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Abstract

M. Hamby

The National Council of Radiation Protection and Measurements

Report No. 49, originally issued on September 15, 1976, has been the

primary design guide for diagnostic x-ray structural shielding in the

United States. To further protect the public from various areas of

medical radiation exposure, NCRP issued Report 116 in 1987 to

decrease the public exposure limits. These new limits used in

conjunction with NCRP 49 to determine shielding requirements for

diagnostic radiological rooms can be shown to over-shield based on

current technologies and protocols.

This paper explores the NCRP conservative assumptions that

physicists specifying barrier requirements for diagnostic x-ray facilities

normally utilize. These evaluated assumptions, which are incorporated

in the methodology and attenuation data presented in NCRP Report 49
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formulas, include relatively high single kVp's, a "one size fits all"

workload default, and the lack of attenuation factors by the patient, the

wall, and the film. In essence, an analysis of the conservative nature of

NCRP 49 is demonstrated.

An example of Primary and Secondary Shielding Methodology

utilizing NCRP 49 and NCRP 116 dose limits is provided as well as the

cost factors associated with the results. These examples are further

evaluated using a Monte Carlo software program.

In addition, an analysis of actual current radiographic conditions

in an imaging room is performed. This is done to determine first, the

actual mA utilized for specific exams; secondly, the actual mA-mm

weekly workload; and thirdly, the tangible exams performed per week

in small and large medical facilities.

Based on the information and analysis presented, this paper

concludes that the formulas for NCRP 49 and NCRP 116 need to be

reexamined. Furthermore, this paper also demonstrates once again

that NCRP 49, utilizing NCRP 116 dose limits is extremely

conservative.
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An Analysis of Medical Shielding Requirements in
Conjunction with Current Radiographic Imaging

Practices

INTRODUCTION

The National Council of Radiation Protection and Measurements

(hereinafter called NCRP) Report No. 49, originally issued on

September 15, 1976, has been the primary design guide for diagnostic

x-ray structural shielding in the United States. The original

methodology, attenuation curves for lead and concrete, formulas, and

all assumptions date back to the 1950's. In 1993, in an effort to ensure

protection of the occupational worker and the general public, the NCRP

issued another report, Report No. 116, which decreased the annual

maximum exposure limits. It is this author's contention that NCRP

Report 49 assumptions and formulas are overprotective and irrelevant

and that they have become obsolete due to changes in equipment

manufacture, design structure, technological advances, computer

interaction, and increased, updated knowledge. It is further asserted

that NCRP 116 dose limits compound the problem when used in

conjunction with NCRP 49 to determine shielding requirements of

diagnostic radiological rooms. Based on current technologies and

protocols, NCRP 49 over-shields and NCRP 116 dramatically over-

shields general radiographic rooms, thus increasing construction and

subsequent health care costs.
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HISTORICAL PERSPECTIVE

The past must be remembered and studied to make sense of

today's conventions. Today's regulations are the direct outgrowth of

yesterday's cautions. The science and art of radiation protection grew

out of the parallel discoveries of Xray and radioactivity discovered in the

closing years of the nineteenth century. The electromagnetic waves or

photons with the ability to pass through solid matter were discovered by

the German physicist, Wilhelm Konrad Roentgen, on November 8,

1895, and were named Xrays. Xrays are waves not emitted from the

nucleus of an atom, but emitted as electrons change position in the

orbital shells that surround an atom. The waves can also be emitted

when electrons are slowed down as in the production of bremsstrahlung

Xrays for imaging purposes.

Initially, experimenters and physicians, scientists and curiosity

seekers, and even the first physicists set up x-ray generating apparati

and proceeded about their labors with a blithe lack of concern regarding

potential dangers. Inevitably, the widespread and unrestrained use of



Xrays led to frank injury. At one point in American History, Xrays were

thought to be the cure all for any medical condition, and, in fact, x-ray

machines could be found in shoe shops as late as the 1950's for the

viewing pleasure of any child off the street who wanted to watch their

toe bones wiggle. Injures were not often attributed to x-ray exposure,

however, due to the latent period before the onset of symptoms.

Reports describing skin effects associated with bad sunburn

began to appear as early as 1896. By 1900, four years after their

discovery, it was apparent to most of the medical and scientific

community that x-ray exposure, if too frequent or intensive, could

produce skin burns. Shortly thereafter, around 1912, the concept of

half-value layers or attenuating the x-ray beam for protection was

developed; in essence, shielding people from x or gamma radiation.

Although the basic techniques of x-ray protection - reduction of

exposure time and frequency, shielding, increasing the distance

between the source and the exposed person - were well known by

1905, implementation was spotty. Thus, during the 1920's, 1930's, and

even the 40's, it was not unusual to find medical x-ray units with no

safety precautions in place.
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A major development in the period was the adoption of radiation

protection recommendations by the British Roentgen Society in 1915

and the American Roentgen Ray Society in 1922. The

recommendations were very simple, but they provided the precedence

for later implementation of radiation safety principles.

In 1925, Arthur Mutscheller, a German American physicist,

published the first tolerance dose or permissible exposure limit which

was equivalent to about two tenths [0.2] of a rem per day. He based

this limit on 1/1 00th of the quantity known to produce a skin erythema

per month. In the same year, Swedish physicist, RoIf Sievert, also put

forth a tolerance dose of 10% of the skin erythema dose. However, it

was not until the adoption of the definition of the "Roentgen" in 1928

that a physical basis for the quantitative measurement for

documentation of radiation exposures was provided.

In 1931, the U.S. Advisory Committee on Xray and Radium

Protection (ACXRP), the direct ancestor of the modern day NCRP, was

established and studied so-called "tolerance doses". Eventually, the

committee which represented professional societies and organizations

as well as x-ray equipment manufacturers recommended, in 1934, that

a quantitative "tolerance dose" of radiation of one [1] Roentgen per day
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for whole body exposure from external sources be the limiting dose for

radiation protection. Committee members believed that levels below

the tolerance dose were unlikely to cause injury in the average

individual. The following year, an international radiation protection

group composed of experts from five nations took a similar action.

Neither advisory body regarded its recommended tolerance as

definitive because empirical evidence remained fragmentary and

inconclusive. They were confident, however, that information available

at the time made their proposals reasonable and provided an adequate

margin of safety for the relatively small number of individuals

occupationally exposed to ionization radiation.

In 1936, just two years later, the ACXRP recommended the

further reduction of the so-called tolerance dose to five tenths [0.51 of a

Roentgen per day, thus reducing exposure levels by half. Five years

later, in 1941, an additional decrease in the recommended reduction

changed the permissible level for external exposure to two tenths [0.2]

of a Roentgen per day or roughly the equivalent of five [5] rem per year

for the public.

Before World War II, the dangers of radiation were a matter of

interest and concern mostly to a relatively small group of scientists and



physicians. The bomb exploded over Hiroshima in 1945. The problem

of radiation safety had to extend to a significantly larger segment of the

population who might be exposed from the development of new

applications of radiation. Radiation protection thus broadened from a

simple medical issue involving a limited number of workers to a public

health issue of protection of all individuals.

