. Report no. 1, background material for the development of
radiation protection standards. Washington (DC).

Fry DW, Harvie RBRS, Mullett LB, Walkinshaw W. 1948. A travelling-wave linear accelerator for
4-MeV electrons. Nature. 162:859–861.

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



96   /   REFERENCES

Grant EJ, Brenner A, Sugiyama H, Sakata R, Sadakane A, Utada M, Cahoon EK, Milder CM, Soda M,
Cullings HM et al. 2017. Solid cancer incidence among the life span study of atomic bomb survi-
vors: 1958–2009. Radiat Res. 187(5):513–537.

Hilaris BS. 2013. Brachytherapy: conquering cancer the first 100 years. 2nd ed. Alexandria (VA): Best
Cure.

Hubbell JH, Seltzer SM. 2004. Tables of x-ray mass attenuation coefficients and mass energy-absorp-
tion coefficients (version 1.4). Gaithersburg (MD) National Institute of Standards and Technology;
[updated Jul; accessed 2020 Sep 3]. http://physics.nist.gov/xaamdi 

[ICRP] International Commission on Radiological Protection. 1977. Recommendations of the ICRP.
Elmsford (NY): International Commission on Radiological Protection. Publication 26.

[ICRP] International Commission on Radiological Protection. 1987. Data for use in protection against
external radiation. Elmsford (NY): International Commission on Radiological Protection. Publica-
tion 51.

[ICRP] International Commission on Radiological Protection. 1991. 1990 recommendations of the
International Commission on Radiological Protection. Elmsford (NY): International Commission
on Radiological Protection. Publication 60.

[ICRP] International Commission on Radiological Protection. 1996. Conversion coefficients for use in
radiological protection against external radiation. Elmsford (NY): International Commission on
Radiological Protection. Publication 74.

[ICRP] International Commission on Radiological Protection. 2007. The 2007 recommendations of the
International Commission on Radiological Protection. Elmsford (NY): International Commission
on Radiological Protection. Publication 103.

[ICRP] International Commission on Radiological Protection. 2010. Conversion coefficients for radio-
logical protection quantities for external radiation exposures. Elmsford (NY): International Com-
mission on Radiological Protection. Publication 116.

[ICRP] International Commission on Radiological Protection. 2012. ICRP statement on tissue reac-
tions / early and late effects of radiation in normal tissues and organs - threshold doses for tissue
reactions in a radiation protection context. Elmsford (NY): International Commission on Radiolog-
ical Protection. Publication 118.

[ICRP] International Commission on Radiological Protection. 2018. Occupational radiological protec-
tion in interventional procedures. Thousand Oaks (CA): International Commission on Radiological
Protection. Publication 139.

[ICRU] International Commission on Radiation Units and Measurements. 1962. Radiation quantities
and units. Bethesda (MD): International Commission on Radiation Units and Measurements.
Report 10a.

[ICRU] International Commission on Radiation Units and Measurements. 1971. Radiation quantities
and units. Bethesda (MD): International Commission on Radiation Units and Measurements.
Report 19.

[ICRU] International Commission on Radiation Units and Measurements. 1980. Radiation quantities
and units. Bethesda (MD): International Commission on Radiation Units and Measurements.
Report 33.

[ICRU] International Commission on Radiation Units and Measurements. 1985. Determination of
dose equivalents resulting from external radiation sources. Bethesda (MD): International Commis-
sion on Radiation Units and Measurements. Report 39.

[ICRU] International Commission on Radiation Units and Measurements. 1992. Measurement of dose
equivalents from external photon and electron radiations. Bethesda (MD): International Commis-
sion on Radiation Units and Measurements. Report 47.

[ICRU] International Commission on Radiation Units and Measurements. 1993. Quantities and units
in radiation protection dosimetry. Bethesda (MD): International Commission on Radiation Units
and Measurements. Report 51.

Kim S, Song H, Movsas B, Chetty IJ. 2012. Characteristics of x-ray beams in two commercial multide-
tector computed tomography simulators: Monte Carlo simulations. Med Phys. 39(1):320–329.

Landauer. 1984. Quick reference guide to Landauer dosimetry services. Glenwood (IL): Landauer RS
Jr and Co.

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



REFERENCES   /   97

Landauer. 1986. Sample dosimetry report from 1986. Glenwood (IL): Landauer RS Jr and Co.
Landauer. 1993. An introduction to the new 10 CFR 20. Nexus brochure. Glenwood (IL): Landauer RS

Jr and Co.
Marshall NW, Faulkner K, Warren H. 1996. Measured scattered x-ray energy spectra for simulated

irradiation geometries in diagnostic radiology. Med Phys. 23(7):1271–1276.
[NCRP] National Committee on Radiation Protection. 1954. Permissible dose from external sources of

ionizing radiation. Gaithersburg (MD): National Committee on Radiation Protection. NBS Hand-
book 59.

[NCRP] National Committee on Radiation Protection. 1958. Permissible dose from external sources of
ionizing radiation (1954) including maximum permissible exposure to man, addendum to National
Bureau of Standards Handbook 59. Gaithersburg (MD): National Committee on Radiation Protec-
tion. NCRP Report No. 17.

[NCRP] National Council on Radiation Protection and Measurements. 1989. Radiation protection for
medical and allied health personnel. Bethesda (MD): National Council on Radiation Protection and
Measurements. Report No. 105.

[NCRP] National Council on Radiation Protection and Measurements. 1993. Limitation of exposure to
ionizing radiation. Bethesda (MD): National Council on Radiation Protection and Measurements.
Report No. 116.

[NCRP] National Council on Radiation Protection and Measurements. 1995. Use of personal monitors
to estimate effective dose equivalent and effective dose to workers for external exposure to low-
LET radiation. Bethesda (MD): National Council on Radiation Protection and Measurements.
Report No. 122.

[NCRP] National Council on Radiation Protection and Measurements. 2000. Radiation protection for
procedures performed outside the radiology department. Bethesda (MD): National Council on
Radiation Protection and Measurements. Report No. 133.

[NCRP] National Council on Radiation Protection and Measurements. 2004. Structural shielding
design for medical x-ray imaging facilities. Bethesda (MD): National Council on Radiation Protec-
tion and Measurements. Report No. 147.

[NCRP] National Council on Radiation Protection and Measurements. 2007. Uncertainties in the
measurement and dosimetry of external radiation. Bethesda (MD): National Council on Radiation
Protection and Measurements. Report No. 158.

[NCRP] National Council on Radiation Protection and Measurements. 2009. Ionizing radiation expo-
sure of the population of the United States. Bethesda (MD): National Council on Radiation Protec-
tion and Measurements. Report No. 160.

[NCRP] National Council on Radiation Protection and Measurements. 2010a. Radiation dose recon-
struction: principles and practices. Bethesda (MD): National Council on Radiation Protection and
Measurements. Report No. 163.

[NCRP] National Council on Radiation Protection and Measurements. 2010b. Radiation dose manage-
ment for fluoroscopically guided interventional medical procedures. Bethesda (MD): National
Council on Radiation Protection and Measurements. Report No. 168.

[NCRP] National Council on Radiation Protection and Measurements. 2018. Deriving organ doses
and their uncertainty for epidemiologic studies (with a focus on the One Million U.S. Workers and
Veterans Study of low-dose radiation health effects). Bethesda (MD): National Council on Radia-
tion Protection and Measurements. Report No. 178.

[NCRP] National Council on Radiation Protection and Measurements. 2019. Medical radiation expo-
sure of patients in the United States. Bethesda (MD): National Council on Radiation Protection
and Measurements. Report No. 184.

Niklason LT, Marx MV, Chan HP. 1993. Interventional radiologists: occupational radiation doses and
risks. Radiology. 187(3):729–733.

[NRC] U.S. Nuclear Regulatory Commission. 1987. 52 Federal Register 4604. February 13. Washing-
ton (DC): U.S. Government Publishing Office.

[NRC] U.S. Nuclear Regulatory Commission. 1991. Standards for protection against radiation,
10 CFR Part 20. Washington (DC): U.S. Government Publishing Office.

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



98   /   REFERENCES

[NSF] National Sanitation Foundation. 1966. Standard 16 relating to film badge services. Ann Arbor,
(MI): NSF International.

Orsini F, Lorenzoni A, Erba PA, Mariani G. 2013. Chapter 2, Radiopharmaceuticals for single-photon
emission imaging and for therapy. In: Strauss HW, Mariana G, Voiterrani D et al., editors. Nuclear
oncology: pathophysiology and clinical applications. New York (NY): Springer; p. 21–34.

Passmore C, Kirr M. 2010. A method to characterise site, urban and regional ambient background
radiation. Radiat Prot Dosimetry. 144(1–4):645–650.

Rosenstein M, Webster EW. 1994. Effective dose to personnel wearing protective aprons during fluo-
roscopy and interventional radiology. Health Phys. 67(1):88–89.

Simon SL. 2011. Organ-specific external dose coefficients and protective apron transmission factors
for historical dose reconstruction for medical personnel. Health Phys. 101(1):13–27.

Simon SL, Weinstock RM, Doody MM, Neton J, Wenzl T, Stewart P, Mohan AK, Yoder RC, Hauptmann
M, Freedman DM et al. 2006. Estimating historical radiation doses to a cohort of U.S. radiologic
technologists. Radiat Res. 166(1):174–192.

