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Recommendations on performance characteristics of diagnostic exposure
meters. Report of AAPM Diagnostic X-Ray Imaging Task Group No. 6
L. K. Wagner, Doracy P. Fontenla, Carolyn Kimme-Smith, Lawrence N. Rothenberg,

Jeff Shepard, and John M. Boone
AAPM Task Group No. 6

(Received 21 March 1991; accepted for publication 18 September 1991)

Task Group 6 of the Diagnostic X-Ray Imaging Committee of the American Association of
Physicistsin Medicine (AAPM) was appointed to devel op performance standards for diagnostic
X-ray exposure meters. The recommendations as approved by the Diagnostic X-Ray Imaging
Committee and the Science Council of the AAPM are delineated in this report and provide
specifications on meter precision, calibration accuracy, calibration reference points, linearity,

energy dependence, exposure rate dependence, leakage, amplification gain settings, directional
dependence, the stem effect, constancy checks, and calibration intervals. The report summarizes
recommendations for meters used in mammography, general purpose radiography including
special procedures, computed tomography, and radiation safety surveys for x-ray radiography.
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. INTRODUCTION

Because there are no short-term health effects from diagnos-
tic exposures of x-ray radiation and because the risk of po-
tential long-term effects hasavery broad uncertainty, diag-
nostic exposure meters need not perform with either the
accuracy or precision of meters used for therapeutic dose
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measurements.*However, the issue of just how accurate
and precise diagnostic exposure measurements should be
has not been formally addressed. Because of alack of such
guidelines, medical physicists have relied on their own best
judgments concerning the types and frequencies of calibra-
tions for their instruments, as well as on the overall assess-
ments of performance characteristics. Some existing expo-
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sure meters have been shown to be deficient for some
diagnostic applications.™

With advances in our knowledge about risks from expo-
suresto low levels of ionizing radiations, the need to accu-
rately assess absorbed doses from diagnostic x-ray examina-
tions has increased.” Physicists have played akey rolein
dose assessment for screening mammography” and have
contributed markedly to the development of low-dose ex-
aminations for al studiesin children and adults.”* These
contributions have directly influenced technological
changes to minimize radiation exposure while maximizing
radiographic image quality. Good quality assurance re-
quires that physicists monitor exposures and image quality
to assure that radiation levels and radiographic quality from
diagnostic examinations are within the contemporary norm.
Physicists are aso frequently asked to assess the dose from a
diagnostic study to the conceptus of a pregnant patient. In
recognition of the need to evauate absorbed doses delivered
during examinations, the Joint Commission for Accredita
tion of Health Care Organizations (JCAHO)" requires
that “...a qualified physician, qualified medical physicist, or
other qualified individual...monitors doses from diagnostic
radiology procedures.” Regulatory agencies in some states
have adopted limits on alowable exposures from diagnostic
studies. Regulations may restrict, for example, the radiation
levelsfor screening mammography. Others are more inclu-
sive, restricting exposures for chest, kidney-ureter-bladder,
lumbar spine, and other radiographs.

Exposure meters are used to evaluate the performance of
imaging equipment. These evaluations assure a reliable high-
quality x-ray imaging performance that helps minimize the
number of repeated examinations. Meters are used to assess
the linearity of output with x-ray tube current and exposure
time, the output as a function of kVp and added filtration,
the reproducibility of the output, the exposure per frame to
the input phosphor for cine fluorography, and fluoroscopic
exposure rates, among other factors.

The diagnostic physicist also uses survey-type exposure
meters to assess radiation exposures to physicians and tech-
nologists from scatter and |eakage radiation during in-room
fluoroscopic procedures. Other uses include surveys in pub-
lic areas of hospitals or in areas where mobile diagnostic
studies are performed.

For each use of exposure meters a certain accuracy (i.e.,
the agreement between the measurement and the true expo-
sure) and precision (i.e., the reproducibility of the measure-
ment) are required. The use dictates the necessary perfor-
mance characteristics of the meter. For example, there will
be restrictions on the beam-quality dependence of exposure
measurements, on ion collection efficiency as afunction of
exposure rate, on charge integration response or collection
current response of the monitor, on the calibration of the
meter, and on the precision of the meter. To address these
performance requirements, the Diagnostic X-Ray Imaging
Committee of the American Association of Physicistsin
Medicine formed Task Group 6 on Performance Standards
for Diagnostic Exposure Meters. This document reviews the
performance needs and, on the basis of this review, makes
the recommendations discussed in Sec. IV and listed in Ta
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blel. Therationaleisdiscussed in Secs. Il and Il and sum-
marized in Table Il. The propagation of errorsin exposure
measurement is addressed in Sec. V.

A discussion of errors or uncertainties in measurements
requires aclear definition of what they represent. Through-
out this document, uncertainty limits on performance speci-
fication represent a reliability interval greater than 99% un-
less otherwise stated. For example, a statement that the
calibration must be accurate to within + 7.5% means that
in more than 99% of all calibrations, the calibration factors
are sufficient to assure a measurement to within £ 7.5% of
the nationa standard. For individual measurements by an
exposure meter an uncertainty of + 10% means that for
more than 99% of all metersthe meter reading isreliableto
within £ 10% of the true value. For normally distributed
data, the uncertainty interval represents + three standard
deviations (s.d.) about the mean ( > 99.7% reliability), un-
less stated otherwise.

