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The patient effective dos€&, is an indicator of the stochastic radiation risk associated with radio-
graphic or fluoroscopic x-ray examinations. Determining effective doses for radiologic examina-
tions by measurement or calculation is generally very difficult. By contrast, the energy imparted,

to the patient may be obtained from the x-ray exposure-area product incident on the patient. As
energy imparted is approximately proportional to the effective dose for any given x-ray radio-
graphic view, the availability oE/e ratios for common radiographic projections provides a con-
venient way for estimating effective doses. Ratios=d€é were obtained for 68 projections using

E ande values obtained from published dosimetry data computed using Monte Carlo techniques on
an adult anthropomorphic phantom. The aver&ge ratio for the 68 projections in adults was
17.8+1.4 mSv/J, whereas uniform whole body irradiation corresponds to 14.1 mSv/J. The major
determinant oE/ e ratios was the projection employéthe body region irradiated and x-ray beam
orientatior), whereas the tube potential and beam filtration were of secondary importance. Adult
E/e ratios may also be used to obtain effective doses to pediatric patients undergoing x-ray exami-
nations by application of a correction factor based on the patient mas4.99®9 American Asso-
ciation of Physicists in Medicing S0094-24087)02208-6
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[. INTRODUCTION practical method to estimate values of effective dose associ-

ated with common x-ray examinations would clearly be ad-
The effective doseE:, is a dosimetry parameter which takes yantageous to the radiology community.

into account the doses received by all irradiated radiosensi- |n this study, we propose a method to determine the ef-

tive organs and may be taken to be measures of the stochggctive dose to patients undergoing any diagnostic x-ray ex-
tic risk.>? Although the effective dose is an occupational gmination using the energy imparted to the patient/alues
dose quantity based on an age profile for radiation workerssf E/e were obtained from the radiation dosimetry data pre-
this dose descriptor is being increasingly used to quantify theented for 68 x-ray projections computed using Monte Carlo
amount of radiation received by patients undergoing diagcalculations on an adult anthropomorphic phantérithe
nostic examinations which use ionizing radiatfon. Not- energy imparted to patients may be determined from values
withstanding the fact that there are problems associated witbf the exposure-area product incident on the patfehtand
converting effective doses to a corresponding detriffient,can be combined witlE/ e ratios to yield values of the pa-
there are important benefits to be gained by using effectivéient effective dose. In addition, this method was extended to
dose to quantify patient doses in diagnostic radiology. Oneletermine effective doses in patients who differ in mass from
advantage is that the effective dose attempts to measure tlige adult-sized phantoms used in current patient dose assess-
risk to the patient, which is the motivation for all patient ment procedure¥*®
dosimetry studies in diagnostic radiology. In addition, the
effective dose to a patient undergoing any examination may
be compared to that of any other radiologic procedure af. METHOD
well as natural background exposure and regulatory dos
limits, which are increasingly expressed using effective dos
values®>’8 The National Radiological Protection BoafidRPB) has
Measurement or computation of effective doses for anyrecently performed a comprehensive series of Monte Carlo
x-ray examination is difficult and time consuming. An addi- (MC) dose calculations for the most common x-ray
tional problem is that most measurements or calculationprojectionst> The Monte Carlo runs made use of a hermaph-
make use of a standard phantom based on the reference madite anthropomorphic phantom with a mass of 70.9 kg and
as defined by the International Commission on Radiologicah height of 174 cm and which included the testes, ovaries,
Protection” Although the importance of patient size for uterus, and female breasts. Each MC run tracked the pattern
medical radiation dosimetry has been recogni?ed,it is  of energy deposition in the anthropomorphic phantom from
not obvious how to scale the effective dose computed for th@rimary and scattered photons for a total 4 000 000 photons
standard man to different sized patients, such as pediatrigsed with each x-ray projection. A total of 68 separate views
patients, who undergo similar examinations. These limitawere obtained using x-ray spectra generated between 50 and
tions impede the wider use of effective dose in radiology. A120 kV with added filtration ranging from 2 mm Al to 5 mm

. Reference man
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Al. X-ray spectral data were obtained using an updated ver 1000
sion of a computer program published by Ifs. -
For each x-ray examination, the MC dosimetry data gen:
erated by the NRPB permitted the computation of the effec
tive doseE, as defined by the International Commission on
Radiological Protectioh? The phantom breast dose and the
mean of the testes and ovary doses were used to determi
the contributions to the effective dose from the breast an
gonads, respectively. The MC dosimetry data also provide:
the mean doses to three-body regions consisting of the hea
D, trunk, D; and legs,D,. The mean energy imparted to
the patient,e, was obtained using 10

= 3.0 kg for a new born

100 |

Effective Dose, E (mSv)

70.9 kg reference man

—

€=D;,X5.8+DX43.0+ D;x22.1 J, (1 1 10 100

_ Patient Mass (kg)
where the mass of the head is 5.8 kg, the mass of the trun!