Slater JM. 2012. From x-rays to ion beams: a short history of radiation therapy. Ion beam therapy Bio-
logical and medical physics, biomedical engineering. In: Ion beam therapy, biological and medical
physics, biomedical engineering, volume 320. Berlin: Springer-Verlag; p. 3–16.

Thariat J, Hannoun-Levi JM, Sun Myint A, Vuong T, Gerard JP. 2013. Past, present, and future of
radiotherapy for the benefit of patients. Nat Rev Clin Oncol. 10(1):52–60.

Thwaites DI, Tuohy JB. 2006. Back to the future: the history and development of the clinical linear
accelerator. Phys Med Biol. 51(13):R343–R362.

Unruh CM, Larson HV, Beetle TM, Keene AR. 1967. The establishment and utilization of film dosim-
eter performance criteria. Richland, WA: Pacific Northwest Laboratory Battelle Memorial Insti-
tute. BNWL-542.

Villoing D, Kitahara CM, Passmore C, Simon SL, Yoder RC. 2018. Photon energy readings in OSL
dosimeter filters: an application to retrospective dose estimation for nuclear medicine workers. J
Radiol Prot. 38(3):1053–1063.

Villoing D, Yoder RC, Passmore C, Bernier MO, Kitahara CM. 2018. A U.S. multicenter study of
recorded occupational radiation badge doses in nuclear medicine. Radiology. 287(2):676–682.

Webster EW. 1989. EDE for exposure with protective aprons [Correspondence]. Health Phys. 56(4):
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Lawrence T. Dauer, Co-Chair, is Associate Attending Physicist and Associate Clinical Member 
in the Departments of Medical Physics and Radiology at Memorial Sloan-Kettering Cancer Cen-
ter (MSKCC) in New York City. He earned an MS in Health Physics and a PhD in Adult Educa-
tion. He is certified in comprehensive health physics by the American Board of Health Physics 
and is past chair of the Radiation Safety Committee of the American Association of Physicists in 
Medicine (AAPM), past President of the Greater New York Chapter of the Health Physics Society 
(HPS), Executive Council Member of the Medical Physics Section of the HPS, a Member of the 
Joint Safety Committee of the Society for Interventional Radiology and the American College of 
Radiology, past council member of the Radiological and Medical Physics chapter of the AAPM, 
and a member of editorial and review boards of several scientific journals. He serves as the Chair 
of the MSKCC Emergency Management Committee, a member of the Radiation Injury Treat-
ment Network. In 2005, he received the Elda E. Anderson Award from HPS. He is a Council 
member and serves on the Board of Directors of NCRP. He also serves as a member of the Inter-
national Commission on Radiological Protection Committee 3 on protection in medicine, a mem-
ber of the science council for the International Organization for Medical Physics, and was on the 
program committee for the International Atomic Energy Agency's International Conference on 
Radiation Protection in Medicine-Setting the Scene for the Next Decade. He serves on the Radia-
tion Advisory Committee of the U.S. Environmental Protection Agency's Science Advisory Board. 
He has several publications in the topical areas of radiation protection and risks in the fields of 
detection, radiology, interventional radiology, x-ray imaging, nuclear medicine, and radiation 
oncology, as well as surgery and medicine.

C. Craig Yoder, Co-Chair, directed Landauer’s technical activities relating to radiation dosime-
try, particularly for applications in radiation protection, from 1983 through his retirement in 
2015. Additionally, he oversaw subsidiary and partner businesses located in Australia, Brazil, 
China, France, Mexico, Japan, Sweden and Turkey.

An internationally known expert in radiation monitoring, Dr. Yoder led Landauer's transition 
from film and thermoluminescent dosimetry technology to optically stimulated luminescence, an 
assignment that required strategic planning and direction in areas spanning scientific research, 
product development, manufacturing, laboratory operations, and marketing. From 1993 to 2001, 
he was Vice President of Operations and managed Landauer's manufacturing and analytical lab-
oratory activities in addition to overseeing research and development programs.

Dr. Yoder is a member of NCRP and former President of the Council on Ionizing Radiation Mea-
surements and Standards. He has served on several national and international committees to 
develop dosimetry standards. He was a member of a National Research Council committee that 
examined the accuracy of film-badge measurements made during atmospheric nuclear weapons 
testing.

Dr. Yoder earned his MS and PhD degrees in Bionucleonics at Purdue University and received a 
BS in Pre-Medicine from Davidson College. He also completed the Executive Program at Stan-
ford University. He is Certified in Comprehensive Health Physics by the American Board of 
Health Physics.

Stephen Balter is a Clinical Professor of Radiology and Medicine at Columbia University. He 
earned an MS in Radiological Physics and a PhD in Experimental Physics. He is certified in 
Radiological Physics by the American Board of Radiology and licensed by New York State in 
Diagnostic Imaging, Radiation Therapy Physics, and Medical Health Physics. He is a past Presi-
dent of the Radiological and Medical Physics Society of New York, past Vice President of the 
Radiological Society of North America, a member of the Standards and Safety Committees of the 
Society for Interventional Radiology, and a member of editorial and review boards of several sci-
entific journals. He received the Marvin M.D. Williams award from the American Association of 
Physicists in Medicine (AAPM) in 2017. He is a fellow of AAPM, the American College of 
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Medical Physics, the American College of Radiology, the Society for Cardiovascular Angiography 
and Interventions, and the Society of Interventional Radiology. He currently serves on Interna-
tional Electrotechnical Commission working groups responsible for safety and performance stan-
dards for projection and interventional radiology. He has been a member of NCRP for more than 
a decade. He chaired scientific committees that produced NCRP Report No. 168, Radiation Dose 
Management for Fluoroscopically-Guided Interventional Medical Procedures and NCRP State-
ment No. 11, Outline of Administrative Policies for Quality Assurance and Peer Review of Tissue 
Reactions Associated with Fluoroscopically-Guided Interventions (2014). He has over 100 refer-
eed publications in the areas of radiological imaging, radiological health, and related topics.

Christopher N. Passmore currently holds the position of Vice President of Dosimetry Services 
at Landauer. Mr. Passmore has more than 26 y of experience in all aspects of dosimetry and 
radiological protection fields. He is an internationally known expert in dosimetry, radiation mon-
itoring, radiation field characterization, regulatory compliance, and accreditation programs. He 
has technical responsibility for Landauer’s world leading analytical dosimetry laboratory, includ-
ing analysis, dose reporting, regulatory compliance, quality control, engineering, and manufac-
turing. Mr. Passmore also holds the positions of Landauer’s Head of the Approved Dosimetry 
Services in Canada, United Kingdom, and Ireland. He is a member of the Nagase-Landauer and 
Beijing – Landauer Board of Directors.

Mr. Passmore serves as a U.S. delegate and technical expert to the International Electrotechnical 
Commission (IEC) TC45 and International Organization for Standardization (ISO) TC85, where 
he has been involved in influencing and developing several critical dosimetry standards (IEC 
62387, ISO 21099, ISO 15690, ISO 15382, and ISO 14146) and was recently appointed to an ISO 
ad hoc committee to develop standards on Population Monitoring Following Radiological Acci-
dents. In addition to international standard committees he also serves as a member of the Health 
Physics Society Standard Committee.

Prior to joining Landauer, Mr. Passmore worked for 10 y in the U.S. Department of Energy (DOE) 
nuclear weapons complex managing external and internal dosimetry programs at Rocky Flats 
Plant (plutonium and uranium facility) and Pantex (nuclear weapon assembly/disassembly). 
Mr. Passmore was also appointed as assessor for the DOE Laboratory Accreditation Program in 
1993 and fulfilled this role until joining Landauer in the fall of 2000.

Mr. Passmore holds an MS degree in Health Physics from National Technological University, a 
BS in Nuclear Engineering from Arizona State University, and a BS degree in both Physics and 
Engineering from Illinois College. He is also certified in Comprehensive Health Physics by the 
American Board of Health Physics.

Lawrence N. Rothenberg received a BA in Physics from the University of Pennsylvania (1962), 
and an MS (1964) and PhD (1970) in Nuclear Physics from the University of Wisconsin at Madi-
son. After completing a postdoctoral fellowship in Medical Physics in the Department of Medical 
Physics at Memorial Sloan-Kettering Cancer Center (MSKCC), he joined the professional staff at 
MSKCC and rose to the rank of Attending Physicist and Clinical Member. He directed the Diag-
nostic X-Ray Quality Assurance Laboratory for MSKCC and New York Presbyterian Weill Cor-
nell Medical Center for over 35 y until January 2007 when he was appointed Member Emeritus 
of MSKCC.

Dr. Rothenberg has been President and Chairman of the Board of the American Association of 
Physicists in Medicine, a founding Board Member of the Commission on Accreditation of Medical 
Physics Education Programs (CAMPEP), and Chairman of the Board of Chancellors of the Amer-
ican College of Medical Physics (ACMP). He is a Fellow of the American Association of Physicists 
in Medicine (AAPM), the American College of Radiology, the ACMP, and the Health Physics Soci-
ety. In 2007, Dr. Rothenberg received the Quimby Lifetime Achievement Award of AAPM.