[1. RISK ASSESSMENT
A. General radiography in adults

The potential risks from low doses of low-LET radiation
are not well defined. It isassumed that arisk exists and the
benefits of the diagnostic study are weighed against these
potential risks, the most important of which is radiation-
induced malignancy. Based on high-dose data, the excess
lifetime cancer mortality from whole-body exposures is 3%-
12% per sievert (Sv).”® If arisk at diagnostic doses does
exist, most radiobiologists believe that alow-dose or low-
dose-rate effect reduces it, and that a threshold cannot be
excluded.”™ Therefore, the actual uncertainty in the risk
estimate for low doses ranges from a lower bound of zero to
an upper bound of approximately 0.012% per mSv for a
whole-body equivalent dose. Expressed another way, the ex-
cess mortality risk for a whole-body equivalent dose could be
written as 0.006% + 0.006% per mSv. The uncertainty is
+ 100% of the absolute estimate.

Diagnostic examinations deliver doses to a limited volume
of the patient’s anatomy. Equivalent doses to internal organs
typically range from microsieverts up to tens of millisieverts,
depending on the particular examination. Because the doses
are low and the uncertainty in the absolute risk is high for
radiation-induced cancer, an exposure measurement accu-
rate to within +30% would be sufficient to assess the abso-
lute risk.

More frequently, exposure measurements in diagnostic
radiology are used to estimate relative risks associated with
various radiographic procedures, techniques, or technolo-
gies. For example, it is worthwhile to know that one technol-
ogy produces half the absorbed dose of another.’ In this
case, the potential radiation-induced excess risk to individu-
als recelving examinations with the lower dose technology is
halved. However, if the uncertainty in the dose estimate is

+ 30% as suggested in the previous paragraph, propagation
of this uncertainty causes the factor of 2 reduction in excess
risk to have an uncertainty ranging from about 1.1 to 2.9.
Such an uncertainty interval due to measurement errorsis
too broad for meaningful comparisons. (This approxima-
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tion isthe Taylor series approximation for the ratio of two
uncorrelated variables. It is not possible to state the exact
uncertainty interval because many of the sources of mea-
surement uncertainty are systematic while others are not.
How errors combine depends on whether or not the same
exposure meter is used for both measurements as well as
other factors. This range of 1.1 to 2.9 occurs if two different
meters are used.)

If each of the two equivalent dose measurements of the
previous example have an uncertainty of only + 10%, then
the uncertainty in the reduced excessrisk is between about
1.7 and 2.3, which permits the conclusion that a substantive
reduction is achieved. An uncertainty in measurement of

+ 10% is sufficient for such comparisons. For some investi-
gations, e.g., research, narrower limits of uncertainty may be
required. The uncertainty interval can be markedly reduced
in these cases by employing the same exposure meter in all
measurements, thereby eliminating some systematic errors
dueto calibration and energy dependence.

B. Risk assessment in children

On the basis of arelative risk model, most epidemiological
evidence suggests that children are more susceptible to radi-
ation-induced cancer than adults.*® On the other hand, be-
cause of their smaller size, exposures in diagnostic examina-
tions of children are generally far less than those for adults.”
Exposure measurements to within an uncertainty of + 10%
should be sufficient to assess the potentia risks of pediatric
examinations.

C. Screening mammaogr aphy

With the advent of screening mammography, the need to
compare the potential risks of radiation-induced breast can-
cer with the potential benefits of diagnosing early spontane-
ous breast cancer became more acute. In screening mammo-
graphy, large numbers of women without clinical signs of
breast cancer are exposed to the ionizing radiation. Of these
only afraction actually benefit from early cancer detection.
In order to minimize the risk of radiation-induced breast
cancer, the mammographic examination must deliver the
lowest absorbed dose consistent with diagnostic accuracy.

Determination of glandular tissue dose for an individual
patient is inaccurate due to variations in compression and in
estimates of the glandular tissue content of the breasts of
different patients. Estimates are typically made for dosesto a
standardized breast that is composed of 50% fat and 50%
glandular tissue and is about 4.5 cm thick under firm com-
pression. Average glandular doses are calculated from free-
in-air entrance exposures, using conversion factors provided
in the scientific literature.”** These dose estimates de-
pend on beam quality and entrance exposure, both of which
have uncertainty. The conversion factors themselves have
uncertainty and the exposure across the breast can vary by
up to 50% from the chest wall to the nipple because of the
heel effect. These factors should be considered when assess-
ing the required precision and accuracy for exposure meters
used to measure the entrance exposures.

For reasons previously mentioned, comparative dose esti-
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mates between various mammographic units for a standard
breast are more important than the absolute dose estimate
since the purpose of the measurement isto assure that doses
are at an acceptable state-of-the-art level for screening. In
order to provide meaningful comparisons between units, an
uncertainty of £ 10% in exposure measurement is suffi-
cient.

D. Risk assessment during pregnancy

Physicists are frequently asked to assess dose to a concep-
tus from diagnostic procedures. Some evaluations are pro-
spective, others retrospective. Retrospective analyses entail
more potential for inaccuracy because they frequently in-
volverecollection on the part of physicians or technologists
about fluoroscopic on-time and the number of discarded
films and repeated radiographs. Furthermore, technique
factors such as fluoroscopic kVp and mA have to be recalled
and are sometimes unknown.

