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Achieve an understanding of:

Ionizing radiation

Units used to measure ionizing radiation

Effects of ionizing radiation

Radiation considerations in Diagnostic Imaging

Applications of the ALARA principle in Diagnostic Imaging



Ionizing Radiation

Particles   or  electromagnetic waves

Sufficiently  energetic

Detach electrons from atoms or 
molecules

What is Ionizing Radiation?



Ionizing Radiation

Alpha particles

Beta particles

Neutron

Gamma rays

X-rays
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Ionizing Radiation

Alpha particles

Doubly-ionized helium nucleus (He++) 

 Highly ionizing

 Low penetration (if result of radioactive decay)  5MeV

→ Stopped by skin or few centimeters of air

 Very problematic if inhaled or ingested

+
+



Ionizing Radiation

Beta particles

Electron or Positron

 Less ionizing than alpha particles

 100 times more penetrating than alpha particles

- / +



Ionizing Radiation

Neutron particle

Usually result of nuclear fusion/fission reactions
 No intrinsic charge

 Interact with tissues

→ neutron absorption

→ gamma release

→ capture by tissue nuclei



Ionizing Radiation

Gamma rays

X – rays

Compton effect
 Ionization of atom with change in incident 

Photoelectric effect
 Photon ejects electron from host atom

Pair production
 Production of electron and positron



Ionizing Radiation

Relative penetration



Ionizing Radiation

v  =  f  x  
v = c in vacuum

f =  c /

E =  h  x  f 
h =  Planck’s  constant

Relative energies

Radio waves: 1 x 10 
-6

eV

Visible light
 Red 1eV

 Blue 3eV

X rays: 50,000 eVUC Berkeley: ds9.ssl.berkeley.edu



Ionizing Radiation

No damage

Cellular Damage
 Repair  (Hours)

→ Operate normally

→ Operate abnormally

 Carcinogenesis

 Genetic alterations

Death



Ionizing radiation
Oxidative changes in nucleotide bases

DNA  damage

 Single, double strand breaks, deletions

Gene and chromosome damage



Ionizing radiation
Oxidative changes in nucleotide bases

DNA  damage
 Single, double strand breaks, deletions

Gene and chromosome damage



LET
Linear Energy Transfer: 
 Rate at which energy is transferred from ionizing 

radiation to  tissue

→ Low LET:  Xrays, Gamma rays:   RBE (QF) = 1

→ High LET:  particles, such as alpha particles: QF 20

http://www.ceessentials.net

X - rays  particles



Units
Roentgen
 Only applies to photons in air

RAD (Roentgen-Absorbed-Dose)
 Unit of absorbed dose in tissue

 1 Roentgen = 1 Rad

REM (Roentgen-Equivalent-Man)
 Accounts for biological effect of  type of radiation, 

 Quality Factor (QF) or Radiation Weighting Factor (RWF)

 For Xrays, QF = 1; rad = rem
 For alpha particles, QF = 20

QF
X rays                     1
Gamma rays          1
Beta particles                        1
Neutrons                          5-20
(depending on energy)
Alpha particles                20   



SI (Système Internationale) Units  
Gray: = Absorbed Dose;
 1 Gray = 100 rads;  1mGy =  0.1 rad

Sievert: Dose Equivalent;
 1 Sievert = 100 rem; 1 mSv = 0.1 rem



Units
Effective Dose: 
 Takes into account the radiation sensitivity of organs 

exposed  (WT)