He served on the original mammography committee of NCRP, that was Chaired by Louis 
Hemplemann and one of whose members was John Boice. Dr. Rothenberg chaired SC 72 of NCRP 
that produced NCRP Reports No. 85 and 149 and is a Distinguished Emeritus Member of NCRP.

Dr. Rothenberg has concentrated much of his activity in the areas of quality assurance in diag-
nostic radiology, mammography image quality and dosimetry, computed tomography image qual-
ity and dosimetry, and in the education of radiology and radiation oncology residents, physics 
fellows and residents, and radiologic technologists. He currently lectures on various aspects of 
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imaging physics to radiology, radiation oncology, and medical physics residents at MSKCC, 
Weill-Cornell New York Presbyterian Medical Center, Harlem Hospital Center, and Jacobi Medi-
cal Center. He is the Program Director of the CAMPEP Accredited Medical Imaging Physics resi-
dency program at MSKCC and an Adjunct Professor in the CAMPEP Accredited Medical Physics 
Graduate Program at Columbia University.

Richard J. Vetter is Professor Emeritus and former Radiation Safety Officer at the Mayo Clinic 
in Rochester, Minnesota. He received his BS and MS degrees in Biology from South Dakota State 
University and his PhD in Health Physics from Purdue University. He is board certified by the 
American Board of Health Physics and the American Board of Medical Physics. He served on the 
Purdue University faculty from 1970 to 1980 and the Mayo Clinic staff and faculty from 1980 to 
2010. Dr. Vetter is a member of the National Academies Nuclear and Radiation Studies Board, 
the government liaison for the Health Physics Society (HPS), and a member of the Executive 
Council of the International Radiation Protection Association. He is a Fellow of HPS and the 
American Association of Physicists in Medicine and received the HPS Founders Award.

He is past Editor-in-Chief of Health Physics, past president of HPS, past president of the Ameri-
can Academy of Health Physics, and author or coauthor of more than 220 publications, books, 
book chapters, and other articles. He served as Vice Chair of the U.S. Nuclear Regulatory Com-
mission Advisory Committee for Medical Uses of Isotopes and member of the Radiation Advisory 
Committee of the U.S. Environmental Protection Agency Science Advisory Board. He served on 
the Board of Directors of NCRP, Chair of the NCRP Nominating Committee, and Chair of three 
and member of two NCRP scientific committees resulting in four NCRP reports and one NCRP 
statement. Dr. Vetter has received outstanding alumnus awards from South Dakota State Uni-
versity, the Purdue School of Pharmacy and Pharmacal Sciences, the Purdue School of Health 
Sciences, and the Purdue College of Health and Human Sciences.

Michael Mumma, Advisor, is the Director of Information Technology at the International Epide-
miology Institute and Vanderbilt University Medical Center's International Epidemiology Field 
Station. He has over 20 y of experience in developing and conducting epidemiological studies and 
health investigations, with a focus on determining risk of cancer and other diseases on popula-
tions potentially exposed to environmental and/or occupational radiation. He is also heavily 
involved in the Southern Community Cohort Study, a large prospective cohort study investigat-
ing environmental, genetic and lifestyle risk factors on cardiovascular, renal and pulmonary dis-
eases. He has also published manuscripts on various methodological topics, including geocoding 
and comprehensive radiation exposure assessment, and is currently developing methods to deter-
mining socioeconomic status based on residential history. He earned a BS in Fisheries Science 
from Frostburg State University and a MS in Ecology from University of Florida.

Helen A. Grogan, Staff Consultant, is President of Cascade Scientific, Inc., an environmental 
consulting firm. Dr. Grogan received her PhD from Imperial College of Science and Technology at 
the University of London in 1984 and has more than 25 y of experience in radioecology, environ-
mental dose reconstruction, and the assessment of radioactive and nonradioactive hazardous 
wastes. She first worked at the Paul Scherrer Institute in Switzerland on the performance 
assessment of radioactive waste disposal for the Swiss National Cooperative for the Disposal of 
Radioactive Waste (Nagra). Dr. Grogan was actively involved in the early international coopera-
tive efforts to test models designed to quantify the transfer and accumulation of radionuclides 
and other trace substances in the environment.

Validation of computer models developed to predict the fate and transport of radionuclides in the 
environment remains a key interest of hers. In 1989 Dr. Grogan returned to the United Kingdom 
as a senior consultant to Intera Information Technologies before moving to the United States a 
few years later, where she has worked closely with Risk Assessment Corporation managing the 
technical aspects of a wide variety of projects that tend to focus on public health risk from envi-
ronmental exposure to chemicals and radionuclides. Dr. Grogan has served on committees for the 
National Academy of Sciences, the International Atomic Energy Agency, the U.S. Environment 
Protection Agency, and NCRP. She co-edited the text book Radiological Risk Assessment and 
Environmental Analysis published by Oxford University Press in July 2008, and authored the 
chapter on Model Validation.
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The National Council on Radiation Protection and Measurements is a nonprofit corporation chartered by Con-
gress in 1964 to:

1. Collect, analyze, develop and disseminate in the public interest information and recommendations about (a) 
protection against radiation and (b) radiation measurements, quantities and units, particularly those con-
cerned with radiation protection.

2. Provide a means by which organizations concerned with the scientific and related aspects of radiation pro-
tection and of radiation quantities, units and measurements may cooperate for effective utilization of their 
combined resources, and to stimulate the work of such organizations.

3. Develop basic concepts about radiation quantities, units and measurements, about the application of these 
concepts, and about radiation protection.

4. Cooperate with the International Commission on Radiological Protection, the International Commission on 
Radiation Units and Measurements, and other national and international organizations, governmental and 
private, concerned with radiation quantities, units and measurements and with radiation protection.

The Council is the successor to the unincorporated association of scientists known as the National Committee
on Radiation Protection and Measurements and was formed to carry on the work begun by the Committee in 1929.

The participants in the Council’s work are the Council members and members of scientific and administrative
committees. Council members are selected solely on the basis of their scientific expertise and serve as individuals,
not as representatives of any particular organization. The scientific committees, composed of experts having
detailed knowledge and competence in the particular area of the committee’s interest, draft proposed recommen-
dations. These are then submitted to the full membership of the Council for careful review and approval before
being published.

The following comprise the current officers and membership of the Council:

Officers

President
Senior Vice President
Secretary 
Treasurer

Kathryn D. Held
Jerrold T. Bushberg
Laura J. Atwell
Myrna A. Young

Members

Sally A. Amundson
Kimberly E. Applegate
Jonine L. Bernstein
John D. Boice, Jr.
Brooke R. Buddemeier
Donald A. Cool
Sara D. DeCair
K. Frieda Fisher-Tyler
Eric M. Goldin
Willie O. Harris
E. Vincent Holahan
Randall N. Hyer
Ziad N. Kazzi

Jeri L. Anderson
Edouard I. Azzam
Luiz Bertelli
Wesley E. Bolch
Jerrold T. Bushberg
Michael L. Corradini
Christine A. Donahue
Cynthia Flannery
Eric J. Grant
Lawrence H. Heilbronn
Roger W. Howell
William E. Irwin
William E. Kennedy, Jr.

Armin Ansari
Stephen Balter
William F. Blakely
Michael A. Boyd
Polly Y. Chang
Lawrence T. Dauer
Joseph R. Dynlacht
Patricia A. Fleming
Helen A. Grogan
Kathryn D. Held
Janice L. Huff
Thomas E. Johnson
Katherine A. Kiel

A. Iulian Apostoaei
Daniel J. Barnett
Daniel J. Blumenthal
Richard R. Brey
C. Norman Coleman
Scott Davis
Andrew J. Einstein
Donald P. Frush
Barbara L. Hamrick
Kathryn A. Higley
Adam R. Hutter
Cynthia G. Jones
Gladys A. Klemic
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Lauriston S. Taylor Lectures

André Bouville (2019) Fallout from Nuclear Weapons Tests: Environmental, Health, Political, and Sociological 
Considerations

Hans-Georg Menzel (2018) Radiation Dosimetry Research for Medicine and Protection: A European Journey
F. Ward Whicker (2017) Environmental Radiation and Life: A Broad View
John W. Poston, Sr. (2016) Radiation Protection and Regulatory Science
Keith F. Eckerman (2015) Dosimetry of Internal Emitters: Contributions of Radiation Protection Bodies and 

Radiological Events
Fred A. Mettler, Jr. (2014) On the Shoulders of Giants: Radiation Protection Over 50 Years
John E. Till (2013) When Does Risk Assessment Get Fuzzy?
Antone L. Brooks (2012) From the Field to the Laboratory and Back: The “What Ifs,” “Wows,” and “Who Cares” of 

Radiation Biology
Eleanor A. Blakely (2011) What Makes Particle Radiation so Effective?
Charles E. Land (2010) Radiation Protection and Public Policy in an Uncertain World

Linda A. Kroger
Edwin M. Leidholdt, Jr.
Mahadevappa Mahesh
Stephen V. Musolino
Christopher N. Passmore
Mark J. Rivard
Kathleen L. Shingleton
David C. Spelic
Steven G. Sutlief
Michael M. Weil
Jacqueline P. Williams
R. Craig Yoder