Thejudgment asto what uncertainty is acceptable for the
exposure meter measurement depends on the consequences
of such uncertainty on patient care. The contribution should
not greatly increase the upper limit dose estimate. What con-
stitutes too great an increase is a matter ofjudgment. Consid-
er the present state of knowledge about low-dose radiation
effects on the unborn. The types and quantifications of risks
are highly uncertain. Measurement of dose to within an un-
certainty of + 10% should be sufficient. A £ 10% error in
measurement is much less than the error introduced by the
other uncertainties in the estimation of absorbed dose if the
evaluation is done retrospectively. If the evaluation is per-
formed prospectively wherein many of the sources of uncer-
tainty can be diminated (i.e., fluoroscopy on-time, kVp,
mA, and conceptus position can be documented), a + 10%
uncertainty represents arealistically modest margin of mea
surement error when compared to uncertainties in potential
risk.

E. Computed tomography

Computed tomography (CT) isarelatively high-dose ex-
amination by diagnostic standards. Typically, organs exam-
ined during CT receive about 30 to 60 mGy. The doseis
relatively uniform throughout the imaging volume, varying
by afactor of approximately 40% from the surface to the
central-axis for multislice abdominal examinations.”

Conventional ionization chambers are designed for tota
active volume irradiation. For this reason, use of such cham-
bers for dose estimatesin CT is at best difficult because of the
problem of partial volumeirradiation.” It is more appropri-
ate and common to employ a pencil-type ionization chamber
to infer a multislice computed tomographic dose from a
measurement on asingle slice. Thisdoseis related to the
computed tomographic dose index (CTDI) .” The purposes
of this measurement are to assess the absolute dose for a
particular technique, to compare doses for different tech-
niques, and to compare doses among scanners. In order to
make adequate comparisons, an uncertainty in measure-
ment of £ 10% is sufficient.
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F. Exposuresto personnel and the public

Surveys of radiation levels in public areas or in radiogra-
phic rooms are performed to determine the potential risks to
individuals. Since the absolute risks have a broad range of
uncertainties, the accuracy of exposure measurements need
only be sufficient to compare the potential risks of one envi-
ronment with respect to an accepted standard. Such surveys
must take into account workloads, use factors, and occupan-
cy factors which all have their own uncertainties. Survey
exposure measurements to within an accuracy of + 30%
should be more than sufficient to assess the adequacy of pro-
tection because of the other uncertainties aswell asthelow
exposures and the very low potential risks associated with
such regulated environments.

1. ACCEPTANCE TESTING AND QUALITY
ASSURANCE

A. Linearity

For consistent imaging performance with manual tech-
niques, linearity of output with tube current (mA) should
not deviate by more than + 10% across the range of mA
stations.” Federal regulations*’ are less stringent and re-
quirethat the"... average ratios of exposure to the indicated
milliampere-seconds product (mMR/mAs) obtained at any
two consecutive tube current settings shall not differ by more
than 0.10 times their sum.” This effectively means that no
two consecutive mA stations may result in measurements of
mR/mAs that differ by more than 20%.

It is important that the measured linearity be a character-
istic of the output of the equipment and not be affected by
any exposure rate dependence, nonlinearity, or imprecision
of the exposure meter. If all measurement uncertainties of
the meter were random and normally distributed, then one
could reduce the standard error for any one mA station by
increasing the number of measurements. In order to limit the
number of exposures required for the test and to ensure that
the imprecision of the meter not contribute markedly to the
error in linearity measurement, it is recommended that the
precision of the meter be within + 3% (+ 1% standard
deviation).

Exposure-rate dependence and nonlinear electric circuit
response of the exposure meter are systematic errors and
cannot be minimized by multiple measurements. Therefore,
they must be small on an absol ute scale when compared to
the performance criteria of the x-ray unit. For this reason, it
is recommended that the error due to rate dependence not
exceed 1% across the range of exposure rates utilized in the
test and the error due to nonlinearity in exposure meter cir-
cuit response be within the greater of + 0.5% or 0.013 uC
kg* (0.05 mR) across the range of exposures for which the
instrument is designed. Maximum exposure rates for quality
control tests are about 8 mCkg's*(30 Rs?).

B. Reproducibility

A reasonable standard of performance for modern tech-
nology requires that the x-ray output at agiven kVp and
mAs should not vary by more than £ 10% (a standard de-
viation of about + 3%). The federal requirements”for per-
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formance of x-ray equipment are less stringent and state that
“For any specific combination of selected technique factors,
the estimated coefficient of variation of radiation exposures
shall be no greater than 0.05.” This means that the standard
deviation must be less than + 5% of the mean. The require-
ment states that this be determined from ten consecutive
measurementsmadewithin 1 h.

The precision of the exposure measuring device must be
much better than the acceptable precision of the machine
output to ensure that the measured precision of the x-ray
machine is not adversdly influenced by the measuring device.
This requires that the precision of diagnostic exposure me-
ters not exceed + 3% (x 1% standard deviation). (As-
suming normally distributed variations, combining in quad-
rature a + 3% variation from the meter with a + 10%
variation in output results in a net observed variation of
about + 10.4%.)

C. Output as a function of beam quality

For quality assurance, acceptance testing, and regul atory
needs, diagnostic exposure meters must measure output at a
variety of beam energies. The required accuracy for any one
measurement at any given kVp and half-value layer (HVL)
is governed by the purpose for which the measurement is
made. In general the energy dependence of the exposure me-
ter should not add to the error in the absolute exposure mea-
surement to an extent that would make the total error exceed

+ 10%.