→ Most sensitive:  Growing tissues; lymphocytes, 
spermatogonia

→ Least sensitive:  Muscle, nerve

 Equivalent risk to the whole body

→ Measured in rem or Sieverts



Threshold:  +
Dose-dependent 
 Skin erythema

 Depilation

 Death

Deterministic





Deterministic

Stochastic
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Erythema
2-3 Gy

Epilation
Temporary 3Gy
Permanent  5 Gy

Desquamation
Ulceration
10-15 Gy

Acute  1 – 2 Gy
Cataracts

Deterministic



Humans: Acute exposure

www.jaeo.go.jp

50 rads

1000 rads
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LNT Model

Dose-independent severity

Dose-dependent probability 
 Cancer

 Hereditary changes

Stochastic
LT Model



“Natural” Sources

 3mSv / year near  sea level



Average for US @ sea level
3mSv/year

At 5,000 ft (Denver, Boulder)
5 – 6 mSv/year

Cross-country flight (USA)
0.04 mSv (https://www.sievert-
system.org/#Calcul)

http://www.world-nuclear.org/info/Safety



“Natural” Sources

Radon
 Derived from Uranium and Radium

→ Decays through emission of         particles

 Isotopes of polonium, lead, bismuth

Cosmic “Rays”
 Particles

→ 89% nuclei of hydrogen, 

→ 10% nuclei of helium (      particles)

→ 1% heavier atoms

Food Chain (C14)

Crescere.lip.pt.html



high LET 
neutron 

component of 
cosmic 

radiation

high LET 
ingestion

low LET 
ingestion

high LET 
inhalation 
exposure 

radon

low LET 
radiation 

exposure earth

low LET cosmic 
radiation



=    50 mSv

= 500 mSv

= 500 mSv

= 500 mSv

= 150 mSv

=     5 mSv

=      1 mSv

www.nrc.gov



NCRP 1987

NCRP 2006





GI

Head

Skull,face

Chest

Angio

CT

Other

Proportion of CT studies

From Frush DP. Pediatr Radiol 2002; 32:285

 Approximately 30-40  x 106 CT 
examinations performed annually

 Approximately 5 – 11% of these are 
performed in children 

Proportion of radiation dose



Non-computerized radiography

Overexposure of film 

overexposed technique

 Melted radiographs

 Diminished or lost diagnostic information

Radiation Considerations 



56 kvp @ 1.6 mas 56 kvp @ 2.0 mas

Radiation Considerations 



Balance

Diagnostic needs

 mAs SNR

Radiation Exposure

Radiation Considerations 



Life Span Study (LSS) – Japanese survivors

Radiation Considerations



Radiation Considerations



CTA Overdoses

8 hospitals; 3 in California

Cedars – Sinai Medical Ctr - Los Angeles

  269 patients

→ Member of its Board of Governors

Providence Saint Joseph Medical Ctr – Burbank

  37  patients

Huntsville Hospital – Alabama

  65 patients

Epilation, erythema

Lack of understanding of Automatic Exposure Control feature

Radiation Considerations



Lack of understanding of equipment?

30 month old child
falls out of bed

Mad River Community Hospital, Arcata CA

CT scan is requested
activated 151 times over same area – 65 minutes

 technologists denies fact, recalls only 4-6  times 

study terminated by parent

Radiation Considerations



Size
CT scanner dose calculated from 32cm phantom

For any given set of scanning parameters, 
effective dose will    with    cross-sectional area

Radiation Considerations

 The special case of Children

Ware et al Radiology 1999;210:640



Growing

Radiosensitive: M, G1

Radioresistant: S 

Radiation Considerations

 The special case of Children

NCRP 1991 in Hall E  2002; 32:700 

Life-span

Latency periods

Cumulative doses



The IMAGE GENTLYcampaign



Coalition of health care organizations dedicated to 
providing safe, high quality pediatric imaging 
worldwide

Primary objective is to raise awareness in the imaging 
community of the need to adjust radiation dose when 
imaging children