Amy Kronenberg
Mark P. Little
Ruth E. McBurney
Wayne D. Newhauser
David J. Pawel
Adela Salame-Alfie
Angela Shogren
Michael D. Story
Tammy P. Taylor
Jeffrey J. Whicker
John P. Winston
Lydia B. Zablotska

Evagelia C. Laiakis
Paul A. Locke
Michael T. Milano
Michael A. Noska
Leticia S. Pibida
Debra M. Scroggs
Igor Shuryak
Glenn M. Sturchio
Julie K. Timins
Robert C. Whitcomb, Jr.
Gayle E. Woloschak
Pat B. Zanzonico

John J. Lanza
Alan G. Lurie
Donald L. Miller
Harald Paganetti
Kathryn H. Pryor
J. Anthony Seibert
Steven L. Simon
Julie M. Sullivan
Sergei Y. Tolmachev
Jessica S. Wieder
X. George Xu
Cary J. Zeitlin

Distinguished Emeritus Members

S. James Adelstein, Honorary Vice President
Kenneth R. Kase, Honorary Vice President
W. Roger Ney, Executive Director Emeritus

David A. Schauer, Executive Director Emeritus

Lynn R. Anspaugh
Joel S. Bedford
Andre Bouville
Antone L. Brooks
Paul M. DeLuca
Thomas S. Ely
Ethel S. Gilbert
Eric J. Hall
Bernd Kahn
Susan M. Langhorst
Roger O. McClellan
Kenneth L. Miller
Carl J. Paperiello
Jerome S. Puskin
Henry D. Royal
Daniel J. Strom
Robert L. Ullrich
Susan D. Wiltshire

Benjamin R. Archer
Eleanor A. Blakely
Leslie A. Braby
S.Y. Chen
Sarah S. Donaldson
Stephen A. Feig
Ronald E. Goans
Naomi H. Harley
Ann R. Kennedy
Martha S. Linet
Barbara J. McNeil
A. Alan Moghissi
John W. Poston, Sr.
Genevieve S. Roessler
Stephen M. Seltzer
John E. Till
Richard J. Vetter
Marvin C. Ziskin

John A. Auxier
Bruce B. Boecker
Robert L. Brent
J. Donald Cossairt
William P. Dornsife
John R. Frazier
Joel E. Gray
William R. Hendee
David C. Kocher
Jill A. Lipoti
Fred A. Mettler, Jr.
David S. Myers
Andrew K. Poznanski
Marvin Rosenstein
Roy E. Shore
Richard E. Toohey
F. Ward Whicker

Harold L. Beck
Thomas B. Borak
James A. Brink
Allen G. Croff
Keith F. Eckerman
Thomas F. Gesell
Raymond A. Guilmette
F. Owen Hoffman
Ritsuko Komaki
John B. Little
Charles W. Miller
Bruce A. Napier
R. Julian Preston
Lawrence N. Rothenberg
Paul Slovic
Lawrence W. Townsend
Chris G. Whipple
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John D. Boice, Jr. (2009) Radiation Epidemiology: The Golden Age and Remaining Challenges
Dade W. Moeller (2008) Radiation Standards, Dose/Risk Assessments, Public Interactions, and Yucca Mountain: 

Thinking Outside the Box
Patricia W. Durbin (2007) The Quest for Therapeutic Actinide Chelators
Robert L. Brent (2006) Fifty Years of Scientific Research: The Importance of Scholarship and the Influence of 

Politics and Controversy
John B. Little (2005) Nontargeted Effects of Radiation: Implications for Low-Dose Exposures
Abel J. Gonzalez (2004) Radiation Protection in the Aftermath of a Terrorist Attack Involving Exposure to Ion-

izing Radiation
Charles B. Meinhold (2003) The Evolution of Radiation Protection: From Erythema to Genetic Risks to Risks of 

Cancer to ?
R. Julian Preston (2002) Developing Mechanistic Data for Incorporation into Cancer Risk Assessment: Old Prob-

lems and New Approaches
Wesley L. Nyborg (2001) Assuring the Safety of Medical Diagnostic Ultrasound
S. James Adelstein (2000) Administered Radioactivity: Unde Venimus Quoque Imus
Naomi H. Harley (1999) Back to Background
Eric J. Hall (1998) From Chimney Sweeps to Astronauts: Cancer Risks in the Workplace
William J. Bair (1997) Radionuclides in the Body: Meeting the Challenge!
Seymour Abrahamson (1996) 70 Years of Radiation Genetics: Fruit Flies, Mice and Humans
Albrecht Kellerer (1995) Certainty and Uncertainty in Radiation Protection
R.J. Michael Fry (1994) Mice, Myths and Men
Warren K. Sinclair (1993) Science, Radiation Protection and the NCRP 
Edward W. Webster (1992) Dose and Risk in Diagnostic Radiology: How Big? How Little? 
Victor P. Bond (1991) When is a Dose Not a Dose? 
J. Newell Stannard (1990) Radiation Protection and the Internal Emitter Saga 
Arthur C. Upton (1989) Radiobiology and Radiation Protection: The Past Century and Prospects for the Future
Bo Lindell (1988) How Safe is Safe Enough? 
Seymour Jablon (1987) How to be Quantitative about Radiation Risk Estimates 
Herman P. Schwan (1986) Biological Effects of Non-ionizing Radiations: Cellular Properties and Interactions 
John H. Harley (1985) Truth (and Beauty) in Radiation Measurement 
Harald H. Rossi (1984) Limitation and Assessment in Radiation Protection
Merril Eisenbud (1983) The Human Environment—Past, Present and Future
Eugene L. Saenger (1982) Ethics, Trade-Offs and Medical Radiation 
James F. Crow (1981) How Well Can We Assess Genetic Risk? Not Very 
Harold O. Wyckoff (1980) From “Quantity of Radiation” and “Dose” to “Exposure” and “Absorbed Dose”—An His-

torical Review 
Hymer L. Friedell (1979) Radiation Protection—Concepts and Trade Offs 
Sir Edward Pochin (1978) Why be Quantitative about Radiation Risk Estimates? 
Herbert M. Parker (1977) The Squares of the Natural Numbers in Radiation Protection

Warren K. Sinclair Keynote Addresses

C. Norman Coleman (2019) Frontiers in Medical Radiation Science
Marvin Rosenstein (2018) Justified and Commensurate
Jack Herrmann (2017) Aren’t We Ready Yet? Closing the Planning, Response and Recovery Gaps for Radiologi-

cal Terrorism
Richard E. Toohey (2016) WARP: Where are the Radiation Professionals?
Kenneth R. Kase (2015) Influence of the NCRP on Radiation Protection in the United States: Guidance and Reg-

ulation
Jerrold T. Bushberg (2014) Science, Radiation Protection, and the NCRP: Building on the Past, Looking to the 

Future
Shunichi Yamashita (2013) Fukushima Nuclear Power Plant Accident and Comprehensive Health Risk Manage-

ment
Fred A. Mettler, Jr. (2012) Childhood Exposure: An Issue from Computed Tomography Scans to Fukushima
Marco Durante (2011) Heavy Ions in Therapy and Space: Benefits and Risks
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Vincent T. Covello (2010) Effective Risk Communication Before, During and After a Radiological Emergency: 
Challenges, Guidelines, Strategies and Tools

Peter B. Lyons (2009) The Role of a Strong Regulator in Safe and Secure Nuclear Energy
Dudley T. Goodhead (2008) Issues in Quantifying the Effects of Low-Level Radiation
James A. Brink (2007) Use and Misuse of Radiation in Medicine
Mikhail Balonov (2006) Retrospective Analysis of Impacts of the Chernobyl Accident
B. John Garrick (2005) Contemporary Issues in Risk-Informed Decision Making on Waste Disposition
John W. Poston, Sr. (2004) Current Challenges in Countering Radiological Terrorism

Thomas S. Tenforde Topical Lectures

Genevieve S. Roessler (2019) HPS Ask the Experts: Our Most Intriguing Questions and Answers
Roy E. Shore (2018) Do the Epidemiologic Data Support Use of the Linear Nonthreshold Model for Radiation 

Protection?
Jacques Lochard (2015) Ethics and Radiation Protection

Currently, the following committees are actively engaged in formulating recommendations:

CC 2 Meeting the Needs of the Nation for Radiation Protection
Program Area Committee 1: Basic Criteria, Epidemiology,   Radiobiology, and Risk

SC 1-26 Approaches for Integrating Radiation Biology and Epidemiology for Enhancing Low Dose Risk 
Assessment

SC 1-27 Evaluation of Sex-Specific Differences in Lung Cancer Radiation Risks and Recommendations for Use 
in Transfer and Projection Models

Program Area Committee 2: Operational Radiation Safety
SC 2-8 Operational Radiation Safety Program — Revision to Report No. 127 (1998)

Program Area Committee 3: Nuclear and Radiological Security and Safety
SC 3-2 Recommendations for Instrument Response Verification and Calibration for Use in Radiation 

Emergencies
Program Area Committee 4: Radiation Protection in Medicine

SC 4-7 Evaluating and Communicating Radiation Risks for Studies Involving Human Subjects: Guidance for 
Researchers and Reviewing Bodies 

