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Diagnostic Imaging, Nuclear 
Medicine, Radiation Risks vs. Benefit 

& Radiation Protection
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(Chapter 15, 16, & 17)
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 Background perspective

 Diagnostic radiology

 Interventional radiology

 Nuclear medicine

 Fetal & childhood dose
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Internal Radiation

 People are exposed to radiation from radioactive 
material inside their bodies. Besides radon, the most 
important internal radioactive element is naturally 
occurring K-40, but uranium and thorium are also 
present as well as H-3 and C-14.

 The amount of radiation from potassium-40 does not 
vary much from one person to another.  However, 
exposure from radon varies significantly from place to 
place depending on the amount of uranium in the soil.  

 On average, in the United States radon contributes 
55% of all radiation exposure from natural and man-
made sources.  Another 11% comes from the other 
radioactive materials inside the body. 
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Average Annual Effective Dose in US 
population (1982)

mSv
Natural Background

Radon     2.0 
other 1.0 

Occupational 0.009
Medical

diagnostic X-rays 0.39
nuclear medicine 0.14

__________________________________
Total (rounded) 3.6 mSv (360 mrem)/year

From: Mettler et al., Ionizing Radiation
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From NCRP 1987
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FIGURE 16.3 Color plot of the annual cosmic radiation doses (in microsievert) in
North America. The variation with altitude is very clear, with the highest doses in the Rocky
Mountains.

Looking at Medical Exposures
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 Patients
 Professionals
 Classes of Exposure in Medicine

 Diagnostic
 Interventional Radiology
 Nuclear Medicine
 Irradiation of Children and Pregnant Women
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Diagnostic Radiology
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 Surveys of dose from diagnostic exposures 
conducted  with:

 NCRP 100 (1989) which contains a compilation of 
limited surveys,

 UNSCEAR (United Nations Scientific Committee on 
the Effects of Atomic Radiation) 2000

 Various other surveys and sources of dose info 
 Diagnostic dose is certainly a potential for stochastic 

effects, deterministic effects very unlikely.

10
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The unit used to measure the quantity of air kerma is the Gray (Gy). For X-rays 
with energies less than 300 keV, 1 Gy = 100 rad. In air, 1 Gy of absorbed dose 
is delivered by 114 roentgens (R) of exposure. (f=0.876).

Table 1 of 2

12

Table 2 of 2
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Mammography Mean Glandular Dose
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 The Mean Glandular Dose (MGD) is the special dose 
quantity used in  mammography.

 It is defined as the mean, or average dose to the glandular 
tissue within the breast.

 The assumption is that the glandular tissue, and not the fat, is 
the tissue at risk from radiation exposure.

 It is unrealistic to determine the actual dose to the glandular 
tissue during a specific mammographic procedure because of 
variations in breast size and distribution of glandular tissue 
within the breast.

 The MGD is based on some standard breast parameters.
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Calculation of Mammography Mean 
Glandular Dose
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 MGD values are determined by following a standard two-
step protocol.
 The first step is to determine the entrance surface exposure, or air 

kerma, to the breast. This can be measured directly with small 
dosimeters placed on the breast or calculated from the known 
calibration factors for the mammography equipment.

 MGD is then determined by multiplying the surface exposure value 
by published dose factors.

 The dose factor values are tabulated according to breast size and 
composition and the penetrating characteristics of the x-ray beam as 
determined by the anode material, filtration, and KV.

16

Table 16.2 is a summary of entrance skin exposures, as well as absorbed doses to various 
organs, characteristic of a representative sample of standard diagnostic procedures.
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NEXT = Nationwide Evaluation of X-ray Trends

X-ray Production

 Accelerated electrons 
bombard the anode

 X-rays emerge with a 
scattering angle profile

 Beam collimation is inserted 
to reduce angle of 
divergence

18
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X-Ray Beam Spectrum - 100 kVp

A. Hypothetical total 
Bremsstrahlung beam

B. Spectrum from tungsten 
target without filtration 

C. Spectrum with filtration 
equivalent to 2.4 mm Al 
(inherent + added)   

19

X-ray Terms

20

 mAs  (milli-amp second)
 governs the quantity (e.g. intensity) of X-rays produced. 
 directly proportional to patient dose. Double mAs, double dose. 

 kVp (kilovolt peak)
 governs “quality” of the X-ray beam 
 Relates to energy of the beam
 influences image quality. 
 effects image contrast (ability to distinguish regions). 
 higher kVp radiographs show greater density and longer scale of contrast. 