InC|Udngl the arms, is 43.0 kg, and the mass of the legs I?—IG. 1. Effective dose vs patient mass for one joule of uniform whole body
221 kg. ] ] ] irradiation.

The complete dosimetry results of these MC simulations
have been made available in a software foffand were
used to obtain the values of energy impartecemployed in 709
this study. For each x-ray projection, values Efe were E=eX(E/€);X—— mSv, 3
obtained at eight tube potentials ranging between 50 and 120 M

kV and generated at 10 kV intervals with a beam filtrationyyhere €/e); is the ratio of effective dose to energy imparted
equivalent to 3 mm Al. The effective dose per unit energy(msy J1) obtained for the same projectidnin the adult

imparted, E/€); (mSvJ7), for each projectiori was ob-  anthropomorphic phantom with a mass of 70.9 kg.
tained by averaging these eight values one standard de-

viation).
Ill. RESULTS

Figure 2 shows values off €); for the head, chest, stom-

B. Nonreference man ach, and rectum for the three common projections: anterior—

By definition, 1 Gy of uniform whole body irradiation to POSterior (AP), posterior—anteriofPA), and lateral(LAT).
x rays results in an effective dose of 1 Sv anihigependent FOT €ach projection,&/¢); data are plotted as a function of
of the mass of the exposed individual. For a 70.9 kg anthro_LUbe potential fqr be.am filtrations of 3 and 5 mm Al. Increas—
pomorphic adult subject to uniform whole body irradiation, N9 the beam filtration from 3 to 5 mm Al had very little
absorbed energy can be directly converted into effective dosgffect on the E/e); ratio. For the three head examinations
with 1 J corresponding to an effective dose of 14.1 mSv. FoAepicted in Fig. 2, the average increase ilq); at 80 kV
uniform whole body irradiation, the effective doE¢M) to due to an additional 2 mm Al filtration was only 5.6%.

an individual with a mas$1 who absorbs a total of J is Increasing the tube potential generally increased the value
given by of the (E/e); ratio. Exceptions to this trend, however, can

occur (e.g., AP rectum projectigrwhere the presence of a
. small radiosensitive orgafi.e., male gonadsat the patient
E(M)=ex 14-1><W mSv. (2) surface results in a decrease of tii#€); ratio with increas-
ing tube potential. For head examinations, the increase in the
Figure 1 shows how the effective dose varies with the patientE/ €); ratio when the tube potential increased from 80 to 90
mass for uniform whole body irradiation with a total of 1 J kV was 5.6%.
imparted to the individual. Table | shows the tube potential averaged values of the
For the nonuniform exposures normally found in diagnos< E/€); ratio (= o) for the 68 x-ray projections. In addition to
tic radiology, the relative radiosensitivity of the irradiated the three most common projections, Table | also includes left
region needs to be taken into account when obtaining thanterior oblique(LAO), right anterior oblique(RAO), left
effective dose. Theelative radiosensitivity of any body re- posterior oblique(lLPO), and right posterior obliquéRPO
gion remains approximately constant with &f&.For in-  views. An estimate of the importance of x-ray tube potential
stance, if the head accounts for x% of the total stochastic riskkV) is provided by the standard deviation values, which is
in adults uniformly exposed to x rays, this body region will expressed as a coefficient of variation ranged between 0.8%
also account for approximately x% of the total stochastic riskand 26%. The eight bolded values in Table | correspond to
for any other age group. As a result, the effective dose to ¢hose which demonstrated a decrease in th&); ratio as
patient of massvi kg for a given x-ray projection who the tube potential increased, similar to the AP rectum data
absorbse J is obtained using shown in Fig. 2.
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IV. DISCUSSION

Tube Potential (kV)

Tube Potential (kV)

Fic. 2. Values of E/€); as a function of applied x-ray tube potential.