SC 4-8 Improving Patient Dose Utilization in Computed Tomography
SC 4-10 Error Prevention in Radiation Therapy
SC 4-11 Gonadal Shielding During Abdominal and Pelvic Radiography

Program Area Committee 5: Environmental Radiation and Radioactive Waste Issues
Program Area Committee 6: Radiation Measurements and Dosimetry

SC 6-12 Development of Models for Brain Dosimetry for Internally Deposited Radionuclides
Program Area Committee 7: Radiation Education, Risk Communication, and Outreach

In recognition of its responsibility to facilitate and stimulate cooperation among organizations concerned with
the scientific and related aspects of radiation protection and measurement, the Council has created a category of
NCRP Collaborating Organizations. Organizations or groups of organizations that are national or international in
scope and are concerned with scientific problems involving radiation quantities, units, measurements and effects,
or radiation protection may be admitted to collaborating status by the Council. Collaborating Organizations pro-
vide a means by which NCRP can gain input into its activities from a wider segment of society. At the same time,
the relationships with the Collaborating Organizations facilitate wider dissemination of information about the
Council’s activities, interests and concerns. Collaborating Organizations have the opportunity to comment on draft
reports (at the time that these are submitted to the members of the Council). This is intended to capitalize on the
fact that Collaborating Organizations are in an excellent position to both contribute to the identification of what
needs to be treated in NCRP reports and to identify problems that might result from proposed recommendations.
The present Collaborating Organizations with which NCRP maintains liaison are as follows:

Agency for Toxic Substances and Disease Registry
American Academy of Dermatology
American Academy of Environmental Engineers
American Academy of Health Physics
American Academy of Orthopaedic Surgeons
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American Association of Physicists in Medicine
American Brachytherapy Society
American College of Cardiology
American College of Occupational and Environmental Medicine
American College of Radiology
American Conference of Governmental Industrial Hygienists
American Dental Association
American Industrial Hygiene Association
American Institute of Ultrasound in Medicine
American Medical Association
American Nuclear Society
American Pharmacists Association
American Podiatric Medical Association
American Public Health Association
American Radium Society
American Roentgen Ray Society
American Society for Radiation Oncology
American Society of Emergency Radiology
American Society of Health-System Pharmacists
American Society of Nuclear Cardiology
American Society of Radiologic Technologists
American Thyroid Association
Association of Educators in Imaging and Radiological Sciences
Association of University Radiologists
Bioelectromagnetics Society
College of American Pathologists
Conference of Radiation Control Program Directors, Inc.
Council on Radionuclides and Radiopharmaceuticals
Defense Threat Reduction Agency
Electric Power Research Institute
Federal Aviation Administration
Federal Communications Commission
Federal Emergency Management Agency
Genetics Society of America
Health Physics Society
Institute of Electrical and Electronics Engineers, Inc.
Institute of Nuclear Power Operations
International Brotherhood of Electrical Workers
International Society of Exposure Science
National Aeronautics and Space Administration
National Association of Environmental Professionals
National Center for Environmental Health/Agency for Toxic Substances and Disease Registry
National Electrical Manufacturers Association
National Institute for Occupational Safety and Health
National Institute of Standards and Technology
Nuclear Energy Institute
Office of Science and Technology Policy
Product Stewardship Institute
Radiation Research Society
Radiological Society of North America
Society for Cardiovascular Angiography and Interventions
Society for Pediatric Radiology
Society for Risk Analysis
Society of Cardiovascular Computed Tomography
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Society of Chairs of Academic Radiology Departments
Society of Interventional Radiology
Society of Nuclear Medicine and Molecular Imaging
Society of Radiologists in Ultrasound
Society of Skeletal Radiology
U.S. Air Force
U.S. Army
U.S. Coast Guard
U.S. Department of Energy
U.S. Department of Housing and Urban Development
U.S. Department of Labor
U.S. Department of Transportation
U.S. Environmental Protection Agency
U.S. Navy
U.S. Nuclear Regulatory Commission
U.S. Public Health Service
Utility Workers Union of America

NCRP has found its relationships with these organizations to be extremely valuable to continued progress in
its program.

Another aspect of the cooperative efforts of NCRP relates to the Special Liaison relationships established with
various governmental organizations that have an interest in radiation protection and measurements. This liaison
relationship provides: (1) an opportunity for participating organizations to designate an individual to provide liai-
son between the organization and NCRP; (2) that the individual designated will receive copies of draft NCRP
reports (at the time that these are submitted to the members of the Council) with an invitation to comment, but
not vote; and (3) that new NCRP efforts might be discussed with liaison individuals as appropriate, so that they
might have an opportunity to make suggestions on new studies and related matters. The following organizations
participate in the Special Liaison Program:

Australian Radiation Laboratory
Bundesamt fur Strahlenschutz (Germany)
Canadian Association of Medical Radiation Technologists 
Canadian Nuclear Safety Commission
Central Laboratory for Radiological Protection (Poland)
China Institute for Radiation Protection
Commissariat a l’Energie Atomique (France)
Commonwealth Scientific Instrumentation Research Organization (Australia)
European Commission
Heads of the European Radiological Protection Competent Authorities
Health Council of the Netherlands
Health Protection Agency
International Commission on Non-Ionizing Radiation Protection
International Commission on Radiation Units and Measurements
International Commission on Radiological Protection
International Radiation Protection Association
Japanese Nuclear Safety Commission
Japan Radiation Council
Korea Institute of Nuclear Safety
Public Health England
Russian Scientific Commission on Radiation Protection
South African Forum for Radiation Protection
World Association of Nuclear Operators
World Health Organization, Radiation and Environmental Health
NCRP values highly the participation of these organizations in the Special Liaison Program.
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The Council also benefits significantly from the relationships established pursuant to the Corporate Sponsor’s
Program. The program facilitates the interchange of information and ideas and corporate sponsors provide valu-
able fiscal support for the Council’s program. This developing program currently includes the following Corporate
Sponsors:

Exelon Generation, an Exelon Company
Landauer, Inc.
Nuclear Energy Institute

The Council’s activities have been made possible by the voluntary contribution of time and effort by its mem-
bers and participants and the generous support of the following organizations:

3M
Agfa Corporation
Alfred P. Sloan Foundation
Alliance of American Insurers
American Academy of Dermatology
American Academy of Health Physics
American Academy of Oral and Maxillofacial Radiology
American Association of Physicists in Medicine
American Cancer Society
American College of Medical Physics
American College of Nuclear Physicians
American College of Occupational and Environmental Medicine
American College of Radiology
American College of Radiology Foundation
American Dental Association
American Healthcare Radiology Administrators
American Industrial Hygiene Association
American Insurance Services Group
American Medical Association
American Nuclear Society
American Osteopathic College of Radiology
American Podiatric Medical Association
American Public Health Association
American Radium Society
American Roentgen Ray Society
American Society for Radiation Oncology
American Society for Therapeutic Radiology and Oncology
American Society of Radiologic Technologists
American Veterinary Medical Association
American Veterinary Radiology Society
Association of Educators in Radiological Sciences, Inc.
Association of University Radiologists
Battelle Memorial Institute
Canberra Industries, Inc.
Chem Nuclear Systems
Center for Devices and Radiological Health
Centers for Disease Control and Prevention
College of American Pathologists
Committee on Interagency Radiation Research and Policy Coordination
Commonwealth Edison
Commonwealth of Pennsylvania
Consolidated Edison
Consumers Power Company
Council on Radionuclides and Radiopharmaceuticals

NCRP 2020- All rights reserved. 
This electronic file was provided to 
a member of SC 6-11 
Single user only, copying and networking prohibited



THE NCRP   /   109

Defense Nuclear Agency
Defense Threat Reduction Agency
Duke Energy Corporation
Eastman Kodak Company
Edison Electric Institute
Edward Mallinckrodt, Jr. Foundation
EG&G Idaho, Inc.
Electric Power Research Institute
Electromagnetic Energy Association
Federal Emergency Management Agency
Florida Institute of Phosphate Research
Florida Power Corporation
Fuji Medical Systems, U.S.A., Inc.
GE Healthcare
Genetics Society of America
Global Dosimetry Solutions
Health Effects Research Foundation (Japan)
Health Physics Society
ICN Biomedicals, Inc.
Institute of Nuclear Power Operations
James Picker Foundation
Landauer, Inc.
Lillian and Robert Brent Fund
Martin Marietta Corporation
Mirion Technologies (GDS), Inc.
Motorola Foundation
National Aeronautics and Space Administration
National Association of Photographic Manufacturers
National Cancer Institute
National Electrical Manufacturers Association
National Institute of Standards and Technology
New York Power Authority
Nuclear Energy Institute
Philips Medical Systems
Picker International
Public Service Electric and Gas Company
Radiation Research Society
Radiological Society of North America
Richard Lounsbery Foundation
Sandia National Laboratory
Siemens Medical Systems, Inc.
Society of Nuclear Medicine and Molecular Imaging
Society of Pediatric Radiology
Southern California Edison Company
U.S. Department of Energy
U.S. Food and Drug Administration
U.S. Department of Homeland Security
U.S. Department of Labor
U.S. Environmental Protection Agency
U.S. Navy
U.S. Nuclear Regulatory Commission
Victoreen, Inc.
Westinghouse Electric Corporation
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Initial funds for publication of NCRP reports were provided by a grant from the James Picker Foundation.
NCRP seeks to promulgate information and recommendations based on leading scientific judgment on matters

of radiation protection and measurement and to foster cooperation among organizations concerned with these mat-
ters. These efforts are intended to serve the public interest and the Council welcomes comments and suggestions
on its reports or activities.
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NCRP Publications

NCRP publications can be obtained online in both PDF and hardcopy formats at http://NCRPonline.org. Pro-
fessional societies can arrange for discounts for their members by contacting NCRP. Additional information on
NCRP publications may be obtained from the NCRP website or by telephone (301-657-2652, ext. 1) and fax
(301-907-8768). The mailing address is:

NCRP Publications
7910 Woodmont Avenue, Suite 400
Bethesda, MD 20814-3095

Abstracts of NCRP reports published since 1980, abstracts of all NCRP commentaries, and the text of all NCRP
statements are available at the NCRP website. Currently available publications are listed below.