Because of the altering circumstances, scientific authorities

reassessed their recommendations on radiation protection. They

modified their philosophy of radiological safety by abandoning the

concept of "tolerance dose" which had assumed that exposure below

the specified limits was generally harmless. Experiments in genetics

were proving that reproductive cells were highly susceptible to damage

from even small amounts of radiation. In fact, scientists eventually

rejected the idea that exposure to radiation below a certain level was

inconsequential. Investigators were also concluding that exposure to

radiation could cause serious health problems ranging from loss of hair

to skin irritations to sterility and even cancer. In fact, the consensus

became that radiation use in frivolous manners and ignorance of the

hazards of Xrays and radium could lead to tragic consequences for

people who received large doses of radiation. As experience and
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experimental results accumulated, the effects of radiation gradually

accumulated and professionals developed guidelines to protect x-ray

technicians, radiation workers, and the population from excessive

exposure.

The American Committee on Radiation Protection and

Measurements took action in 1946 that reflected the concurrence of

opinion by replacing the terminology of "tolerance dose" to "maximum

permissible dose" which it thought better conveyed the principle that no

quantity of radiation was safe. It defined the "permissible dose" as that

which "in light of present knowledge, is not expected to cause bodily

injury to a person at any time during his lifetime". (United States

Nuclear Regulatory Commission). While acknowledging the possibility

of suffering harm from radiation in amounts below aiiowable limits, the

ACXRP emphasized that the permissible dose concept was the belief

that the probability of the occurrence of injuries was so low that the risk

was readily acceptable by the average individual. Eventually, the newly

named NCRP would establish a different set of allowable limits for

radiation workers and the general public.

In 1954, the U.S. Congress passed new legislation that, for the

first time, permitted the wide use of atomic energy (radiation) for



commercial purposes. It also instructed the NCRP to prepare

regulations that would protect the public from radiation hazards.

Recommendations from the NCRP, which became effective in 1957,

allowed a permissible dose of one-tenth the occupational level for

members of the general population.

NCRP Report 49 was produced in 1976. Report 49 presented

recommendations and technical information related to x-ray room

design and the installation of structural shielding in an effort to protect

the public from the various areas of medical radiation exposure.

Recognition of the hazards of the technology intensified the industry's

reserve about radiation dose. The fundamental objectives of NCRP 49

were to ensure that the public health and safety be protected without

imposing overly burdensome requirements. Up until that time, safety

questions were largely a matter of judgment rather than something

concrete or quantifiable.

The National Council on Radiation Protection and Measurements

published a new complete set of basic recommendations specifying

dose limits for exposure to ionizing radiation in NCRP Report 91, which

was published in 1987. In Report No. 91, the NCRP recommended an

annual occupational dose limit of fifty [501 mSv or five [51 rem and an



annual limit for members of the public (excluding natural background

and medical exposures) of one f1] mSv or one tenth (0.1) of a rem for

continuous exposures and five [5] mSv or five tenths (0.5) rem for

infrequent annual exposures. Shielding, as specified by NCRP Report

49, conformed to the Report 91 guidelines for exposure.

Today, the current report utilized is NCRP Report 116 issued

March 31, 1993, which completely replaces Report 91. It reestablishes

the term "Maximum Permissible Dose", and redefines it as "the set of

numerical values so that the probability of adverse biological effects is

extremely low, and is considered at present to be an acceptable risk".

The dose limits were set so that the risks are considered reasonable in

light of the current scientific knowledge concerning the biological effects

of ionizing radiation and constitute acceptable standards for the safe

use of ionizing radiation.

The exposure limits of Report 116 are not widely recognized by

the shielding community because the restrictions imposed for shielding

calculations are structurally prohibitive and cost excessive. Shielding

professionals tend to ignore the report and use the dose limits as

specified by Report 49.
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Historically, the United States has utilized its own set of radiation

measurements as compared to the rest of the world. With the Metric

Conversion Act of 1975 passed by the U.S. Congress, it was decided

that the United States should begin to convert to the international

standard of units. This conversion, however, has had relatively little

success. Radiographic measurements in the typical hospital setting are

still based on the historical units. Both British and metric types of units

will be provided in this report.
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CURRENT METHODOLOGY

The principle objective of medical radiation protection shielding is

to ensure that the dose received by any individual, whether as an

occupational dose or as dose to the public, is as low as practicable and

does not exceed the applicable maximum permissible value. It does

not relate to the actual exposure that a patient may receive as the result

of a medical exam. A secondary objective is to prevent the destruction

or inhibit the function of radiation-sensitive films and/or instruments.

Both of these objectives are met by:

1) Providing sufficient distance between the individual or object

and the source of exposure;

2) Limiting the time of exposure; and

3) Interposing barriers between individuals and sources.

Radiation can result in the ionization of atoms in living cells.

These ionizations result in the removal of electrons from the orbital

shells of atoms, which results in ions, or charged atoms. These ions

react with other atoms in other cells resulting in biological damage. At

low doses, such as what might be received from background radiation,

cells repair the damage. At higher doses, the cells have more difficulty

repairing the damage and permanent changes
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or cellular death may result. Most cells that die are of little

consequence; the body can just replace them. However, cellular

changes resulting in DNA alterations can lead to mutations.

The concept of shielding is based on limiting the number of

ionizations in humans that could occur by attenuating the radiation by

some physical means. Physicists specifying barrier requirements for

diagnostic x-ray facilities normally utilize the methodology and

attenuation data presented in the NCRP Report 49 for their shielding

calculations. Primary barrier shielding methodology requires the

knowledge of the values of seven (7) basic parameters in order to

perform calculations. These parameters are:

1) Maximum Permissible Dose (PJ: The level in mrem or mSv

to which radiation exposure in an adjacent occupied area must

be reduced. A barrier interposed between an x-ray source and

an individual to be protected must attenuate the radiation level to

a regulated effective dose limit. This limit represents the

maximum radiation dose;
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2) Distance [Dpri], in meters, from the source to the area being

protected;

3) Workload or Workload Distribution [WI: The quantity of

time that the x-ray unit is "on" as expressed in mA-mm per week;

4) Use Factor [U]: the percentage of time the x-ray beam is

incident on the barrier;

5) Occupancy Factor (T]: the percentage of time the protected

area is occupied;

6) Kilovotage (kVp]: The operating potential(s) of the x-ray

producing equipment at which the workload, W, is performed in

the room; and lastly,

7) Transmission Factor for Useful X-ray Beam (Bux]: a factor

used to determine shielding requirements for primary barrier

protection, calculated from: = (P)(d)2/(W)(U)(T).

In shielding calculations, the technique employed by physicists

and the NCRP is to estimate the workload and use factor for a given

installation, estimate the number and type of clinical exams performed

each week, determine where the x-ray beam is directed, and then
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produce an implementation and construction plan for the lead and! or

concrete shielding thickness for the diagnostic imaging room. Workload

is defined as the product of the tube current and the time that the x-ray

tube is energized based on a weekly exposure rate. The use factors

are derived from the amount of time that the x-ray beam is on and

directed at a given location. The NCRP provides default values that

should be utilized when specific values are not known but, at best, it is

usually a "guess" made by the health physicists as to the true nature of

the workload of the energized tube.
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LITERATURE REVIEW

There are several prominent researchers, Robert L. Dixon,

Douglas J. Simpkin and Benjamin R. Archer who question the

effectiveness and accuracy of NCRP 49. Publications by these

individuals, as well as those by J.P. Kelley and E.D. Trout, have

become the mainstay of authority for changes to the existing process

for shielding design. These authors agree that workload and use

factors, as well as attenuation curves, generated two decades ago and

used by NCRP to shield, need to be reevaluated and updated. The

limited amount of literature available, predominantly by these authors,

often provides differing approaches as to how to fix the current

methodology. There is never a mention of replacing the NCRP model

with something new. The existing literature seems to revolve around

manipulating key elements of the existing methods to be more

compliant with actual practice.