D. Half-value layer measurements

To reduce entrance skin exposure, filtration is added to x-
ray systems. Federal regulations” require minimum levels
of filtration and many users employ much more. The ade-
quacy of filtration is checked by measuring the HVL in milli-
meters of aluminum, usually 1100 type. The required accu-
racy of HVL measurements places restrictions on the
reproducibility and energy dependence of the exposure me-
ter.

In mammography, a change in HVL of 0.01- to 0.015-mm
aluminum is about equivalent to a 1-kV change in beam
quality. For quality control in mammography, changes in
HVL of 0.02 mm should be measureable. Such accuracies in
measurement of HV L are possible but can be compromised
by factors other than the exposure meter.’ Instabilitiesin
radiation output or kVp of the x-ray equipment introduce
errors into such measurements. Impurities in 1100 alumi-
num can vary causing differences in HVL measurement.
Thisisespecialy so for mammographywherevariationsin
HVL of + 4% are possible due solely to variations in impu-
rity levels.

The sources of error in the measurement of half-value lay-
er can be large depending on the equipment and the methods
used to acquire the data. The performance of the exposure
meter should be such that under the best of conditions, the
errors introduced in the measurement of HVL are small
compared to all other errors. The principal sources of uncer-
tainty introduced by performance of the exposure meter re-
sult from its energy dependence, imprecision, nonlinearity,
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and exposure rate dependence.’ Lack of precision is seldom
asignificant problem for such measurements and can be re-
duced by multiple measurements. The error due to nonlin-
earity and exposure rate is likewise seldom a problem for this
measurement since the exposures only range over afactor of
about 2 and rates can be kept quite low. The error due to
energy dependence at energies above 50 kVp is usually small.
The use of exposure meters to measure HVL in general radi-
ography is not a driving factor in setting performance stan-
dards for general purpose exposure meters. However, it has
been shown that severe energy dependence in the mammo-
graphic range will result in significant errors in mammogra-
phic HVL measurements.’ The change in correction factor
over the range of mammographic beam qualities (from
about 20 to 50 kVp) should be less than 5% for mammogra-
phic exposure metersin order to assure an adequately small
error in the measurement of HVL.

E. Radiography and fluor oscopy

Exposure rates for automatic brightness controlled fluor-
oscopy are federally regulated” not to exceed “10 roentgens
per minute at the point where the center of the useful beam
entersthe patient.” Under special high-exposure-rate condi-
tions other restrictions apply. Although exposure rates are
specified at a point, the shape, volume, and area of the ioni-
zation exposure meter prohibit measurement at a point and
introduce inherent error. X-ray fields in diagnostic radiolo-
gy are nonuniform and variations of many percent over the
field area can be anticipated. Because of this variation, the
position of the chamber in the beam can influence the expo-
sure rate. This error is exacerbated by the size of the sensitive
portion of the detector and the spatial variation of the sensi-
tivity over the area of the detector.

Since the regquirement specifies 10 R/min (0.043 mC
kg's") as a maximum limit, it would be necessary for a
user to ensure that his’/her measurement plus the uncertain-
ty in the measurement not exceed this maximum. If the un-
certainty in the measurement is + 10% then the user would
have to set the maximum output at 9.0 R/min by his/her
meter. Thiswould ensure a maximum rate of not more than
9.9 R/min which is within the limit. A £ 10% uncertainty
would also ensure that exposure rates measured on the same
machine by several individuals (physicists, service person-
nel, and regulatory inspectors) agree to within areasonable
norm. However, such a practice could also result in an actua
exposure rate of only 8.1 R/min if the error in the measured
rate is 10% on the high side. Thisistoo low for some applica-
tions. To avoid this possibility, either the accuracy of the
measurement will have to be much better than + 10% or
regulatory agencies will have to accept maximum rates of 10
R/min + 10%. For reasons discussed later accuracies bet-
ter than = 10% are not guaranteed due to calibration and
other errors.

Spot radiographic exposures during fluoroscopy are a spe-
cial consideration. Because of the under-table configuration,
source-to-skin distance is usually about 450 mm. For barium
enema studies with atube voltage of 110 kVp and atube
current of 400 mA, high exposure rates result. Exposure
rates with backscatter in place are typicaly 3-8 mCkg*
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s'(10-30Rs™) with rates of more than 20 mCkg's™
(80 Rs") possible for some situations. Barium enema spot
radiography produces the highest exposure rates encoun-
tered in diagnostic radiology. Exposure meters should not
have an exposure rate dependence that introduces a total
error in the measurement beyond + 10%.

IV. RECOMMENDATIONS ON PERFORMANCE
CHARACTERISTICS

In consideration of the foregoing uses of diagnostic expo-
sure meters, it is recommended that the combined uncertain-
ty due to bias and random errors of in-beam exposure mea-
surements not exceed + 10% of the truevalue, i.e., in more
than 99% of all measurements the measured value will be
within £ 10% of the true value. It istherefore required that
the combined uncertainties as aresult of precision, calibra-
tion, nonlinearity, exposure rate, energy dependence, and all
other factors not exceed + 10%. For survey meters used in
diagnostic radiology it isrecommended that the accuracy of
measurements be such that, for more than 99% of the mea-
surements, the measured value will be within + 30% of the
true value. In order to meet these and other previoudly dis-
cussed recommendations, the guidelinesoutlined in Table |
are recommended for performance of exposure meters used
indiagnosticradiology.