NCRP Reports

No. Title

8 Control and Removal of Radioactive Contamination in Laboratories (1951)
 22 Maximum Permissible Body Burdens and Maximum Permissible Concentrations of Radionuclides in Air 

and in Water for Occupational Exposure (1959) [includes Addendum 1 issued in August 1963]
 25 Measurement of Absorbed Dose of Neutrons, and of Mixtures of Neutrons and Gamma Rays (1961)
 27 Stopping Powers for Use with Cavity Chambers (1961)
 30 Safe Handling of Radioactive Materials (1964)
 32 Radiation Protection in Educational Institutions (1966)
 35 Dental X-Ray Protection (1970)
 36 Radiation Protection in Veterinary Medicine (1970)
 37 Precautions in the Management of Patients Who Have Received Therapeutic Amounts of Radionuclides 

(1970)
 38 Protection Against Neutron Radiation (1971)
 40 Protection Against Radiation from Brachytherapy Sources (1972)
 41 Specification of Gamma-Ray Brachytherapy Sources (1974)
 42 Radiological Factors Affecting Decision-Making in a Nuclear Attack (1974)
 44 Krypton-85 in the Atmosphere—Accumulation, Biological Significance, and Control Technology (1975)
 46 Alpha-Emitting Particles in Lungs (1975)
 47 Tritium Measurement Techniques (1976)
 49 Structural Shielding Design and Evaluation for Medical Use of X Rays and Gamma Rays of Energies Up 

to 10 MeV (1976)
 50 Environmental Radiation Measurements (1976)
 52 Cesium-137 from the Environment to Man: Metabolism and Dose (1977)
 54 Medical Radiation Exposure of Pregnant and Potentially Pregnant Women (1977)
 55 Protection of the Thyroid Gland in the Event of Releases of Radioiodine (1977)
 57 Instrumentation and Monitoring Methods for Radiation Protection (1978)
 58 A Handbook of Radioactivity Measurements Procedures, 2nd ed. (1985)
 60 Physical, Chemical, and Biological Properties of Radiocerium Relevant to Radiation Protection Guidelines 

(1978)
 61 Radiation Safety Training Criteria for Industrial Radiography (1978)
 62 Tritium in the Environment (1979)
 63 Tritium and Other Radionuclide Labeled Organic Compounds Incorporated in Genetic Material (1979)
 64 Influence of Dose and Its Distribution in Time on Dose-Response Relationships for Low-LET Radiations 

(1980)
 65 Management of Persons Accidentally Contaminated with Radionuclides (1980)
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 67 Radiofrequency Electromagnetic Fields—Properties, Quantities and Units, Biophysical Interaction, and 
Measurements (1981)

 68 Radiation Protection in Pediatric Radiology (1981)
 69 Dosimetry of X-Ray and Gamma-Ray Beams for Radiation Therapy in the Energy Range 10 keV to 50 MeV 

(1981)
 70 Nuclear Medicine—Factors Influencing the Choice and Use of Radionuclides in Diagnosis and Therapy 

(1982)
 72 Radiation Protection and Measurement for Low-Voltage Neutron Generators (1983)
 73 Protection in Nuclear Medicine and Ultrasound Diagnostic Procedures in Children (1983)
 74 Biological Effects of Ultrasound: Mechanisms and Clinical Implications (1983)
 75 Iodine-129: Evaluation of Releases from Nuclear Power Generation (1983)
 76 Radiological Assessment: Predicting the Transport, Bioaccumulation, and Uptake by Man of 

Radionuclides Released to the Environment (1984)
77 Exposures from the Uranium Series with Emphasis on Radon and Its Daughters (1984)
78 Evaluation of Occupational and Environmental Exposures to Radon and Radon Daughters in the United 

States (1984)
79 Neutron Contamination from Medical Electron Accelerators (1984)
80 Induction of Thyroid Cancer by Ionizing Radiation (1985)
81 Carbon-14 in the Environment (1985)
82 SI Units in Radiation Protection and Measurements (1985)
83 The Experimental Basis for Absorbed-Dose Calculations in Medical Uses of Radionuclides (1985)
84 General Concepts for the Dosimetry of Internally Deposited Radionuclides (1985)
86 Biological Effects and Exposure Criteria for Radiofrequency Electromagnetic Fields (1986)
87 Use of Bioassay Procedures for Assessment of Internal Radionuclide Deposition (1987)
88 Radiation Alarms and Access Control Systems (1986)
89 Genetic Effects from Internally Deposited Radionuclides (1987)
90 Neptunium: Radiation Protection Guidelines (1988)
92 Public Radiation Exposure from Nuclear Power Generation in the United States (1987)
93 Ionizing Radiation Exposure of the Population of the United States (1987)
94 Exposure of the Population in the United States and Canada from Natural Background Radiation (1987)
95 Radiation Exposure of the U.S. Population from Consumer Products and Miscellaneous Sources (1987)
96 Comparative Carcinogenicity of Ionizing Radiation and Chemicals (1989)
97 Measurement of Radon and Radon Daughters in Air (1988)
99 Quality Assurance for Diagnostic Imaging (1988)

100 Exposure of the U.S. Population from Diagnostic Medical Radiation (1989)
101 Exposure of the U.S. Population from Occupational Radiation (1989)
102 Medical X-Ray, Electron Beam and Gamma-Ray Protection for Energies Up to 50 MeV (Equipment Design, 

Performance and Use) (1989)
103 Control of Radon in Houses (1989)
104 The Relative Biological Effectiveness of Radiations of Different Quality (1990)
105 Radiation Protection for Medical and Allied Health Personnel (1989)
106 Limit for Exposure to “Hot Particles” on the Skin (1989)
107 Implementation of the Principle of As Low As Reasonably Achievable (ALARA) for Medical and Dental 

Personnel (1990)
108 Conceptual Basis for Calculations of Absorbed-Dose Distributions (1991)
109 Effects of Ionizing Radiation on Aquatic Organisms (1991)
110 Some Aspects of Strontium Radiobiology (1991)
111 Developing Radiation Emergency Plans for Academic, Medical or Industrial Facilities (1991)
112 Calibration of Survey Instruments Used in Radiation Protection for the Assessment of Ionizing Radiation 

Fields and Radioactive Surface Contamination (1991)
113 Exposure Criteria for Medical Diagnostic Ultrasound: I. Criteria Based on Thermal Mechanisms (1992)
114 Maintaining Radiation Protection Records (1992)
115 Risk Estimates for Radiation Protection (1993)
116 Limitation of Exposure to Ionizing Radiation (1993)
117 Research Needs for Radiation Protection (1993)
118 Radiation Protection in the Mineral Extraction Industry (1993)
119 A Practical Guide to the Determination of Human Exposure to Radiofrequency Fields (1993)
120 Dose Control at Nuclear Power Plants (1994)
121 Principles and Application of Collective Dose in Radiation Protection (1995)
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122 Use of Personal Monitors to Estimate Effective Dose Equivalent and Effective Dose to Workers for External 
Exposure to Low-LET Radiation (1995)

123 Screening Models for Releases of Radionuclides to Atmosphere, Surface Water, and Ground (1996)
124 Sources and Magnitude of Occupational and Public Exposures from Nuclear Medicine Procedures (1996)
125 Deposition, Retention and Dosimetry of Inhaled Radioactive Substances (1997)
126 Uncertainties in Fatal Cancer Risk Estimates Used in Radiation Protection (1997)
127 Operational Radiation Safety Program (1998)
128 Radionuclide Exposure of the Embryo/Fetus (1998)
129 Recommended Screening Limits for Contaminated Surface Soil and Review of Factors Relevant to 