Tube Potential (kV}

parted to the patient. The energy imparted to patients is a

Determining the effective dose using the procedure dewell-defined quantitf’ and may be estimated using one of

scribed in this study requires an estimate of the energy imseveral  methods  published in  the  scientific
TaBLE |. Values of E/€); (mSv/J for common medical x-ray examinations and projection vi€8® mm Al).
Exam AP PA Left LAT Right LAT LAO RAO LPO

Head 6.11.3 5.0+0.8 5.3:0.7 5.3:0.8

Cervical spine 24.2+2.0 4.6+0.8 5.0:£0.7

Throat 16.8-0.5 16.8-0.5

Left shoulder 7.90.7

Right shoulder 7.20.7

Esophagus 13.2£1.3 13.4:1.0 22.90.6

Thoracic spine 22:30.3 12.3-r1.1 13.5:1.4

Chest 22.40.9 13.9:1.2 14.70.8 17.7#1.6

Heart 12.7#1.6 14.0:1.7 18.4-1.2 18.9-1.5 18.10.7 20.3£0.9

Upper stomach 49.9+1.0 22.1+2.2

Stomach 40.2+0.7 16.8+1.9 13.20.7 14.21.0 21.2:25 26.9+1.9

Kidneys 22.6:0.4 13.3t1.2

Lumbar spine 23.21.0 9.6:1.3 15.2£2.3 10.3r1.22

Left flexure 11.6+1.7

Right flexure 10.8+1.4

Duodenum 22915 12.2:2.2 12.2:2.5 14.9-2.2

LSJ 8.3t2.0 11.8:2.8

Abdomen 21.31.1 12.9-1.9

Small intestine 20.£2.3 14.9:2.9

Pelvis/colon 25.20.4 25.2¢0.3

Colon 7.9+1.8 10.1x-2.2 22.9+0.2

Urinary bladder 34.60.5

Left hip 24.6:0.3

Right hip 18.5+0.2

Rectum 97.2£12.6 174+2.5 5.5-1.4 10.2:2.3 10.7+2.2 48.9+3.3
*RPC: 25.8:0.9.

Medical Physics;Val. 24;"No. 8, August 1997
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TaBLE Il. Values ofHg /E for common medical x-ray projections.

Exam AP PA Left LAT Right LAT LAO RAO LPO
Head 15 17 1.8 1.8
Cervical spine 0.68 0.96 0.88
Throat 0.75 0.74
Left shoulder 11
Right shoulder 1.1
Esophagus 1.2 1.2 1.9
Thoracic spine 14 1.2 1.2
Chest 14 15 15 14
Heart 1.2 11 11 1.0 12 11
Upper stomach 0.84 2.8 2.4 1.6 0.81
Stomach 0.83 2.7 14
Kidneys 1.0 2.3
Lumbar spine 1.0 1.8 15 e
Left flexure 1.8
Right flexure 1.8
Duodenum 1.2 15 1.3 1.3
LSJ 1.8 1.2
Abdomen 1.0 1.3
Small intestine 1.9 15
Pelvis/colon 1.3 1.3
Colon 1.3 11 14
Urinary bladder 1.3
Left hip 1.1
Right hip 1.4
Rectum 1.2 0.94 1.0 0.78 0.83 1.2
*RPC: 0.95.

literature®-172526 Commercial dose-area product metersTable | may be used as a guide for estimating appropriate
may be used to estimate the energy imparted to a patieffE/¢); values to use for a tube potential which may differ
from the product of the exposure and x-ray beam crossmarkedly from the “average” value as listed in Table |I.
section ared!"*' The exposure-area product may also be ob-  Uniform whole body irradiation for adult§70.9 kg re-
tained directly from the product of the free-in-air entrancesyits in an effective dose of 14.1 mSv for each joule of
skin exposure and the beam area. Use of this latter approaghergy deposited in the patient. Dividing the data in Table |
has been shown to generate absolute values of energy irgy 14.1 mSy 3 yields the relative radiosensitivity of each
parted to patients with an accuracy of 9%Representative projection per unit energy imparted as compared to uniform
values of energy imparted to patients undergoing diagnostignole hody irradiation. When averaged over the available
examinations range from a few mJ for chest examinations tooiections, the head region sensitivity was 30% lower than
hundreds of mJ for barium meals and barium enemas. ot of yniform whole body irradiation when unit energy is
The data in Fig. 2 show that it is the body region irradi- imparted to either body region. By the same criterion, both