For example, in 1991 both R.P. Rossi and D.J. Simpkin indicate

in separate publications that the NCRP 49 data may not adequately

represent the more penetrating beams produced by modern three-

phase and constant potential generators and, therefore, theorize that
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the attenuation curves need to be updated. J.P. KeHey and E.D. Trout

have performed similar calculations in 1972 with regard to primary and

secondary barrier shielding and have also published their opinion that

new attenuation curves for properties of lead and concrete need to be

developed. In fact, they have demonstrated that a reduction in kVp by

25 brings the current attenuation curve, utilized by three-phase

generators, closer to that of the single-phase machine. However, D.J.

Simpkin in 1991 disagrees with that figure, as he believes that only a 10

kVp change is necessary. However, in both of these scenarios, an

actual evaluation of techniques is overlooked and, rather than making

the attenuation curves fit current practices, both authors show the

process of making current practices fit the existing attenuation curve.

In addition, there is little consensus regarding half-value layers

of various materials measured after the beam has been hardened by

large thicknesses of attenuator in the beam. Since NCRP 49 does not

take into effect attenuation by anything other than the wall in its

conservative approach, it is difficult, if not impossible, to have an

accurate portrayal of the amount of half-value layers necessary to

adequately protect the public. Specifically, based on information from
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these researchers in their various papers, attenuation by the patient, by

the table, by the film and cassettes dramatically changes the nature of

the beam hitting the shielding material.

Finally, Dixon and Douglas J Simpkin, as published in 1998,

question the concept of workload spectra for a radiographic room. An

additional manuscript written by Simpkin (1991) clearly discusses the

inherent problems of using NCRP 49 methods to determine workloads.

The National Bureau of Standards Handbook 60 and NCRP 49 dictate

that a weekly workload of 1,000 mA-mm should be used for protection

purposes in radiographic installations unless there is reason to assume

otherwise. While traditionally assumed extremely conservative, the

applicability of these suggested workloads and use factors in present

clinical practice has been shown repeatedly by the afore-mentioned

authors to be completely out of line with current radiographic practices.



ASSUMPTION ANALYSIS

Shielding barriers using the conservative assumptions and

methodologies of NCRP 49 have been quite satisfactory in assuring

that doses in shielded areas do not exceed the maximum permissible

dose enforced at the time of NCRP Report 49 publication of 0.01 rem

per week. However, it is conceivable that these same doses may now

surpass the recently lowered dose limits of 0.002 rem per week as

publicized in Report 116 of the NCRP. As a result, determination of

shielding requirements with traditional NCRP 49 methodology while

utilizing new NCRP 116 dose limits may yield costly and unnecessarily

thick barriers. The conservative assumptions are explored as follows.

First, the lead and concrete diagnostic x-ray attenuation curves

provided in NCRP 49 were generated at least two decades ago using

single phase x-ray equipment. Today, almost all medical facilities

purchase 3-phase x-ray machines; therefore, the data utilized is

potentially inaccurate. Specifically, three-phase equipment has

changed the output profile of the x-ray beam and has thus decreased

the number of Xrays for an exposure at a given tube potential.



NCRP 49 calculations are based on a single, relatively high kVp.

The conservative nature of NCRP 49 is built into the basic equation

since the single kVp utilized for the computation is the highest energy at

which the machine will be operated. However, the majority of actual

operations are not performed at high kVp's and, in fact, a single high

kVp does not produce a monoenergetic photon spectrum, but rather a

broad beam bremsstrahlung spectrum. The intensity and the energy of

the bremsstrahlung generated in the x-ray tube anode to produce the

primary beam and, thus the scatter and leakage radiation intensity,

which results as a consequence of the X-ray production, will vary

significantly as a function of with the operating potential. Surveys from

local diagnostic x-ray facilities such as Samaritan Lebanon Community

Hospital, Samaritan Albany General Hospital, and Peace Health Sacred

Heart Hospital show that techniques utilized in diagnostic x-ray rooms

are spread over a large and fairly consistent range of operating

potentials, with most extremity exposures being made in the 50-65 kVp

range, bodywork exposures made in the 70 80 kVp range and chest

radiography in the 110- 125 kvP range. The choice of kVp is dependent

on the exam and the amount of contrast needed to optimize the

diagnostic image. The assumption that all exposures are made at
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one high monoenergetic kVp makes the process extremely

conservative. A general radiographic x-ray room typically contains a

chest image receptor on one wall and a table on which overhead and

cross table procedures are performed. The kVp potential for exams

done at the "chest bucky", which includes chest exams and other

upright procedures, is substantially different from the workload

distribution of exams performed on the table.

NCRP reports have traditionally assumed that the entire

workload in an installation is performed at a constant tube potential

(kVp); for example, 1000 mA-mm per week at 100 kVP, or 400 mA-mm

per week at 125 kVp for most diagnostic radiographic rooms. This

conservative assumption ignores the fact that the diagnostic workload

is, in fact, spread over a wide range of x-ray tube potentials and is

entirely dependent on whether the exam is performed at the table or the

wall. In an ordinary general-purpose room, extremity exams, which are

done on the table, are normally performed at about 50-65 kVp. The

room can also be used to perform chest exams, which will be done

against the wall at approximately 125 kVp. Notably, there is a large

difference between these tube potentials.
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Second, additional conservative assumptions with NCRP 49 data

involve the assumption of "one size fits all" with regard to workload.

NCRP 49 states that 1000 mA-mm per week should be utilized when an

exact figure is not known in relation to workload. The assumed 1,000

mA-mm per week workload for all facilities regardless of size may result

in shielding over-kill. The origin of the 1000 mA-mm per week value is

uncertain and seems based on a rather conservative process. This

author could find no references as to the historical source for this value,

but the nature of workload seems to stem from the result of taking the

maximum number of radiographs which could reasonably be done in an

eight-hour day and multiplying that by the tube time (mAs) required per

film for a large patient.

Since technological advances have changed and are, in fact,

currently changing the profession of Radiological Technology, it is

conceivable that the workload values equated in the 1970's are no

longer relevant to the workload values of the 21st century. Advances in

the practice of radiology such as improvements to the screens,

cassettes and film over the years have compounded the ineffectiveness

of utilizing a 1000 mA-mm per week value. For example, "the

introduction of much faster film/screen combinations in general purpose
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radiography has probably halved the workload from the NCRP49

value of 1,000 mA-mm w1C1(Simpkin, 1991). The current transition to

digital imaging from the "old technology" of films and screens could

further decrease the workloads as processes are becoming more

efficient and effective.