A. Precision

1. Mammographic, general purpose, and CT meters

Given 20 identical exposures to the ionization chamber,
the mammographic, general purpose, or CT diagnostic ex-
posure meter shall perform such that the standard deviation
in the readout is less than 1% of the mean when the exposure
to the meter is at least 0.08 mCkg™ (300 mR) for any
exposure time from 0.01 sup to 10 s.

2. Integrating radiographic survey meters

The standard deviation in the readout for 20 identical ex-
posures to the survey meter shall not exceed 3% of the mean
value when the exposure to the meter is at least 0.03 mC
kg' (100 mR) for any exposure time from 1 sup to 10 s.

B. Accuracy

At least three factors contribute to the inaccuracy of an
exposure measurement. These are: calibration error, energy
dependence, and exposure-rate dependence.

1. Calibration

a. Mammographic, general purpose, and CT meters. It is
recommended that the calibration of a mammographic, gen-
eral purpose, or CT diagnostic exposure meter at a specific
calibration kilovoltage and HVL be such that after applica-
tion of calibration correction factors, any measurement
made by that meter under identical conditions and at stan-
dard temperature and pressure agree to within + 7.5% of
the standard maintained by the National Institute of Stan-
dards and Technology (NIST). The geometric orientation
of the ionization chamber with respect to the beam at the
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Item

Application(s)

Recommendation

Precision

Cdlibration accuracy

Cdlibration reference
points

Linearity

Energy dependence

Exposurerate
dependence

Leakage

Amplification gain
setting (other than
temperatureand
pressure,seeTablelll)
Directiona dependence
Stem effect

Exposure rate meter

Exposure rate
dependence, constancy
checks and precision checks.

Mammography (less than 50 kVp)

Generalradiography

(greater than 60 kVp), and CT
Radiographicsurvey meters
Mammography, genera
purpose, and CT

Survey

Mammography

General

CT

Survey

Mammography

General

CT

Survey

Mammography

Generd

CT

Survey

All

All

All

All

Mammography, genera
and CT

Survey

All

< 1% standard
deviation

< 3% standard deviation
To within + 7.5% of NIST standard’

To within + 20% of NIST standard.’
3 points:

~0.25 mm Al (> 99.9% pure) HVL
~0.35 mm Al (> 99.9% pure) HVL
~1.0 mm Al (> 99.9% pure) HVL

3 points:

~1.5 mm Al (1100 aloy) HVL

~3.5 mm Al (1100 aloy) HVL

~5.0 mm Al (1100 alloy) HVL

2 points:

~3.5 mm Al (1100 aloy) HVL

~10.0 mm Al (1100 alloy) HVL

2 points:

~0.35 mm Al (> 99.9% pure) HVL
~10.0 mm Al (1100 alloy) HVL
<0.5% or <0.013 pCkg" (0.05 mR)
deviationfromlinearity for any
exposure within readout range when
exposure rate is unchanged.

< 5% changein correction factor

from 0.25 mm Al (> 99.9% pure) HVL
to 1.0 mm Al (> 99.9% pure) HVL

< 5% changein correction factor

from 1.5 mm Al (1100 aloy) HVL to
~10.0 mm Al (1100 dloy) HVL

< 5% changein correction factor from
3.5mmAl (1100 dloy) HVL to

10.0 mm Al (1100 alloy) HVL

< 30% change in correction factor from

30 kVp 0.35 mm Al (> 99.9% pure) HVL

t010.0 mm Al (1100 alloy) HVL
<1%changefromcalibrated
response for any exposure rate

< 0.5 mCkg's'(2 Rs’)

< 1% changefrom calibrated response
for any exposure rate up to 8
mCkg’s’ (30 Rs") and < 3%
change in response for exposure
rate up to 20 mCkg's'(80 Rs’)
<1%changefromcalibrated
response for any exposure rate

< 1.5 mCkg's'(6 Rs?)

< 5% changefrom calibrated
response for exposure rates up

to 0.3 mCkg'min*(1 Rmin™)
Lessthan 0.1 uCkg' (0.4 mR) in
30 s from 0.0 mCkg*and
less than 0.5% in 30 s from

2.6 mCkg” (10 R) or max reading,
whichever is less. Must be
correctabletowithin 0.1%.

L essthan 0.5% changefrom calibrated
reading after all gainsarefully
changed and reset.
Userdetermined

Less than 0.5%

Less than 0.5% difference in rate
mode versus intergrated mode.
Less than 2% difference in rate
mode versus integrated mode.
Before and after initial
cdibrationand annually
thereafter (or followingrepair)
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TaBLE l. (Continued.)

Item Application(s)

Recommendation

Calibrationintervals All

Initial calibrationtoincludeall points.
Biennial calibrationsatasingle

point closest to normal use. If
constancy check shows significant
deviation, repair, if necessary,
andrecalibrateatall points.

‘Diagnostic x-ray survey-type or large chamber volume meters. These specifications do not apply to survey instruments used in nuclear medicine.

*The + / - interval represents the > 99% certainty interval.