 For radiographs, setting the kVp as high as possible, without a loss of 
contrast will give the lowest patient dose because a greater fraction will 
penetrate through the body to the imaging medium.
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Surface Integral Exposure
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 Given a uniform exposure over some area of a body, 
 SIE is the product of the exposure value (mR) and the 

size of the exposed area (cm2).  
 The unit for SIE is the R-cm2. 

 It is not R/cm2, it is the product. 

 An alternate name is Exposure Area Product

22

 Two patients received 
the same exposure of  
100mR.  Did they both 
receive the same 
amount of radiation?  

 The exposure figure on 
right was to a much 
larger body area. 

 SIE of 100 R-cm2

 Exposure of figure on 
left was only 10 R-cm2

 For this example, just 
knowing the exposure 
(100 mR), dose not tell 
the full story.
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Analysis of Previous Image
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 Both individuals received the same SIE, 15,000 R-cm2 because 
exposure time was the same

 Did they receive the same surface exposure? 
 For the upper patient, the x-ray beam was not moved during the 

procedure and all of the radiation was concentrated in one area. 
 A relatively high exposure of 150 R to that area. 

 During the procedure for the lower patient, the beam was moved to 
several different areas.  
 This distributed the radiation so it was not all concentrated in one area.  

 So, which quantity, exposure or SIE, would provide the most information?  
 It depends on what type of risk is being considered.  

 The stochastic risk of cancer is probably more related to the SIE.  
 The risk of skin burning is more related to exposure, that is the concentration 

of the radiation
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Dose-Area Product
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 Dose Area Product (DAP) is similar to SIE (surface Integral Exposure) 
and EAP – (Exposure Area Product)
 They all express total radiation delivered to a patient.  
 Principle difference is in the units used.  
 DAP is in dose units, such as Gy-cm2.  

 For a uniformly exposed area, the DAP is the product of the air kerma 
in Gy, cGy, or mGy, and the exposed area in cm2. 

 DAP provides a good estimation of the total radiation energy delivered 
to a patient during a procedure.

 Both radiographic and fluoroscopic machines can be equipped with 
devices (DAP meters) or computer programs that measure or calculate 
the DAP for each procedure. 

 It is the most practical quantity for monitoring the radiation delivered to 
patients.

26

•Entrance air kerma (free-in-air, without backscatter) is taken at the 
point where the central axis of the x-ray beam enters the patient. 
•It  refers to the amount of radiation at a location before adjustment 
for any external shielding
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CT 

31

 A computed tomography (CT) scan uses X-rays to produce 
detailed pictures of structures inside the body. 

 A CT scan is also called a computerized axial tomography 
(CAT) scan.

 A CT scanner directs a series of X-ray pulses through the 
body. Each X-ray pulse lasts only a fraction of a second 
and represents a “slice” of the organ or area being 
studied. 

 The slices or pictures are recorded on a computer and can 
be saved for further study or printed out as photographs

32
MSAD: multiple scan, average dose
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Computed Tomography Dose Index
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 In CT the x-ray beam is rotated around the patient and passes 
through from all sides. 

 This gives a relatively uniform distribution of absorbed dose within 
each slice.  

 A dose value determined at the center of the slice is considered a 
good indicator of tissue dose and can be used to compare imaging 
techniques and for dose management purposes.  

 One of the complicating factors in determining CT dose is that the 
tissue in a slice is exposed to two sources of x-radiation.  