The traditional method of diagnostic x-ray shielding assumes that

the primary beam impinges directly on the structural barrier with no

attenuation by the patient or by any hardware such as grids, cassettes,

image receptors, film, or even the x-ray table. Dixon (1994)

demonstrates that the primary beam is in fact attenuated by at least two

orders of magnitude at 100 kVp by the table and that the patient heavily

attenuates the beam further before it reaches the floor. Dixon and

Simpkin (1998) demonstrate that "the overall transmission factor at 100

kVp for a 20-cm-thick patient on a typical x-ray table (including

attenuation by the image receptor and its supportive hardware) is 5.9 x

Conservative Health Physicists might argue that a patient may

not always intercept the entire primary beam since a part of the beam

may extend beyond the patient and impinge directly on the grid, the film

or the image receptor. An equally strong argument, however,
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lies in the fact that technologists, by training, are taught to collimate the

primary beam to the smallest possible size for the protection of the

patient and the staff. Furthermore, they are also taught by way of

formal education to collimate to the size of the body part, effectively

meaning that the technologist is collimating to a size smaller than the

film, thus enhancing and improving the quality of the image and

providing for a "more diagnostic study". There is a likelihood that a

beam may extend beyond the edge of a patient, but the likelihood that a

beam will extend beyond the limits of the image receptor or cassette is

minimal. In fact, Dixon (1994) has concluded that the "cassette alone

is seen to represent a lead equivalence of about 0.2 mm at 80 kVp and

above". The shielding values of NCRP 49 require that a physicist

disregard attenuation due to a patient, the imaging table and the image

receptor even though these factors can be shown to demonstrate lead

equivalencies. This clearly demonstrates the conservative nature of

NCRP49.

Lastly, NCRP makes the assumption that "the numerical value

of the dose equivalent in rem may be assumed to be equal to the

numerical value of the exposure in roentgens (NCRP 49, 63). A

Roentgen is a measurement of exposure made in air while the rem is a
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measure of the absorbed dose of radiation to the body and an

accounting of the biological damage done from this dose. These are

two very different things. Thus, although this is a common assumption,

it is not necessarily very accurate and can result in dose estimates

differing by as much as 16% from exposure measurements.
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PRIMARY SHIELDING

NCRP 49 Methodology

The NCRP 49 method allows one to calculate the primary beam

quantity, given in units of Roentgen per mA-mm at 1 meter, which

is essentially the exposure per week outside a primary shielding wall,

adjusted for occupancy and usage. NCRP 49 further designates the

Use Factor [U] to have a default value of one [I] for the floor and a

value of 0.25 for walls. In NCRP 49, the dose limits selected for

shielding design [P] are 0.1 rem per week for occupationally exposed

persons working in controlled areas, and 0.01 rem per week for non-

controlled areas. The values of P were originally based on the

maximum permissible dose (MPD) of 5 rem for a controlled area and

0.5 rem for a non-controlled area. Designing a facility to these limits

means that, in theory, a person could receive the maximum dose limit

of 5 rem for controlled areas or 0.5 rem for non-controlled areas over

the course of one year. Occupancy factors are designed to range from

full occupancy (T=1 .0) for office space to occasional occupancy

(T=O.0625) for waiting rooms and outside areas of vehicular traffic. A

middle value of 0.25 is suggested for corridors, unattended parking lots
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and restrooms adjacent to the area of exposure. The shielding

methodology used for determination of primary barrier requirements as

presented in NCRP 49 is:

= (P)(dpri)2/(W)(U)(T)

where P is the weekly design effective dose, is the distance in

meters from the source to the person to be protected, W is the weekly

workload in mA-mm, U is the use factor and T is the occupancy factor.

The traditional assumption that I Roentgen is considered

numerically equivalent to I rad or I rem is followed herein. However,

since there is no special unit of exposure in the International System

(SI) of units, and because of the awkward conversion of I Roentgen =

2.58 X IO C/kg, air kerma in units of dose has been used to signify x-

ray output. An exposure of I Roentgen corresponds to an air kerma of

8.73 mGray, which is equivalent to a dose of 10 mSv or I rem. Air

Kerma has then been converted to equivalent dose in order to express

the output of in units of mSv per mA-mm at 1 meter.

After the calculation of the primary barrier-shielding

requirement is determined by referring to an appropriate attenuation

curve, which relates the value of to the required shielding thickness.
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NCRP 49 Results

Figure 1.

Seam Orientation for a Typical Radiographic Room

UNCONTROLLED AREA
OFFICE AREA

PRIMARY BEAM

(40 inches)
to source

I X-ray Table

CONTROLLED AREA

X-ray Tube

UNCONTROLLED
AREA

PARKING LOT

Using the diagram of Figure 1, we can calculate the primary

barrier requirements for the image receptor ("Wall bucky") of a hospital

adjoining a noncontrolled area with a full occupancy of offices on the

other side of the wall. An assumption is made that one-half the total



workload for the room is used for procedures utilizing the wall "bucky".

Parameter rates suggested by NCRP 49 are shown in

Table 1.

Table 1.
NCRP 49 Calculation Criteria
Exposure Distance Weekly Use Occupancy Maximum

Workload Factor Factor kVp
[F] [dpri] [\N] [U] [TI

(rem/week) (meter) (mA-mm)
0.01 1.01 500 0.25 1 125

The methodology results in a transmission value of

= (.O1)(1.O1)2/(500 *25*1)

= .0000816

From Figure 2 (taken from Appendix D of NCRP 49), a transmission of

0000816 is shown to correspond to a shielding requirement of 2.6mm

of lead for a tube potential of 125 kVp.



NCRP 116 Methodology

The National Council on Radiation Protection and Measurements

revised its original dose limits in compliance with another report, NCRP

Report No. 107, published in 1990, which implemented ALARA.

ALARA is the acronym for "As Low As Reasonably Achievable". The

recommendation in Report No. 107 which was then implemented into

Report 116 was "based on the hypothesis that genetic effects and

some cancers may result from damage to a single cell... for radiation-

protection purposes, the risk of stochastic effects is proportional to dose

without threshold, throughout the range of dose and dose rates..

(NCRP 116). The ALARA objectives for radiation protection are:

1)" to prevent the occurrences of clinically significant radiation-

induced deterministic effects by adhering to dose limits that are

below the apparent threshold levels; and

2) to limit the risk of stochastic effects, cancer and genetic

effects, to a reasonable level in relation to societal needs,

values, benefits gained and economic factors" (NCRP 116).

Thus, due to ALARA, the National Council on Radiation

Protection and Measurements, in Report 116, recommended an
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effective dose limit for exposure to the general public and stated that,

for continuous or frequent exposure, the recommended value for annual

effective dose cannot exceed 0.1 rem per year.

For Xrays, the effective dose is given by De = Wt * Dt.

The effective dose is the weighted sum over doses to various organs

multiplied by the tissue weighting factor [We] that is a value of the

relative risk of stochastic effects from radiation. If we neglect any self-

shielding effects of the body for internal organs, the utilization of a limit

of 0.002 rem per week for shielding, in a frequently occupied area such

as an office, is required. The report specifically states that "all new

facilities and the introduction of new practices should be designed to

limit annual exposures to individuals to a fraction of the lOmSv [1 rem]

per year limit implied by the cumulative dose limit" (NCRP 116). NCRP

116 also states, "for the design of new facilities or the introduction of

new practices, that the radiation protection goal in such cases should

be that no member of the public would exceed the I mSv [0.1 rem]

annual effective dose limit from all manmade sources..." (NCRP 116).
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NCRP 116 Results

Following the same design structure as above (Figure 1), the

primary barrier requirements were calculated for the image receptor

utilizing the same factors as noted previously, for the NCRP 49

example, but with a Maximum Permissible Dose of 0.002 rem based on

Report 116 dose limits.