‘Recalibrateor repair if check suggeststhat recommended performance standardsare not met.

point of calibration will be specified. Uncertainty dueto the
geometric size and shape of the meter must be included in the
estimate of calibration error. Thisaccuracy isjudged by the
task group to be the best compromise between the capabili-
ties of the calibration laboratories and the needs of the users.

b. Integrating survey meters. Calibration of survey meters
used in diagnostic radiology shall be such that, after applica-
tion of calibration correction factors, any measurement
made by that meter at a specific caibration kilovoltage and
HVL and at standard temperature and pressure agrees to
within + 20% of that made by the standard maintained by
the NIST. To meet this requirement, it is sufficient that users
calibrate such survey meters by comparing performance
against ageneral purpose or mammographic meter that has
been calibrated against a secondary standard.

2. Energy dependence

To keep the uncertainty in exposure measurement to with-
in the ranges specified in Secs. I and 111, it is necessary to
ensure that interpolation of a correction factor for a given
beam quality will not introduce more than a 1% error for
diagnostic meters and not more than a 5% error for survey
meters. The following recommendations are therefore made.

a. Mammographic meters. The correction factors for
mammographic exposure meters at beam qualities of 0.25
mm HVL (~ 20 kV) in auminum (> 99.9% pure), 0.35
mm HVL (~ 30kV), and I.0 mm HVL (~ 50 kV) shdl not
differ from each other by more than 5% (Ref. 23) when al
gains and settings of the exposure meter remain unchanged
for each beam quality calibration.

b. Generalpurpose meters. The correction factor for gen-
era purpose exposure meters at beam qualities of 1.5 mm
HVL of 1100 auminum (~ 60 kVp), 3.5 mm HVL (~ 90
kVp), and 10.0 mm HVL shall not differ from each other by
more than 5% (Ref. 23) when al gains and settings of the
exposure meter remain unchanged for each beam quality
calibration.

c. CT meters. The correction factor for CT exposure me-
ters at abeam quality of 3.5 mm HVL (~ 90 kVp) shall not
differ from that of 10.0 mm HVL by more than 5% (Ref. 23)
when al gains and settings of the exposure meter remain
unchanged for each beam quality calibration.

d. Integrating survey meters. The correction factor for sur-
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vey exposure meters at a beam quality of 0.35 mm HVL
(~ 30 kVp) in duminum (> 99.9% pure) shal not differ
from that a 10.0 mm HVL by more than 30% when al gains
and settings of the exposure meter remain unchanged for
each beam quality calibration.

3. Linearity

The average reading of the meter in response to different
exposure levels shall be within £ 0.5% of the anticipated
linear value or within 0.013 uC kg* (0.05 mR), whichever
is greater, for any exposure within the range of the readout
scale when the exposure rate for each reading remains un-
changed.

4. Exposure-rate dependence

The specifications, applying to ion collection efficiency
and to the electronic conversion of the collected chargeto a
displayed readout, are given in Table | and are self-explana
tory. They are designed to meet the performance require-
ments previously discussed. Methods for users to test expo-
sure-rate dependence have been previously reported.”*

C. Other factorsaffecting precision and accuracy

The following factors or features can contribute to inaccu-
racies and imprecision in measurements and should be
checked by users.

1. Leakage current

With the meter initially set at 0.0 uCkg”the meter read-
ing should not change by more than + 0.1 uCkg* (0.4
mR) over a 30-s period. In addition, after the meter is ex-
posed to 2.6 mCkg* (10 R) or its maximum vaue, which-
ever isless, the reading should not change by more than
* 0.5% within 30 s. During the test the meter must remain
in the operating mode with no manipulation of the meter
either electrically or mechanically. If the leakage exceeds
these values, the leakage must be sufficiently stable that the
biasin the meter reading is correctable by caculation to
within 0.1% for exposures in excess of 10 mR and to within
0.05 mR for exposures less than 10 mR.
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TaeLe [1. Summary of uses of ionization exposure
meters and measurement uncertainties.

Uncertainty notassociated Recommended maximum limits
Use withmeter on measured uncertainty
Absoluterisk
assessment The uncertainty in risk coefficients + 30% total

from epidemiological and animal research

for low level exposuresis very

large (£ 100%)
Comparativerisk Regardless of the magnitude of the risk, + 10% total
assessment comparing risks for smilar doses has

only a small uncertainty due to differences
in beam quality, exposure rate, etc.

Conceptus dose

evaluation risks (+ 100%)

surveys Same uncertainty as for absolute risk
assessment

Linearity of Quality control criteriapermita

output variation of + 10% in linearity of

machineoutput from the antici pated

linear value.
Reproducibility
of x-ray output

technique
Output versus beam
quality
Half-value-layer Errors can be large, see Ref. 4
Fluoroscopy

entrance exposure

Very large uncertainties in absolute

Qudlity control criteriapermit a+ 10%
variation in machine output for a given

Uncertainties are associated with

+ 10% total
+ 30% total

+3%in precision; < 1% in exposure
rate dependence; < 0.5% or < 0.013
UCkg® (0.05 mR) deviation from linear
response, whichever is greater.

+ 3% in precision

Energy dependence must be low enough

to ensure less than + 10% total error.

Energy dependence must keep total HVL
measurement error to within about

+0.02 mm of Al for mammography and + 2%
forgeneral radiography

+ 10% total

rates nonuniformities in radiation field.