Site-Specific Studies (1999)
130 Biological Effects and Exposure Limits for “Hot Particles” (1999)
131 Scientific Basis for Evaluating the Risks to Populations from Space Applications of Plutonium (2001)
132 Radiation Protection Guidance for Activities in Low-Earth Orbit (2000)
133 Radiation Protection for Procedures Performed Outside the Radiology Department (2000)
134 Operational Radiation Safety Training (2000)
135 Liver Cancer Risk from Internally-Deposited Radionuclides (2001)
136 Evaluation of the Linear-Nonthreshold Dose-Response Model for Ionizing Radiation (2001)
137 Fluence-Based and Microdosimetric Event-Based Methods for Radiation Protection in Space (2001)
138 Management of Terrorist Events Involving Radioactive Material (2001)
139 Risk-Based Classification of Radioactive and Hazardous Chemical Wastes (2002)
140 Exposure Criteria for Medical Diagnostic Ultrasound: II. Criteria Based on all Known Mechanisms (2002)
141 Managing Potentially Radioactive Scrap Metal (2002)
142 Operational Radiation Safety Program for Astronauts in Low-Earth Orbit: A Basic Framework (2002)
143 Management Techniques for Laboratories and Other Small Institutional Generators to Minimize Off-Site 

Disposal of Low-Level Radioactive Waste (2003)
144 Radiation Protection for Particle Accelerator Facilities (2003)
145 Radiation Protection in Dentistry (2003)
146 Approaches to Risk Management in Remediation of Radioactively Contaminated Sites (2004)
147 Structural Shielding Design for Medical X-Ray Imaging Facilities (2004)
148 Radiation Protection in Veterinary Medicine (2004)
149 A Guide to Mammography and Other Breast Imaging Procedures (2004)
150 Extrapolation of Radiation-Induced Cancer Risks from Nonhuman Experimental Systems to Humans 

(2005)
151 Structural Shielding Design and Evaluation for Megavoltage X- and Gamma-Ray Radiotherapy Facilities 

(2005)
152 Performance Assessment of Near-Surface Facilities for Disposal of Low-Level Radioactive Waste (2005)
153 Information Needed to Make Radiation Protection Recommendations for Space Missions Beyond 

Low-Earth Orbit (2006)
154 Cesium-137 in the Environment: Radioecology and Approaches to Assessment and Management (2006)
155 Management of Radionuclide Therapy Patients (2006)
156 Development of a Biokinetic Model for Radionuclide-Contaminated Wounds and Procedures for Their 

Assessment, Dosimetry and Treatment (2006)
157 Radiation Protection in Educational Institutions (2007)
158 Uncertainties in the Measurement and Dosimetry of External Radiation (2007)
159 Risk to the Thyroid from Ionizing Radiation (2008)
160 Ionizing Radiation Exposure of the Population of the United States (2009)
161 Management of Persons Contaminated with Radionuclides (2008)
162 Self Assessment of Radiation-Safety Programs (2009)
163 Radiation Dose Reconstruction: Principles and Practices (2009)
164 Uncertainties in Internal Radiation Dose Assessment (2009)
165 Responding to a Radiological or Nuclear Terrorism Incident: A Guide for Decision Makers (2010)
167 Potential Impact of Individual Genetic Susceptibility and Previous Radiation Exposure on Radiation Risk 

for Astronauts (2010)
168 Radiation Dose Management for Fluoroscopically-Guided Interventional Medical Procedures (2010)
169 Design of Effective Radiological Effluent Monitoring and Environmental Surveillance Programs (2010)
170 Second Primary Cancers and Cardiovascular Disease After Radiation Therapy (2011)
171 Uncertainties in the Estimation of Radiation Risks and Probability of Disease Causation (2012)
172 Reference Levels and Achievable Doses in Medical and Dental Imaging: Recommendations for the United 

States (2012)
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173 Investigation of Radiological Incidents (2012)
174 Preconception and Prenatal Radiation Exposure: Health Effects and Protective Guidance (2013)
175 Decision Making for Late-Phase Recovery from Major Nuclear or Radiological Incidents (2014)
176 Radiation Safety Aspects of Nanotechnology (2017)
177 Radiation Protection in Dentistry and Oral & Maxillofacial Imaging (2019)
178 Deriving Organ Doses and Their Uncertainty for Epidemiologic Studies (with a focus on the One Million 

U.S. Workers and Veterans Study of Low-Dose Radiation Health Effects) (2018)
179 Guidance for Emergency Response Dosimetry (2017)
180 Management of Exposure to Ionizing Radiation: Radiation Protection Guidance for the United States 

(2018) (2018)
181 Evaluation of the Relative Effectiveness of Low-Energy Photons and Electrons in Inducing Cancer in 

Humans (2018)
182 Radiation Safety of Sealed Radioactive Sources (2019)
183 Radiation Exposures in Space and the Potential for Central Nervous System Effects: Phase II (2019)
184 Medical Radiation Exposure of Patients in the United States (2019)
185 Evaluating and Communicating Radiation Risks for Studies Involving Human Subjects: Guidance for

Researchers and Institutional Review Boards (2020)
186 Approaches for Integrating Information from Radiation Biology and Epidemiology to Enhance Low-Dose

Health Risk Assessment (2020)

Binders for NCRP reports are available. Two sizes make it possible to collect into small binders the “old series”
of reports (NCRP Reports Nos. 8–30) and into large binders the more recent publications (NCRP Reports Nos.
32–163, 165–186). Each binder will accommodate from five to seven reports. The binders carry the identification
“NCRP Reports” and come with label holders which permit the user to attach labels showing the reports contained
in each binder.

The following bound sets of NCRP reports are also available:

NCRP Commentaries

No. Title

1 Krypton-85 in the Atmosphere—With Specific Reference to the Public Health Significance of the Proposed 
Controlled Release at Three Mile Island (1980)

4 Guidelines for the Release of Waste Water from Nuclear Facilities with Special Reference to the Public 
Health Significance of the Proposed Release of Treated Waste Waters at Three Mile Island (1987)

Volume I. NCRP Reports Nos. 8, 22
Volume II. NCRP Reports Nos. 23, 25, 27, 30
Volume III. NCRP Reports Nos. 32, 35, 36, 37
Volume IV. NCRP Reports Nos. 38, 40, 41
Volume V. NCRP Reports Nos. 42, 44, 46
Volume VI. NCRP Reports Nos. 47, 49, 50, 51
Volume VII. NCRP Reports Nos. 52, 53, 54, 55, 57
Volume VIII. NCRP Report No. 58
Volume IX. NCRP Reports Nos. 59, 60, 61, 62, 63
Volume X. NCRP Reports Nos. 64, 65, 66, 67
Volume XI. NCRP Reports Nos. 68, 69, 70, 71, 72
Volume XII. NCRP Reports Nos. 73, 74, 75, 76
Volume XIV. NCRP Reports Nos. 81, 82, 83, 84, 85
Volume XV. NCRP Reports Nos. 86, 87, 88, 89
Volume XVI. NCRP Reports Nos. 90, 91, 92, 93
Volume XVII. NCRP Reports Nos. 94, 95, 96, 97
Volume XVIII. NCRP Reports Nos. 98, 99, 100
Volume XIX. NCRP Reports Nos. 101, 102, 103, 104
Volume XX. NCRP Reports Nos. 105, 106, 107, 108
Volume XXI. NCRP Reports Nos. 109, 110, 111
Volume XXII. NCRP Reports Nos. 112, 113, 114
Volume XXIII. NCRP Reports Nos. 115, 116, 117, 118
Volume XXIV. NCRP Reports Nos. 119, 120, 121, 122

Volume XXV. NCRP Report No. 123I and 123II
Volume XXVI. NCRP Reports Nos. 124, 125, 126, 127
Volume XXVII. NCRP Reports Nos. 128, 129, 130
Volume XXVIII. NCRP Reports Nos. 131, 132, 133
Volume XXIX. NCRP Reports Nos. 134, 135, 136, 137
Volume XXX. NCRP Reports Nos. 138, 139
Volume XXXI. NCRP Report No. 140
Volume XXXII. NCRP Reports Nos. 141, 142, 143
Volume XXXIII. NCRP Report No. 144
Volume XXXIV. NCRP Reports Nos. 145, 146, 147
Volume XXXV. NCRP Reports Nos. 148, 149
Volume XXXVI. NCRP Reports Nos. 150, 151, 152
Volume XXXVII, NCRP Reports Nos. 153, 154, 155
Volume XXXVIII, NCRP Reports Nos. 156, 157, 158
Volume XXXIX, NCRP Reports Nos. 159, 160
Volume XL. NCRP Report No. 161 (Vols. I and II)
Volume XLI. NCRP Reports Nos. 162, 163
Volume XLII. NCRP Reports Nos. 165, 166, 167
Volume XLIII. NCRP Reports Nos. 168, 169
Volume XLIV. NCRP Reports Nos. 170, 171
Volume XLV. NCRP Reports Nos. 172, 173
Volume XLVI. NCRP Report No. 174
Volume XLVII. NCRP Report No. 175
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5 Review of the Publication, Living Without Landfills (1989)
6 Radon Exposure of the U.S. Population—Status of the Problem (1991)
7 Misadministration of Radioactive Material in Medicine—Scientific Background (1991)
8 Uncertainty in NCRP Screening Models Relating to Atmospheric Transport, Deposition and Uptake by 

Humans (1993)
9 Considerations Regarding the Unintended Radiation Exposure of the Embryo, Fetus or Nursing Child 

(1994)
10 Advising the Public about Radiation Emergencies: A Document for Public Comment (1994)
11 Dose Limits for Individuals Who Receive Exposure from Radionuclide Therapy Patients (1995)
12 Radiation Exposure and High-Altitude Flight (1995)
13 An Introduction to Efficacy in Diagnostic Radiology and Nuclear Medicine (Justification of Medical 