Table 2.
NCRP 116 Calculation Criteria
Exposure Distance Weekly Use Occupancy Maximum

Workload Factor Factor kVp
[P1 [dpri] [\N] [U] [T]

(rem/week) (meter) (mA-mm)
0.002 1.01 500 0.25 1 125

= (.002)(1 .01 )2/(500*.25*1)

B= .000016

From Figure 2, a transmission factor of 0.000016 corresponds to a

shielding requirement of 3.35 mm lead at a tube potential of 125 kVp.

This calculation results in a shielding increase of 0.75 mm or 28.8 %

increase over NCRP 49 methodology.
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Figure 2.
Attenuation Curve for X-Rays Produced at Potentials of 50-1 50 kVp
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Primary Shielding Cost Factors

A survey of actual cost factors was obtained from construction

companies specializing in radiographic room supplies and construction.

In the United States, lead sheeting is applied to the back of the gypsum

board which is then hung and taped. Lead shielding traditionally is

ordered in units of pounds per square foot. A conversion from mm of

lead to pounds per square foot is listed below, along with the

associated cost.

Table 3.
Lead Sheetinq Cost Breakdown

Cost
Lead Lead per Cost

gypsum of
board Wall

(mm) (lbs/ft'2) (4 x 8)
0.79 2 $121.00 $484.00
1.58 4 $193.00 $772.00
2.38 6 $281.00 $1,124.00
3.17 8 $358.00 $1,432.00
3.96 10 $435.00 $1,740.00

Based on the criteria noted above, the wall shielded to NCRP

116 requirements would call for a ten (10) pound per square foot lead

-lined piece of gypsum board and would be $308.00 more expensive

than the wall shielded to traditional NCRP 49 standards, which only
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requires an eight (8) pound per square foot wall. Therefore, shielding to

the NCRP 116's more conservative dose limits, while maintaining the

conservative assumptions and methodology presented in NCRP 49, will

not only increase costs by 21.5 %, but will obviously generate barriers

thicker than those currently in use and thicker than necessary.

Therefore, to avoid costly and wasteful over shielding, a better method

of evaluating workloads to ensure realistic and accurate estimates of

the shielding parameters is needed for the shielding process, if

compliance with Report 116 is to be expected.
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SECONDARY SHIELDING

There are two types of additional shielding that need to be

considered. Scatter and leakage radiation are both potential sources of

exposure to the public and must be considered when developing

shielding for a radiographic room. Scatter radiation occurs when

photons diverge from the primary beam. The intensity of the scattered

radiation is dependent upon the intensity of the primary beam, the area

of the primary beam, and the object density upon which the primary

beam is exposed.

Leakage radiation is radiation created at the x-ray tube anode

but not emitted through the x-ray tube aperture. It is leaked from the

housing in all directions. Manufacturers of x-ray devices are required to

shield for this leakage and the radiation exposure rate must not exceed

0.1 Roentgen per hour.

Typically, secondary barrier shielding involves the

calculations for both leakage radiation and scattered radiation. In

installations that perform Xrays of 500 kV or less, the exposure from

leakage is generally the same magnitude as that from scattered

radiation. NCRP 49 states that "leakage radiation is more penetrating

than the scattered radiation, so a greater barrier thickness



36

may be required for leakage radiation than for scattered radiation and

therefore be the determining factor for the secondary protective barrier".

However, NCRP 49 also stipulates that, should the barrier thickness for

leakage and scatter radiation be roughly the same value, one [1] half-

value layer should be added to the larger value to obtain the required

secondary barrier thickness. Once again, NCRP utilizes an extremely

conservative approach.

The secondary barrier shielding methodology of the NCRP

requires knowledge of some of the same basic parameters required for

primary shielding calculations, as well as an additional few:

1) Distance [Dsec], in meters, from the source to the area being

protected;

2) Tube Current [I] the maximum rated continuous current

applied to the x-ray tube, in milliamperes, at the tube potential

selected;

3) Transmission Factor for Leakage Radiation [BL.xJ: a factor

used to determine shielding requirements for secondary

barrier protection from leakage, calculated from:

BLX = (P)(dsec)2(6tJ0* l)I(W)(T).
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4) Transmission Factor for Scatter Radiation [Kux] a factor

used to determine shielding requirements for secondary barrier

protection from scatter radiation, calculated from:

= (P)/((a)(W)(T))*(ds)2 *(dsca)2 *(400/F)

5) Ratio of scatter to incident exposure (a]: the value given

to exposure as a function of energy and scattering angle; and

6) Field area (F]: the collimated beam field size.

NCRP 49 Leakage Methodology

The NCRP 49 method allows one to calculate the secondary

leakage beam quantity B, which is the exposure per week per mA-

mm, adjusted for occupancy and workload. The shielding methodology

used for the determination of secondary barrier requirements for

leakage by NCRP 49 standards is as follows:

= (P)(dsec)2(600* l)/(W)(T)

After the calculation of B, secondary leakage requirements are

determined by referring to the appropriate data chart relating the

transmission factor to the required number of half-value layers. The

values obtained from NCRP 49, Table B-3, for a 125 kVp diagnostic



radiograph are based on the assumption that the tube current [I] is

equal to 4mA. This assumption is not valid since the range of mA is

typically between 50 and 800 mA as demonstrated from the technique

charts listed in Appendix A.

NCRP 49 Leakage Results

A calculation of the secondary leakage requirements for the wall

adjacent to the wall image receptor bordering a parking lot, Figure 1,

results in:

Table 4.

NCRP49 Leakage Criteria
Exposure Distance Weekly Tube Occupancy Maximum

Workload Current Factor kVp
[P] Edsec] [V/] [I] [TI

(rem/week) (meter) JmA-min) (mA)
0.01 1.5 1000 4 1 125

B = (.0l)(1.5)2(600*4)I(l000 *1)

BLX=0.216



Figure 3.
Half Value Layer Transmission Graph
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From Figure 3, a transmission factor of 0.216 is shown to correspond to

2.5 half-value layers, which at 125 kVp, relates to a shielding

requirement of 0.70 mm of lead (See Table 5).
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Table 5.
Half-Value and Tenth Value Layers Table

Attenuation Materia'

Peak Voltage kV 1.eal mm.I Concrete cm iron cm)
HVL TVL IJVL TVL HVL TVL

50 0.06 0.17 0.43 1.5

70 0.17 0.52 0.84 2.8

100 0.27 0.88 1.6 5.3

125 0.28 0.93 2.0 6.6

150 0.30 0.99 2.24 7.4
200 0.52 1.7 2.5 8.4

250 0.88 2.9 2.8 9.4

300 1.47 4.8 3.1 10.4

400 2.5 8.3 3.3 10.9
500 3.6 11.9 3.6 11.7

1,000 7.9 26 4.4 14.7

2,000 12.5 42 6.4 21
3,000 14.5 48.5 7.4 24.5

4,000 16 53 8.8 29.2 2.7 9.1

6,000 16.9 56 10.4 34.5 3.0 9.9
8,000 16.9 56 11.4 37.8 3.1 10.3

10,000 16.6 55 11.9 39.6 3.2 10.5

Cesium-137 6.5 21.6 4.8 15.7 1.6 5.3

Cobalt-60 12 40 5.2 20.6 2.1 6.9

Radium 16.6 55 5.9 23.4 2.2 7.4

NCRP 49 Scatter Methodology

Radiation from scatter has a much lower exposure rate than that

of the incident radiation and is usually of a lower energy. The

following formula from NCRP 49 is utilized to compute shielding

requirements due to radiation exposure from scattered radiation.