High exposure rate
radiography

< 1% deviation in response for exposure
rates up to 8 mCkg's’ (30 Rs’) and
< 3% deviation in response for rates up
to 20 mCkg’s’ (80 Rs’)

2. Amplification gain

Many instruments are provided with amplification gains
on the readout in order to correct for various factors. These
factors include temperature and pressure correction and
calibration factors. Changing and resetting of these gains
may introduce errors in accuracy and precision. Precision of
the instrument at all useful gain settings must meet the re-
quirementsin Sec. IV A. Temperature and pressure correc-
tions must remain accurate to within 1.5% as specified in
TableI1l. The accuracy of the reading at all other gain set-
tings must not change from the accuracy of the calibration
by more than 0.5% when al gains are fully changed and
reset to the operational settings.

3. Directional dependence

lonization chambers of exposure meters are calibrated
with unidirectional beams. The responseto x-rays originat-
ing from other directions may differ. This can introduce er-
ror into a measurement as, for example, with scattered radi-
ation conditions. Users should determine the error
introduced in a measurement because of such dependence of
their ionization chamber.
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4, Stem effect

The unavoidable irradiation of exposure meter compo-
nents such as coaxial leads and electronic circuitry in the
handle or “stem” of the ionization chamber should not result
in areading that causes the response to differ by more than
0.5% if such components were not exposed.

5. Exposure rate measurement

Many exposure meters provide a means by which the ex-
posure rate can be directly determined. Exposure meters are
typically calibrated in the integrated exposure mode, not in
the exposure rate mode. The response of the meter in the
exposure rate mode should agree to within 0.5% of the inte-
grated calibration for genera purpose meters and to within
2% for survey meters. An invasive technique employing a
constant current source can be used to validate the response
in the rate mode. Use of radioactive sources to calibrate sur-
vey meters in the rate mode may not be appropriate because
of the disparity in energies of such sources and the energies
commonly encountered in diagnostic radiologic surveys. In
principal, compliance with this specification could also be
tested in a carefully designed study that compares readings
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TasLe 111, Summary of recommended performance characteristics for exposure meters.

Maximum recommended uncertainty

Source of Type of

uncertainty uncertainty Mammographic General purpose CT Survey meters
Cdlibration Systematic bias + 7.5% + 7.5% + 7.5% + 20%
Cdlibration
factorinterpolation
éener%/ o

lependence) Systematic bias +1% +1% +1% +5%
Temperatureand
pressure
correction’ Systematic bias + 1.5% + 1.5% + 1.5% + 1.5%
Gainsettings Systematic bias + 0.5% + 0.5% + 0.5% + 0.5%
Precisior? Random +3%/ On +3%/On +3%/ On +9%/ On
Exposure rate Systematic bias + 1% + 1% + 1% + 5%

(E 8 mCkg's))
+3%
(E 20 mCkg's?)

Linearity Systematic bias + 0.5% + 0.5% + 0.5% + 0.5%
Stem effect Systematic bias + 0.5% + 0.5% + 0.5% + 0.5%
Leskage Systematic bias +0.1% + 0.1% +0.1% +0.1%
Ratemode Systematic bias + 0.5% +2%

*Maximum uncertainty isthat dueto either meter-internal correctionsor correctionsapplied by user.

’nis the number of exposure measurements.
“Uncertainty specifiedisthat after cal cul ational correctionfor leakage.

from the exposure rate mode to readings in integrated expo-
sure mode. However, this procedure has not been well tested
and the experimental errors may prove to be large. Research
into noninvasive techniques for the user to verify the calibra-
tion of the exposure rate mode islacking at thistime.

6. Computed tomography pencil ionization
chambers

In order to produce an accurate response, the sensitivity of
the pencil chamber along its volume should be uniform. The
positional sensitivity of the chamber should be checked by
the user at acceptance and after any repair. Any nonuni-
formities in response should be incorporated into the error
analysisof the measurement.

D. Constancy checks

All meters should be intercompared with at least one oth-
er meter before and after calibration and then annually for
constancy of response at two or more beam qualities. Expo-
sure rate dependence, precision, leakage, and other factors
previously discussed, should be checked before and after
calibration and yearly thereafter or after major repair of the
electronic readout circuitry. If changes are noted that render
the meter outside performance specification limits, the sus-
pect meter should be repaired if necessary or recalibrated,
whichever isthe appropriate action.

E. Calibration intervals

Following initia caibration at al beam qualities specified
inTablel, abiennial calibration at a single beam quality
representative of normal use is recommended. Recalibration
at all beam qualities is unnecessary unless the chamber is
repaired, anew probeis purchased, or achangein response
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from that at initid calibration is suspected as indicated dur-
ing annual constancy checks.

V.ERROR PROPAGATION IN EXPOSURE
MEASUREMENT

The previous section recommends that diagnostic radio-
graphic exposure measurements be accurate to within
+ 10%. For survey work the accuracy should be + 30%.
In Table |11 errors characteristic of exposure meters, their
type, and their maximum magnitude as recommended in
this report are summarized. The only random error in expo-
sure measurement is that due to the imprecision of the meter.
Therefore, it isthe only error that can be reduced by multiple
measurements. All other uncertainties are systematic; that
is, they bias the measurement. Only the uncertainty due to
exposure-rate dependence is reasonably predictable accord-
ing to sign. lon collection losses at high exposure rates are
most likely to render the reading too low, resulting in an
error with a positive value. (It is conceivable that in some
meter designs the error could produce too high a reading
and, therefore, the negative sign should be kept in perfor-
mancespecification.)