 One is the direct beam and the other is the scattered radiation from 
adjacent slices in the typical multiple slice imaging procedure. 

 It is the contribution from the scattered radiation that is very difficult 
to measure.  

34
CTDI:  A term that describes the dose from a single rotation of  a CT 
scanner. There are a number of  definitions of  CTDI commonly used 
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CTDI, continued
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 Values for the CTDI are determined by a measuring protocol that makes 
a reasonable estimate of the dose contribution from scatter.  

 A pencil shaped dosimeter (ionization chamber) is placed in a phantom.  
It is then scanned for only one complete slice and the dose value is 
read.  

 The dosimeter will read the radiation from the direct  x-ray beam within 
the slice plus the scattered radiation coming out of the sides of the slice 
and reaching the dosimeter.  

 The CTDI is based on the assumption that the scatter measured from a 
single slice is a good estimate of the scatter into a slice from adjacent 
slices in a multiple-slice scan.  

 Since it is not completely precise, it is called a dose index.
 The CTDI can be measured at points other than the center of a slice, if 

needed

36
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 Images blood vessels of the brain and blood flowing through them.  
 Involves entering a catheter into the body to inject a dye (a contrast 

medium) into the carotid arteries, the vessels of the neck that lead to 
the brain.  

 Regular x-ray is used to image the dye that is flowing through the 
blood vessels. 
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 Bone mineral densitometry is an x-ray technique used in 
the diagnosis and prevention of osteoporosis. 

 By comparing x-ray images taken at different 
intensities, or of different materials, physicians can 
calculate a patient's bone mass (or lack thereof). 

 Weak, brittle, osteoporotic bones contain a lower 
concentration of minerals like calcium

40
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Diagnostics
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 Dose
 maximum during fluoroscopy
 spine; 

 GI series

 Effective Dose Equivalent
 necessary for risk comparisons

 X-rays (few mrem to tens of mrem)

 CT exams (tens of mrem to hundreds of mrem)

Diagnostics

42

 Population dose
 meaningful risk measure

 9.2 million per-rem/yr (1980) over ~100 million persons 
exposed medically

 ~4600 cancer deaths (5%/Sv)

 ~ 920 genetic effects (1%/Sv)

 impact on 5.5x10-5 of the exposed population

 natural cancer fatalities …. 17 million

 late 90’s; thought that CT scans contribute ~40% of 
population dose from medical procedures
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Occupational Exposures
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 How do nuclear plant workers compare with 
individuals in the  medical profession?

44



23

45

Interventional Radiology
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 Fluoroscopically-guided procedures

 High doses to patient AND workers

 Deterministic effects are possible

 Due to patient age and prognosis, stochastic risk is 
generally ignored
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Interventional Radiography
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 Dose
 some fluoroscopy entrance doses are from tens to 

hundreds of rads
 epilation and erythema are the most frequently reported 

effects
 >   200 rad … erythema
 >   300 rad … temporary epilation
 >   700 rad … permanent epiliation
 > 1200 rad … delayed necrosis
 > 1400 rad … dry desquamation
 > 1500 rad … late erythema
 > 1800 rad … moist desquamation
 > 2400 rad … ulceration

Interventional Radiography

48

 Patient EDE (Effective Dose Equivalent)
 typical fluoroscopy doses: tens to thousands of millirem

 typical interventional fatal cancer risk ~ 0.001

 Dose to Radiologist
 tens of millirad to head or extremities per procedure
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The Interventional  Fluoroscopic Suite

 C-arm fluoroscopic unit

 Arrows point to the X-
ray tube beneath the 
table and the Image 
Intensifier above the 
table
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Interventional Fluoroscopic Suite

 Note the low level of the X-
ray tube beneath the table 
and the close proximity of 
the Image Intensifier above 
the table.

 Monitors as seen by the 
clinical team are in the 
background.

50
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Interventional Fluoroscopic Suite

 A 23 cm. Phantom is 
positioned beneath the 
Image Intensifier.