= ((P)/((a)(W)(T)))*(ds)2 *(dsca)2 *(400/F)
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After the calculation of secondary scatter requirements are

determined by referring to the appropriate data chart relating the

transmission factor to the number of half-value layers. Values obtained

in Figure 3, for a 125 kVp diagnostic radiograph are based on the

assumptions that tube current [I] is equal to 4mA and that the field area

[F] is equal to 1000 cm2. The value of F is based on the largest

possible area available for the imaging of a patient; consequently, once

again, it is shown that NCRP 49 uses an extremely conservative

approach, especially considering that the majority of Xray examinations

do not require the largest field size.

NCRP 49 Scatter Results

A calculation of the secondary leakage requirements for the

secondary shielded wall (Figure 1) and consisting of the wall adjacent

to the wall image receptor adjoining an unattended parking lot results
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Table 6.
NCRP 49 Scatter Calculation Criteria

Angle
Exposure of Distance Distance Weekly Occupancy Field

Scatter Workload Factor Area
[P] [a] [dsec] [dsca] [\N] [T] [F]

(rem/week) (meter) (meter) (mA-mm) (cm2)
0.01 0.0015 1.5 1 1000 1 1000

= ((.01 )I((0.00l 5)(1 000)(1 )))*(1 .5)2*(1 )2*(400/1 000)

K= 0.006

From Figure 2, a transmission factor of 0.218 corresponds to a

shielding requirement of 1.0 mm lead.

NCRP 116 Leakage and Scatter Results

Given the same scenario, yet with the NCRP 116 dose limits, the

secondary shielding requirement for leakage is calculated to be 1.96

mm of lead. Likewise, the scatter component of the shielding

requirement is calculated to be 1.6 mm of lead, for a total requirement

of .98 mm more lead than required under the NCRP 49 methodology.
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Secondary Shielding Cost Factors

Based on the afore-mentioned cost tables (Table 3), the wall

shielded to NCRP 116 dose limits would require a 6 lb/ft2 lead-lined

piece of gypsum board and would be $352.00 more expensive than the

wall shielded to traditiona' NCRP 49 standards which only requires a 4

lb/ft2 wall. However, to be compliant with NCRP 49, the values of both

walls need to be increased to conform to the addition of one [1] half-

value layer regulation, since the results from leakage and from scatter

are roughly the same. The result of this increase is that the wall based

on NCRP 49 would be constructed as a 4 lb/ft2 wall and the wall based

on NCRP 116 dose standards would end up being constructed as a 6

lb/ft2 wall.
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DISCUSSION

In an effort to determine a more realistic scenario of actual work

processes and their correlation to NCRP 49 and NCRP 116, an actual

typical radiographic room was designed for an installation at a local

hospital as shown in Figure 4. In addition, the results of a survey on

workload and use factors were obtained from two modern diagnostic x-

ray installations. One survey originated from a small community

hospital facility performing an average of 1,000 radiographic procedures

per month and the other came from a large trauma center performing

4,000 radiographic procedures per month. The data obtained from the

survey was correlated to the design function of the new room

installation in an effort to evaluate the effectiveness of the NCRP data.

The data came from information obtained for each individual

medical institution, but the common factor was that a room in each

facility was equipped with one ceiling-mounted x-ray tube powered by a

three-phase generator with a grid in the "table bucky" and another in

the "wall bucky". Both facilities utilize a combination of high-speed and

medium-speed rare-earth film and screen systems depending on the

exam to be performed. The small hospital facility has two (2) general

radiographic rooms and uses each room equally. The larger trauma
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center has three (3) general radiographic rooms each with

approximately the same utilization. Using these criteria, the small

facility performs approximately 125 exams per week in each room,

while the trauma center performs about 333 exams per week in each

room. In addition, typical radiographic technique charts were obtained,
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as listed in Appendix A, which demonstrate actual tube potentials

utilized during x-ray examinations.

First, to determine actual mA-mm weekly workload, exams were

broken down into Upright Wall exams and Tabletop exams since this

will be a factor in determining the primary shielding necessary on the

wall that contains the "wall bucky" (hereafter referred to as Wall #1).

The actual current setting (mA) was multiplied by the time of each

exposure to determine the mA-minutes per exposure. An average of all

mA-mm exposures was calculated as well as an average of the number

of exposures for each exam. Once the average mA-minute was

determined for the exam category, this figure was multiplied by the

average number of exposures. This computation was performed for

both upright and table top exams. It should be noted here that, for

conservatism, NCRP 49 uses four (4) exposures. For large facilities, the

average number of exams per week was multiplied by the average

exam mA-mm in that facility. Surprisingly, the calculations resulted in

an mA-mm per week of 376 for the larger facility, or 624 less than that

recommended by the NCRP. In the smaller medical institution, with

125 exams per week, a 141 mA-mm per week workload resulted or
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approximately 800 mA-mm less. These figures were then used for a

new calculation with the basic NCRP 49 formula and both NCRP 49

and NCRP 116 dose rate limits.

Secondly, the average kVp by exam category; either upright or

table top was determined. Based on this calculation, the 100 kVp

attenuation curve will be used to calculate table top exams, while the

125 kVp attenuation curve will provide the amount of lead for upright

exams. Since the majority of upright exams are actually chest xrays

which are performed at 120 kVp based on the survey; that attenuation

curve will be used instead of the 100 kVp curve that would be

associated with an average upright kVp of 81.9. This is based solely on

the nature of exams that are done in the upright position and to

maintain some conservatism.

Monte Carlo Calculations

Crystal Ball is a piece of software used for probabilistic analysis

and was utilized here to evaluate the variability in the assumptions

made by the NCRP. Crystal Ball is a Monte Carlo simulation that can

forecast an entire range of possible results for a given situation. The

Monte Carlo technique can be used to obtain detailed simulations of

how the possible ranges of workload, use and occupancy may affect



the results of shielding calculations. The representative probability

spectra for the factors describing the adjoining space for any given wall

provide an additional approach to the shielding design of diagnostic x-

ray examination rooms. Although the actual workload distribution for a

given x-ray room will vary from facility to facility, and even from week to

week in the same facility, the average spectra obtained represents a

more realistic model than "pure conjecture".

In the determination of barrier requirements, the design dose

limit is weighted by the occupancy factor and use factor for the area to

be protected. The occupancy factor (T) is defined as the fraction of

time that a maximally present individual is in the area while the beam is

on and incident upon the protective barrier. NCRP 49 suggests a range

of T= one [1] for full occupation to a minimum of T=1/16 for occasional

occupation. The NCRP 49 Rewrite Committee has further proposed

that a minimum value of 1/40 or one hour per week is more realistic.

With this lack of consistency on the status of the regulation, a Monte

Carlo approach that considers all factors may be more reliable.

Primary Barrier

The NCRP 49 formula for primary barriers was put into a

spreadsheet format. Calculations were performed using both the
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traditional NCRP 49 formula and the adjustments based on the

design factors of the new room. The Crystal Ball analysis was

performed only on the adjusted factors. In order for Crystal Ball to be

used effectively, certain distributions were assigned to the parameters

of the formula. Listed below is an account of the distributions chosen.

A normal distribution was chosen for the workload as shown in

Table 7. The mean was taken as the average number of exams

performed each week based on the size of the facility multiplied by the

average mA-mm per exam. For a large sized facility, the mA-mm per

week had a mean value of 376, while a smaller facility had a mean

value of 141.