To meet the £ 10% accuracy guideline for diagnostic
measurements and the + 30% guideline for surveys the
combination of all sources of uncertainty must not exceed
these limits. To ascertain how these errors might combine, it
is useful to separate uncertainties into four categories: ( 1)
calibration associated biased uncertainties, (2) data acquisi-
tion biased uncertainties, (3) random measurement uncer-
tainties, and (4) meter intrinsic biased uncertainties.

A. Calibration associated biased uncertainties

In the measurement of exposure at a given beam quality,
the calibration factor introduces a biased uncertainty be-



240 Wagner et al.: Recommendations of diagnostic exposure meters 240

cause the same factor is used for every measurement. How-
ever, among all meters calibrated by al laboratoriesit is
probably reasonabl e to assume that the differences between
the specified calibration factors and the true calibration fac-
tors are randomly distributed. It is also reasonable to assume
that the error introduced in the correction factor at a partic-
ular beam quality as a result of interpolation between cali-
bration factorsfor different beam qualitiesis also randomly
distributed. To estimate the combined uncertainty due to the
calibration factor error and the interpolation error the speci-
fied uncertainty limits of Table 1l are added in quadrature.
This yields net calibration uncertainties of + 7.57% for
diagnostic meters and + 20.1% for survey meters. These
limits mean that more than 99% of all calibrated meters
have calibration factors that under identical exposure rate
conditions will result in measurements that agree with the
national standard to within these limits (i.e., within
+ 7.57% for diagnostic meters and = 20.1% for survey
meters).

B. Data acquisition biased uncertainties

Uncertainties associated with temperature and pressure
corrections and in establishing gain settings introduce a bias
in exposure measurement for each measuring session be-
cause these factors are not changed during the session. The
magnitude of the error is random from session to session and
these error limits may be added in quadrature to establish
the uncertainty limits due to these factors. The combined
uncertainty for meters matching the performance specifica-
tions is 1.58%.

C. Random measurement uncertainties

Random errors due to imprecise ion collection and electri-
cal noise in the meter should not result in a standard devi-
ation in measurementsin excess+ 1% (x 3s =+ 3%)
for diagnostic metersand + 3% (£ 3 s = + 9%) for sur-
vey meters. The standard error in a measurement due to
meter imprecision can be reduced by acquiring multiple
measurements.

D. Meter intrinsic biased uncertainties

Uncertainty in ameasurement of exposure will be biased
because of specific characteristics of the meter. Such uncer-
tainties include those due to exposure rate dependence, non-
linearity, stem effect, leakage, and exposure rate mode of
operation. How these uncertainties combine depends on the
conditions of the measurements. For example, the stem ef-
fect error will depend on field size and beam energy. Some
errors may be correlated. For example, linearity might be
worse at higher exposure rates. Furthermore, the errors
among meters are not randomly distributed. For example,
the exposure rate dependence will predominantly bias a
reading to alow value and the bias will be greater at higher
rates. To assess whether the performance specifications are
adequate it is necessary to discuss a few separate circum-
stances.
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1. Integrated exposure measurements at low
exposure rates

The uncertainties due to calibration, temperature and
pressure, gain settings, and meter precision can be added in
quadrature to assess the dispersion of readings from many
meters and many sessions. This uncertainty is + 8.3%. For
diagnostic measurements of integrated exposure at low ex-
posure rates the specified maximum meter intrinsic errors
for exposure rate dependence (x 1.0%), linearity
(£ 0.5%), stem effect (+ 0.5%), and leakage (= 0.1%)
are not likely to combine in such away as to increase the
error past + 10%. Therefore, at low exposure rates the
specifications should be sufficient to ensure that more than
99% of all readings from all diagnostic meters are within
+ 10% of the nationa standard. A similar assessment dem-
onstrates that the survey meter specifications are also suffi-
cient.

2. Exposure rate measurements

Exposure rate measurements in diagnostic radiology are
always done at low exposure rates, e.g., fluoroscopy rates
and survey exposure rates. In such measurements the preci-
sion specification is not applicable. The uncertainty for diag-
nostic meters due to calibration, temperature and pressure,
and gain settings is about 7.73%. The additional uncertainty
introduced by exposure rate dependence (1%), linearity
(0.5%), leakage (0.1%), stem effect (0.5%), and the
change to the exposure rate mode (0.5%) is sufficiently
small to ensure that more than 99% of all readings from all
diagnostic meters are within + 10% of the national stan-
dard. A similar assessment demonstrates that the survey me-
ter specifications are aso sufficient.

3. Integrated exposures at high exposure rates

The uncertainties due to calibration, temperature and
pressure, gain settings, and meter precision, asin Sec. V D 1
are estimated at 8.3%. For diagnostic measurements of inte-
grated exposures at high exposure rates, the meter intrinsic
errors of + 3% for exposure rate dependence, + 0.5% each
for linearity and stem effect and 0.1% for |eakage may or
may not be sufficient to ensure measurements accurate to
within + 10% of the national standard in more than 99% of
such measurements by all meters. Whether thisis so depends
on many factors that cannot be assessed in this report. Very
few measurements of diagnostic exposures are done at more
than 8 mCkg's’. Presumably the accuracy of the meter
would become gradually less asthe rateincreases rendering
the greatest discrepancy at 20 mCkg's’. These situa-
tions would be rare and the likelihood of all uncertainties
combining to an error greater than 10% from the national
standard is sufficiently small as to make the performance
specifications at high exposure rates acceptable.
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