ated aqd the selected projectipn which are the mqst importar%e thorax and abdomen/pelvis regions were 20% more sen-
determinants of theH/¢); ratio. The observed differences sitive than uniform whole body irradiation. For the same

between body regions and_ prOJectlc_ms regL_JIt from the.presénergy imparted, AP projections had 70% higher effective
ence, or absence, of relatively radiosensitive organs in th

irradiated regions which receive the highest doses. For ex?_ioses when compared to PA projections where the latter had

ample, AP projections of the chest have a higher effective'm;] zilverslgde s¢ ns(;t]w.ty Wh(')Ch was W'thlr; 10%; of gnn‘qrm
dose than PA projections for the same energy imparted duihole Dbody lirradiation. On average, lateral projections

to the presence of relatively radiosensitive breast tissue at tig'owed about 80% the sensitivity of uniform whole body

patient entrance where the absorbed dose is highest. irradiation. _ .
In about 90% of the projections investigated, the €); The effective dose was introduced to replace the effective

ratio increased with tube potential and filtration. The stan-dose equivalentHg. The E and Heg parameters are both
dard deviation values listed in Table | demonstrate the relaconceptually similar but make use of different organ weight-
tive importance of tube potential when selecting &r«);  Ing factors. Table Il gives théic/E ratios at 80 kV and 3
ratio for any given projection. Small standard deviations in-mm Al filtration.'” For 56 of these examinatiorfse., 74%),
dicate that E/€); ratios are relatively independent of tube He values were greater thah values. The averagelg/E
potential. This behavior is primarily determined by the rela-ratio for all 68 examinations was 13®.4. The data in Table
tive location of the radiosensitive organs and tissues whichl permit any value of effective dose to be converted into the
contribute to the effective doseTo account for the depen- corresponding effective dose equivalent. This may be useful,
dence of E/e€); on tube potential, [the data in Fig. 2 and for example, when comparing curreBtdoses computed us-

Medical Physics;Val. 24,"No. 8, August 1997
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Fic. 3. Comparison of E/€); vs patient age as determined by KE8). and by using the dosimetry data in Ref. 36.

ing the method given in this paper with previously computedmasses in newborns than in adults. It is of interest to note,
He doses’ For most radiographic examinations, the effectivehowever, that use of different types of anthropomorphic
dose is smaller than the effective dose equivalent. The majgghantoms to determine pediatric effective doses in planar
cause is the reduced significance of the “remainder” organsadiography can result in differences in effective dose of the
which accounted for 30% of the total stochastic risk in com-order of 30%’

puting Hg but only 5% of the risk in computing. The high Although knowledge of the pediatric effective dose asso-
value allocated to the remainder organs increased the valuesated with any x-ray procedure is helpful, it is important to
of effective dose equivalent in patient dosimetty. note that any resultant detriment will depend on the age of

The use of Eq(3) permits the determination of the ap- the exposed individual. The stochastic radiation risks of car-
proximate values of effective doses to pediatric patients whainogenesis and genetic effects are generally greater for chil-
undergo radiologic examinations and whose entrance skidren than for adults®® and these factors would clearly need
doses and energy imparted values are much lower than those be taken into account when converting any pediatric ef-
encountered in adult radiograpfy.>® The NRPB has re- fective doses into a value of risk or detriment. As a result,
cently published dosimetric data on pediatric patients rangeirect comparisons of pediatric doses with those of adults
ing from newborns to 15 year old& Figure 3 shows a com- need to be treated with circumspection.
parison between theE{¢); values obtained using E¢3) The effective doseE, is able to account for nonuniform
(continuous ling with the NRPB datgsolid circles which irradiation of different tissues and organs in the body and use
were determined by performing MC calculations in a rangeof the effective dose as a dose descriptor in diagnostic radi-
of anthropomorphic phantoms of different age. Differencesology enables a direct comparison of the detriment associ-
between these two data sets, when averaged over the fieted with different radiologic procedures. Expressing patient
ages investigated, were 11% for chest, 5% for the abdomemloses in terms of the effective dose provides a consistent
and 17% for the pelvis. For the head region, however, thenethod of reporting effective doses from diagnostic radio-
average difference between these two approaches to estimétgic examinations. The use of the effective dose may also
ing (E/e); was 37%, which may be due to pediatric headspermit an estimate of patient risk to be obtained by using
accounting for a markedly larger fraction of the total bodycurrent stochastic risk factofs:*® These risk factors, how-
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