Second, the decision was made to change the minimum

occupancy factor from 1/16th to 1/40th. In the scenario utilized, the

primary barrier wall (Wall #1) of the x-ray room adjoins an occupied

work area. In the event that a person is just visiting this area, the

maximum occupation for that individual may be one hour in a 40-hour

workweek, thus 1/40th. It is more likely that the area will be occupied

consistently during the entire work week; therefore, a maximum value of

one [1] was utilized in the triangular distribution. For the crystal ball
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calculations, a triangular distribution was used for occupancy with the

minimum occupancy listed as 1140th, the maximum occupancy being

and the likeliest value being one [1].

Third, the use factor was also given a triangular distribution

consistent with knowledge of minimums, maximums and most likely

uses. The wall receptor, at a minimum, would never be used and, at a

maximum, would be used continually, and most likely would be used

about half the time based on current practices within a radiology

department.

Lastly, the actual mA exposure was evaluated. The values used

for mA came directly from technique charts of both the large and small

medical institutions. Traditionally, NCRP has used 4 mA in its

calculations, but as shown in Appendix A, the actual range is from 50

mA to 800 mA. An average tube current for upright exams is 503 mA.

A uniform distribution was used since any choice of current between 50

and 800 mA could be chosen depending on which exam is ordered.

Calculations using NCRP 49 and NCRP 116 assumptions for

Wall #1 at which the primary beam is directed were compared to

adjusted factors based on actual practices with and without the Crystal

Ball simulation.
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Table 7.
Primary Barrier Calculations



WiIl Srnn1irv Rcm - TrrlitinnI Rir1iinn fJ(PP Mht,drIrrn,
NCRP Distance Occupancy Use Permissible Weekly Peak Exposure Leakage Formula NCRP

to Factor Factor Dose Workload Voltage Radiation Calculated Cost
Source [1] LU] [P] 1W] [I] Calculation Lead of

(meters) (Roentgen/week) (mA-mm) (kVp) (mA) (mm) Wall
q U.Ub 1 0.01 1000 1I. 4 4.0440 0.00 0.00
116 3.35 0.0625 1 0.002 1000 125 4 0.861888 0.14 $484.00

LARGE FACILITY
WlI r'endrv Rm - ArIitistd 1kIA RrIitiôn MAthndnIn,v
NCRP Distance Occupancy Use Permissible Weekly Peak Exposure Leakage Formula NCRP

to Factor Factor Dose Workload Voltage Radiation Calculated Cost
Source (TJ (U] [PJ (WI [I] Calculation Lead of
(meters) (Roentgen/week) (mA-mm) (kVp) (mA) (mm) Wall

4 U.Ub 1 U.U1 i(b 100 1441. U i(J.0U
116 3.35 0.0625 1 0.002 376 100 503 288.251106 0 $0.00

SMALL FACILITY
WII 4'nndirv Rm - AdilistAd I kri Rditinn Mpthnrfr,Inriv
NCRP Distance Occupancy Use Permissible Weekly Peak Exposure Leakage Formula NCRP

to Factor Factor Dose Workload Voltage Radiation Calculated Cost
Source (1] (U] (P1 (WI [I] Calculation Lead of
(meters) (Roentgen/week) (mA-mm) (kVp) (mA) (mm) Wall

4 U.Ub 1 U.U1
116 3.35 0.0625 1 0.002

141 100 ö44U U I,U.UU
141 100 503 768.669617 0 $0.00

Table 8.
Secondary Leakage Barrier Calculations
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(Roentgen/week) (mA-mm) (kVp) (mA) (meters) (meters) (mm) Wall4 U.2 1 U.U1 141 1UU U.UU1 1.4 1.U1 U.1(4 (.1.1 DOU.UU116 0.25 1 0.002 141 100 503 0.0015 1.52 1.01 0.035659 0.3 $605.00

Table 9.
Secondary Scatter Barrier Calculations

UI



54

Traditional NCRP 49 methodology utilizing both 49 and 116

exposure rates as compared to the adjusted figures indicates the need

for more lead only in the smaller facility based on current practices. This

demonstrates rather effectively that the smaller facility is definitely

overshielded. The comparison between the adjusted values and the

probabilistic approach using Crystal Ball had a surprising outcome.

Based on 10,000 iterations, the probabilistic calculation indicates a

substantial decrease in the amount of lead sheeting needed than did

the deterministic computation. In fact, it shows that both facilities could

actually be shielded the same although with much lower lead sheeting

than is required by NCRP 49. The cost is more reflective on available

construction material than it is on the calculation. Lead sheeting used

for construction can only be made a certain minimum thickness and,

conservatively, if shielding calculations demonstrate even the most

remote possibility that shielding should be used, then the construction

of the wall will contain at least the minimal shielding material of 2 lb/ft2

leaded gypsum board.
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Secondary Barrier

A notable result in the calculations herein is the difference in

shielding that is required due to the change from NCRP 49 to NCRP

116 dose rates for both leakage and scatter radiation (Table 8 and

Table 9). Wall #3, as shown in Figure 4, is a far wall adjacent to an

outside area utilized for pedestrian traffic. By traditional NCRP 49

standards, it would not have been shielded at all due to the distance

involved, but now requires minimal shielding to be compliant with the

leakage standards set forth in NCRP 116. Additionally, Wall #2, a wall

adjacent to the primary beam wall but built to protect a person located

in the unattended parking lot from scatter radiation, also increases with

the introduction of NCRP 116 and, thus, becomes more costly.

The most surprising result stems from the adjusted calculations

based on current radiological technology practices. The determination

of secondary shielding for leakage in relation to Wall #3 cannot be

determined using figures from actual practice. The results of the

calculations are inapplicable to the half-value layer charts used. Based

on these results, there are several conclusions that can be made:
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1) The NCRP leakage formula simply does not work with

current practice information,

2) Since the value of shielding for scatter should be less than

leakage, the NCRP scatter formula may also not be correct with

regard to current practice information and,

3) NCRP is vastly over shielding all facilities, whether large or

small.

Since the Health Physicist is responsible for ensuring, with

reasonable assumptions, that the dose received by any member of the

public is less than the maximum permissible dose, the conclusion

seems to be that the time has come to reevaluate the effectiveness of

the NCRP formulas and methodology.
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CONCLUSION

Based on the preceding information, it would seem that NCRP

49 and NCRP 116 are extremely conservative defensive methodologies

utilized to protect people from radiation exposure. Thus, one should

question unnecessary conservatism, costly implementation, and

accuracy. One should also query whether an entirely new method of

barrier protection estimates need to be developed, especially for scatter

and leakage radiation, based on current technology. It is even

conceivable to suggest that perhaps the only shielding really necessary

is that for the Primary Beam.

In addition, the original NCRP model is based on a weekly

exposure rate and not an instantaneous dose rate. In effect, NCRP

methodology ends up shielding the non-occupational public in the larger

faci'ity more effectively than that same person in the smaller facility.