 An ion chamber is 
located at the base of 
the phantom to 
measure Entrance Skin 
Dose

51

PHANTOM

Fluoroscopic X-ray Imaging

52

 Tube as far below the 
table as practical

 Image Intensifier above 
patient, at convenient 
height, but minimized 
air gap

 Automatic exposure 
control provides kVp 
and mA change for  
constant monitor image 
intensity
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Table 1 of 2
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Table 2 of 2
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Doses to Radiologist & Cardiologist

58
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Nuclear Medicine
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 Use of radiopharmaceuticals
 therapy (primarily thyroid, 131INa)

 diagnosis (67Ga , 99mTc, 131I, 133Xe, 201Tl)

 Doses on the order of tens to hundreds of millirad

 Pharmaceutical takes radioactive label to a 
particular biological site

 Dosage limited by critical-organ dose
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Example - PET Scan
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 Pharmaceutical labeled with positron emitter (15O, 11C, 18F)

 Positron travels short range then annihilates

 Two 511 keV photons emitted in opposite directions

 Time-of-flight measurements to pin-point origin

 Typically 0.01 Ci dosage - ~ 1 rem/treatment

PET Scan Equipment

62
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PET Scan Image
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 Many cancers use more glucose (sugar) than most normal tissues. 
 Glucose with a small amount of radiotracer is injected to obtain images of 

the distribution of glucose metabolism throughout the body. 
 If an area of abnormally increased glucose concentration is observed it can 

be further investigated 

64
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Nuclear Medicine
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 Dosimetry/Risk
 Common diagnostic procedures (hundreds to thousands of 

millirem)

 Calculated using MIRDOSE (MIRD* method)

 NCRP: population dose from nuclear medicine procedures in 
1982 was about 3.2 million person-rem (from dose to 7.3 
million persons)

 ~ 1,600 cancer fatalities and  ~ 190 genetic effects

*MIRD = Medical Internal Radiation Dose

Therapeutic Radiopharmaceuticals

72

 Primarily thyroid (131I) related
 hyperthyoidism

 thyroid cancer

 Thousands of rads to the thyroid

 5-15 rads to body from iodine in the blood

 7-15 rads to bone marrow

 Secondary leukemia studied, but not significant
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Childhood Exposures
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 ABS data shows that the radiosensitivity of certain 
organs decreases with age
 breast cancer; thyroid cancer (3x greater risk in childhood)

 General thinking in diagnosis is that children should 
receive as little dose as possible

 Pediatric CT scans, however, are becoming more 
popular

Fetal Exposures

74

 Risks involve:
 <2 weeks - embyronic death (preimplantation)
 2-8 weeks - congenital malformation/reduced head size
 8-15 weeks - mental retardation/reduced head size
 15-25 weeks - same, but to a lesser extent
 >25 weeks - carcinogenesis
 risk of carcinogenesis is always present

 Threshold of about 10-20 rad for serious 
deterministic effects

 Risk/benefit assessment is a necessity!
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Radiation Protection
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e.g., if a tissue or organ were exposed to 0.15 Gy of cobalt-60 -rays plus 0.02 Gy of 1-MeV 
neutrons, the equivalent dose would be:
(0.15 x1) + (0.02 x 20)  = 0.55 Sv

80

Tissue weighting factor (WT), represents the relative contribution of each tissue or organ to 
the total detriment resulting from uniform irradiation of the whole body. The sum of all of the 
weighted equivalent doses in all the tissues or organs irradiated is called the effective dose, 
which is expressed by the formula      Effective dose  =  absorbed dose  x WR x WT
for all tissues or organs exposed.
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US-NRC: Total effective dose equivalent = 50 mSv. Consequently, if a radiation worker starts at age18 
years and works at the dose limit until retiring at age 65, he or she would face a radiation induced cancer 
incidence risk of 19% and a cancer mortality of 10.8%. NCRP: limitations were followed, when the 
radiation-induced cancer incidence would be 6%, and mortality would be 3%. 
(data from BEIR VII report).