Ultimate Goal

Change Practice



Society for Pediatric Radiology: 1400 members

Inaugural meeting September 29, 1958
First Radiology subspecialty society

Mission statement
Professional organization dedicated to being the leader in advancing 

pediatric health care through medical imaging and image-related 
therapy

Affiliated Societies

European Society for Pediatric Radiology

Asian and Oceanic Society for Paediatric Radiology

Sociedad Latinoamericana de Radiología Pediátrica



At RSNA, 2006 - meeting 
Marilyn Goske President

George Taylor  Board Chair

Marta Hernanz- Schulman President-elect

Jennifer Boylan  Executive Director



> 74 OTHER SOCIETIES

SPR

ACR

ASRT

AAPM

www.imagegently.org



Writers’ Meeting, Cincinnati July 23-24, 2007
Hosted by Lane Donnelly

Creation/development of “imagegently.com” website

CT protocols development for sharing

Target content for audience levels:  MESSAGE

KEEP IT SIMPLE

Image Gently:  

“Let’s be wise … adjust for size” Greg Morrison

Campaign Roll-Out: to be January, 2008

 Alliance for Radiation Safety in Pediatric Imaging

Jennifer Boylan



Children are more sensitive to radiation

What we do now lasts their lifetime

So, when we image, let’s image gently

More is often not better

When CT is the right thing to do

Child-size kVp and mA

One scan (single phase) is often enough

Scan only the indicated areas



Radiation Considerations 

Dose Optimization

What can be done?



WEIGHT mA

LB Kg Chest Abdomen

10 ï19 4.5 ï8.9 40 60

20 ï30 9 ï17.9 50 70

40 ï59 18 ï26.9 60 80

60 ï79 27 ï35.9 70 100

80 ï99 36 ï45 80 120

100 ï150 45.1 ï70 120 -120 140 -150

> 150 > 70 > 140 > 170

Donnelly et al.  AJR 2001;176:303

Suggestions for mA settings in pediatric patients of various size

Radiation Considerations 



Radiation  Optimization 

Ensure that studies are indicated / affect management

Avoid multiphase examinations! 

If needed, decrease technique as appropriate

Don’t “try” a scan that may not work

Limit scan to area of interest
 Don’t scan testicles unnecessarily

 Don’t scan breasts unnecessarily

Alternative strategies (US, MR) when appropriate

Child-size technique for pediatric and small patients
Image Gently website



Other parameters to consider
Table speed
 Faster speed  faster scan

 less radiation

 less motion

Gantry rotation
 Faster gantry rotation  faster scan

 less radiation 

 less motion

CT angio
 Lower kVp (100 medium- large patients, 80 small 

patients)

Radiation Considerations 



Radiation Considerations 

1997: 200mAs
2010: 70mAs





Approximately 5,000 fluoroscopies annually
Maximum 17,000 (SCORCH survey, 2007)

Dose regulations
“Normal mode”: 10R/min exposure rate

“High dose”: 20R/min (audible tone emitted)

“5 minute” reminder

 No regulations on mode of operation, time, dose

→ Privilege programs: training in radiation 
protection



Pulsing the X-ray will

decrease exposure time

decrease radiation dose 

RATIONALE:



Voltage to the X-ray tube is switched on and off at the 

generator, at a given pulse rate: kVp pulsed fluoro

leads to a ramp-up and trail-down of the pulses

 Based on the capacitance of the cable from generator  to tube

Ramp-and-trail effect increases non-diagnostic radiation, 

without substantially reducing overall dose



Negatively charged grid is 

interposed between 

cathode and anode

Grid can be rapidly 

switched on and off, 

intermittently stopping 

the electron flow

Results in true pulsed 

fluoroscopy



Grid-controlled fluoroscopy eliminates the ramp-and-trail effect
Diminished radiation dose 

Sharper image



30 pulses or frames per second is flicker-free 

to the human eye

Continuous fluoroscopy is typically depicted 

at 30 frames per second

Pulse Rate



Continuous  fluoroscopy

30 pulses per second

33 msec pulse width

What is the difference ?

Grid-controlled fluoroscopy (e.g.)

e.g. 15 pulses / sec

20 msec pulse width



Effect on moving objects

Continuous fluoroscopy

blurring of rapidly moving objects

function of longer pulse width

Pulsed fluoroscopy

flicker effect

pulse rates < 15/sec



What is the effect on image quality?