This author cannot argue that the person in one facility is more or less

important than the person in another facility and should be shielded

more; therefore, it would seem somewhat imperative to change the

methodology to protect people from any instantaneous dose rather than

protecting over a weekly basis. Health physicists have a responsibility
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to the general public, but they also have a responsibility to each

member of the public. The archaic and obsolete nature of NCRP 49

formulas for shielding need to be changed and addressed to protect

every person at every moment, but in a way that is not overly costly or

over protective.
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APPENDIX A

TECHNIQUE CHART FOR RADIOGRAPHS

TABLE RADIOGRAPHIC
EXAMS

Exam Positions KvP mA
mA-
mm Exposures

RIBS Upper/AP 76 320 0.1067 4
pper/ObI 68 640 0.2133

Lowe nA P 70 800 0.4267
Lower/ObI 78 800 0.4267

STERNUM Lat 128 500 0.1667 2

AP 123 500 0.2083
ABDOMEN KUB 84 640 0.4267 1

BE 120 250 1.6667

CSPINE AP 65 500 0.1667 3

Swimmers 86 800 1.0667
TSPINE AP 80 800 0.5333 3

Lat 75 50 1.6667
Swimmers 75 100 2.0833

LSPINE AP 75 800 0.4267 5
Lat 90 800 1.0667
Spot 95 800 2.1333
Oblique 80 800 1.0667

PELVIS AP 80 800 0.5333 1

HIP AP 80 640 0.2133 2

Lat 90 640 0.2667
SACRUM AP 75 800 0.6667 2

Lat 100 800 2.6667
COCCYX AP 75 800 0.6667 2

Lat 100 800 1.0667



64

SI JOINTS AP 80 800 0.8533 2

Oblique 80 800 1.3333

SKULL Waters
PNAP
Lat

80
80

75

400
400
400

0.4267
0.3333
0.1333

4

NASAL
BONES Lat 60 400 0.1667 2

SHOULDER AP 66 400 0.1667 3

Axial 68 400 0.1667
HUMERUS Trans 85 800 2.6667 2

AP 65 250 0.1042
CLAVICLE AP 65 320 0.1333 2

Tangential 65 320 0.1707
SCAPULA AP 70 400 0.2133 2

Lat 75 400 0.2667

FOREARM AP/Lat 60 100 0.0417 2

ELBOW AP/Lat 60 125 0.0833 3

WRIST AP/ObI 56 160 0.0853 3

Lat 60 160 0.0667
HAND AP/ObI 56 125 0.0521 3

Lat 60 125 0.0833

FINGER AP/Lat 55 100 0.0333 3

FEMUR AP/Lat 75 500 0.2667 4

KNEE AP/Lat 60 125 0.0833 2

TIB/FIB AP/Lat 62 100 0.0533 2

ANKLE AP/Lat 62 160 0.0853 3

FOOT AP/Lat 56 160 0.0853 3

OS CALCIS Lat 56 160 0.0667 2

Tangential 56 160 0.0853

TOES AP/Lat 55 125 0.0417 3

AVERAGE: 74.92 453.87 0.5336 2.5
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UPRIGHT RADIOGRAPHIC
EXAMS

Exam Positions
I

KvP
I

mA
I

mA-mm Exposures
CHEST PA/AP 120 500 0.0667 2

Lat 120 500 0.2667
RIBS Upper/AP 76 320 0.1067 4

2

Upper/ObI 68 640 0.2133
Lower/AP 70 800 0.4267
Lower ObI 78 800 0.4267

STERNUM Lat 128 500 0.1667
AP 123 500 0.2083

ABDOMEN Upright 86 640 0.4267 1

Decub 88 640 0.5333
CSPINE AP 65 500 0.1667 3

Lat 72 640 0.2667
SKULL Waters 80 400 0.4267 4

PA/AP 80 400 0.3333
Lat 75 400 0.1333

NASAL BONES Lat 60 400 0.1667 2

SHOULDER AP 66 400 0.1667 3

Axial 68 400 0.1667
HUMERUS Trans 85 800 2.6667 2

AP 65 250 0.1042
CLAVICLE AP 65 320 0.1333 2

Tang 65 320 0.1707
AVERAGE: 82 503.18 0.3520 2.5



APPENDIX B

DEFINITIONS

Absorbed Dose [Dl: "The energy imparted per unit mass by ionizing
radiation to matter at a specific point". (HALL 521).

ALARA: "The principle of limiting the radiation dose of exposed
persons to levels as low as reasonably achievable, economic and social
factors being taken into account" (HALL 522).

Barrier: "A barrier of radiation attenuating material(s) used to reduce
radiation exposure". (NCRP 49 46).

Effective Dose: "The radiation dose allowing for the fact that some
types of radiation are more damaging than others and some parts of the
body are more sensitive to radiation than others". (HALL 530).

Gray [Gy]: "The special name for the SI unit of absorbed dose, kerma,
and specific energy imparted equal to I J/kg". (HALL 533). The gray is
a unit used to measure a quantity called absorbed dose, which relates
to the amount of energy actually absorbed in some material, and is
used for any type of radiation and any material.

Primary Barrier: "Barrier sufficient to attenuate the useful beam to the
required degree." (NCRP 4946)

Quality Factor: "The factor by which absorbed dose is multiplied to
obtain a quantity that expresses on a common scale, for all ionizing
radiations, the irradiation incurred by exposed persons". (HALL 543).
This is an older unit that has been replaced by the term radiation-
weighting factor.

Rad [rad]: "The old unit of absorbed dose, equivalent to energy
absorption of 102 J/kg." (HALL 544). The rad is a unit used to measure
a quantity called absorbed dose. This relates to the amount of energy
actually absorbed in some material, and is used for any type of
radiation and any material. One rad is defined as the absorption of 100
ergs per gram of material. The unit rad can be used for any type of
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radiation, but it does not describe the biological effects of the different
radiations.

Rem: "Old unit of equivalent or effective dose". (HALL 546) The rem is
a unit used to derive a quantity called equivalent dose. This relates the
absorbed dose in human tissue to the effective biological damage of the
radiation. Not all radiation has the same biological effect, even for the
same amount of absorbed dose. Equivalent dose is often expressed in
terms of thousandths of a rem, or mrem. To determine equivalent dose
(rem), you multiply absorbed dose (rad) by a quality factor (QF) that is
unique to the type of incident radiation.

Roentgen FR]: "It is the amount of y or Xrays required to produce ions
carrying one electrostatic unit of electric charge (either positive or
negative in 1 cm3 of dry air under standard conditions." (HALL 547).
The roentgen is the old unit used to measure a quantity of ionizations of
the molecules in a mass of air called exposure. One roentgen is equal
to depositing in dry air enough energy to cause 2.58E4 coulombs per
kilogram.

Protective Barrier: "Barrier sufficient to attenuate the stray radiation
to the required degree". (NCRP 49 46).

Sievert [Sv]: "Unit of equivalent dose or effective dose". (HALL 548).
This unit of measurement that relates the absorbed dose in human
tissue to the effective biological damage of the radiation. Not all
radiation has the same biological effect, even for the same amount of
absorbed dose.

Workload [W]: "The degree of use of an Xray or gamma-ray source".
(NCRP 49 48). Workload is the product of the tube current and the time
the x-ray tube is energized stated in terms of the weekly exposure of
the useful beam at one meter from the source. Workload is proportional
to the number of electrons that bombard the x-ray tube during a week's
worth of operation.

Xray: "A penetrating form of electromagnetic radiation emitted either if
the inner orbital electrons of an excited atom return to their normal state



(these are characteristic Xrays) or if a metal target is bombarded with
high speed electrons." (HALL 552).

Maximum Permissible Dose [MPD]: "The maximum dose equivalent
that persons shall be allowed to receive in a stated period of time"
(NCRP 4945).