Radiation Exposure) (1995)
14 A Guide for Uncertainty Analysis in Dose and Risk Assessments Related to Environmental 

Contamination (1996)
15 Evaluating the Reliability of Biokinetic and Dosimetric Models and Parameters Used to Assess Individual 

Doses for Risk Assessment Purposes (1998)
16 Screening of Humans for Security Purposes Using Ionizing Radiation Scanning Systems (2003)
17 Pulsed Fast Neutron Analysis System Used in Security Surveillance (2003)
18 Biological Effects of Modulated Radiofrequency Fields (2003)
19 Key Elements of Preparing Emergency Responders for Nuclear and Radiological Terrorism (2005)
20 Radiation Protection and Measurement Issues Related to Cargo Scanning with Accelerator-Produced 

High-Energy X Rays (2007)
21 Radiation Protection in the Application of Active Detection Technologies (2011)
22 Radiological Health Protection Issues Associated With Use of Active Detection Technology Systems for 

Detection of Radioactive Threat Materials (2011)
23 Radiation Protection for Space Activities: Supplement to Previous Recommendations (2014)
24 Health Effects of Low Doses of Radiation: Perspectives on Integrating Radiation Biology and Epidemiology 

(2015)
25 Potential for Central Nervous System Effects from Radiation Exposure During Space Activities Phase I: 

Overview (2016)
26 Guidance on Radiation Dose Limits for the Lens of the Eye (2016)
27 Implications of Recent Epidemiologic Studies for the Linear-Nonthreshold Model and Radiation 

Protection (2018)
28 Implementation Guidance for Emergency Response Dosimetry (2019)
29 Naturally Occurring Radioactive Material (NORM) and Technologically Enhanced Naturally Occurring 

Radioactive Material (TENORM) from the Oil and Gas Industry (2020)
30 Using Personal Monitoring Data to Derive Organ Doses for Medical Radiation Workers, with a Focus on 

Lung (2020)

Proceedings of the Annual Meeting

No. Title

1 Perceptions of Risk, Proceedings of the Fifteenth Annual Meeting held on March 14-15, 1979 (including 
Taylor Lecture No. 3) (1980)

3 Critical Issues in Setting Radiation Dose Limits, Proceedings of the Seventeenth Annual Meeting held on 
April 8-9, 1981 (including Taylor Lecture No. 5) (1982)

4 Radiation Protection and New Medical Diagnostic Approaches, Proceedings of the Eighteenth Annual 
Meeting held on April 6-7, 1982 (including Taylor Lecture No. 6) (1983)

5 Environmental Radioactivity, Proceedings of the Nineteenth Annual Meeting held on April 6-7, 1983 
(including Taylor Lecture No. 7) (1983)

6 Some Issues Important in Developing Basic Radiation Protection Recommendations, Proceedings of the 
Twentieth Annual Meeting held on April 4-5, 1984 (including Taylor Lecture No. 8) (1985)

7 Radioactive Waste, Proceedings of the Twenty-First Annual Meeting held on April 3-4, 1985 (including 
Taylor Lecture No. 9)(1986)

8 Nonionizing Electromagnetic Radiations and Ultrasound, Proceedings of the Twenty-Second Annual 
Meeting held on April 2-3, 1986 (including Taylor Lecture No. 10) (1988)

9 New Dosimetry at Hiroshima and Nagasaki and Its Implications for Risk Estimates, Proceedings of the 
Twenty-Third Annual Meeting held on April 8-9, 1987 (including Taylor Lecture No. 11) (1988)
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10 Radon, Proceedings of the Twenty-Fourth Annual Meeting held on March 30-31, 1988 (including Taylor 
Lecture No. 12) (1989)

11 Radiation Protection Today—The NCRP at Sixty Years, Proceedings of the Twenty-Fifth Annual Meeting 
held on April 5-6, 1989 (including Taylor Lecture No. 13) (1990)

12 Health and Ecological Implications of Radioactively Contaminated Environments, Proceedings of the 
Twenty-Sixth Annual Meeting held on April 4-5, 1990 (including Taylor Lecture No. 14) (1991)

13 Genes, Cancer and Radiation Protection, Proceedings of the Twenty-Seventh Annual Meeting held on 
April 3-4, 1991 (including Taylor Lecture No. 15) (1992)

14 Radiation Protection in Medicine, Proceedings of the Twenty-Eighth Annual Meeting held on April 1-2, 
1992 (including Taylor Lecture No. 16) (1993)

15 Radiation Science and Societal Decision Making, Proceedings of the Twenty-Ninth Annual Meeting held 
on April 7-8, 1993 (including Taylor Lecture No. 17) (1994)

16 Extremely-Low-Frequency Electromagnetic Fields: Issues in Biological Effects and Public Health, 
Proceedings of the Thirtieth Annual Meeting held on April 6-7, 1994 (not published).

17 Environmental Dose Reconstruction and Risk Implications, Proceedings of the Thirty-First Annual 
Meeting held on April 12-13, 1995 (including Taylor Lecture No. 19) (1996)

18 Implications of New Data on Radiation Cancer Risk, Proceedings of the Thirty-Second Annual Meeting 
held on April 3-4, 1996 (including Taylor Lecture No. 20) (1997)

19 The Effects of Pre- and Postconception Exposure to Radiation, Proceedings of the Thirty-Third Annual 
Meeting held on April 2-3, 1997, Teratology 59:181–317 (1999)

20 Cosmic Radiation Exposure of Airline Crews, Passengers and Astronauts, Proceedings of the 
Thirty-Fourth Annual Meeting held on April 1-2, 1998, Health Phys. 79:466–613 (2000)

21 Radiation Protection in Medicine: Contemporary Issues, Proceedings of the Thirty-Fifth Annual Meeting 
held on April 7-8, 1999 (including Taylor Lecture No. 23) (1999)

22 Ionizing Radiation Science and Protection in the 21st Century, Proceedings of the Thirty-Sixth Annual 
Meeting held on April 5-6, 2000, Health Phys. 80:317–402 (2001)

23 Fallout from Atmospheric Nuclear Tests—Impact on Science and Society, Proceedings of the 
Thirty-Seventh Annual Meeting held on April 4-5, 2001, Health Phys. 82:573–748 (2002)

24 Where the New Biology Meets Epidemiology: Impact on Radiation Risk Estimates, Proceedings of the 
Thirty-Eighth Annual Meeting held on April 10-11, 2002, Health Phys. 85:1–108 (2003)

25 Radiation Protection at the Beginning of the 21st Century–A Look Forward, Proceedings of the 
Thirty-Ninth Annual Meeting held on April 9–10, 2003, Health Phys. 87:237–319 (2004)

26 Advances in Consequence Management for Radiological Terrorism Events, Proceedings of the Fortieth 
Annual Meeting held on April 14–15, 2004, Health Phys. 89:415–588 (2005)

27 Managing the Disposition of Low-Activity Radioactive Materials, Proceedings of the Forty-First Annual 
Meeting held on March 30–31, 2005, Health Phys. 91:413–536 (2006)

28 Chernobyl at Twenty, Proceedings of the Forty-Second Annual Meeting held on April 3–4, 2006, Health 
Phys. 93:345–595 (2007)

29 Advances in Radiation Protection in Medicine, Proceedings of the Forty-Third Annual Meeting held on 
April 16-17, 2007, Health Phys. 95:461–686 (2008)

30 Low Dose and Low Dose-Rate Radiation Effects and Models, Proceedings of the Forty-Fourth Annual 
Meeting held on April 14–15, 2008, Health Phys. 97:373–541 (2009)

31 Future of Nuclear Power Worldwide – Health, Safety, and Environment, Proceedings of the Forty-Fifth 
Annual Meeting held on March 2–3, 2009, Health Phys. 100(1):2–112 (2011)

32 Communication of Radiation Benefits and Risks in Decision Making, Proceedings of the Forty-Sixth 
Annual Meeting held March 8–9, 2010, Health Phys. 101(5):497–629 (2011)

33 Scientific and Policy Challenges of Particle Radiations in Medical Therapy and Space Missions, 
Proceedings of the Forty-Seventh Annual Meeting held on March 7–8, 2011, Health Phys. 103(5):529–684 
(2012)

34 Emerging Issues in Radiation Protection in Medicine, Emergency Response, and the Nuclear Fuel Cycle, 
Proceedings of the Forty-Eighth Annual Meeting held March 12–13, 2012, Health Phys. 105(5):401–468 
(2013)

35 Radiation Dose the Impacts on Exposed Populations, Proceedings of the Forty-Ninth Annual Meeting held 
March 11–12, 2013, Health Phys. 106(2):145–339 (2014)

36 NCRP: Achievements of the Past 50 Years and Addressing the Needs of the Future, Proceedings of the 
Fiftieth Annual Meeting held March 10–11, 2014, Health Phys. 108(2):97–293 (2015)

37 Changing Regulations and Radiation Guidance: What Does the Future Hold?, Proceedings of the 
Fifty-First Annual Meeting held March 16–17, 2015, Health Phys. 110(2):97–237 (2016)
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