2 p/sec

8 p/sec

continuous

Brown et al. Pediatr Radiol 2000;30:236

Moving phantom

1rev/8 sec

2cm/sec at 
circumference

33% more moving objects seen with    
pulsed than with continuous fluoroscopy



Continuous fluoroscopy 

Grid-controlled fluoroscopy

15 pulses per second



Frame during motion

15 ppsContinuous fluoroscopy



Fluoro-grab

Exposure





7.5pps no grid vs. continuous with grid

1 year old:  649/126 = 80% reduction 

10 year old: 3,250/425 = 87% reduction

Entrance Dose: Grid In/Out and Frame Rate

 1-10 year phantom
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Interventional Radiology

Fluoroscopy

CR-DR

Nuclear Medicine



We Are Giving Ourselves Cancer

By RITA F. REDBERG and REBECCA 

SMITH-BINDMAN  JAN. 30, 2014

The radiation doses of CT scans (a series 
of X-ray images from multiple angles) are 
100 to 1,000 times higher than 
conventional X-rays.

Radiation Considerations

http://health.nytimes.com/health/guides/test/x-ray-skeleton/overview.html?inline=nyt-classifier


Life Span Study (LSS) – Japanese survivors

Radiation Considerations



Whole body radiation

Subject to recall

1/d2

, β and neutrons

water and food supply

Life Span Study (LSS) – Japanese survivors



“Dose estimates are subject to uncertainty, especially that due to survivor 
location and shielding. 
The cohort provides no information on dose-rate effects since all 
exposure is at high dose rates. 
Although estimates based only on survivors with lower doses can be 
made, their statistical uncertainty is considerably greater than those that 
include survivors with higher doses.”

BEIR VII Phase 2, (2006)  Biological Effects of 
Ionizing Radiation

Cohen B. Cancer Risk from low-level radiation
AJR 2002; 179:1137-1143 



 Effective doses

 neonates body CT :  2.5 mSev

 neonates head CT:   3.6 mSev

Huda W, Vance A.  Patient radiation doses from adult 
and pediatric CT.  AJR 2007;188:540-546

Values cited by Brenner & Hall 

> 10X higher than used in pediatric 
institutions

Radiation Considerations



Radiation Considerations



Retrospective studies of very large cohorts

Reason for studies

Reverse causation?

Radiation dose used, multiphase, repeats - unknown

 Excess Risk: Pearce vs. Ron 1988 tinea capitis study

 estimated doses:  Pearce   60.42mGy ;  Ron: 1.5G (1,500mGy)

 Pearce: Excess relative risk rate 10X that reported by Ron

 Mathews: IRR for brain cancer raised to 1.51 when scanning other 
than the brain

Ron E. et al Tumors of the brain and nervous system after radiotherapy in childhood. NEJM 1988;319(16):1033



CT – pectus
80 kVp, 20 mAs



0.24



Is examination indicated?

Will it change management?

< 0.1%  

Is non-radiation modality possible

No multiple scans

Image only indicated area

Child-size dose

Tailor scan to clinical question –pectus vs small mediastinal mass

100%  

Chance of death



http://www.acr.org/
http://www.acr.org/


Gantry rotation 0.25 seconds

Temporal resolution 66 milliseconds

Scan time: 0.15 seconds



Better detectors, better collimators 

Reconstruction algorithms
Filtered Back Projection

Iterative Reconstruction

Model-Based fully Iterative Reconstruction



Estimated Dose from 

Radiologyinfo.org

Dose from new 

scanners

Model-based

Background - Annual at sea level 3mSv

Cross-country plane flight 0.04 mSv

CXR 0.1 mSv

CT Chest 1.5 - 7 mSv

0.06—0.2mSv / 

0.25sec

KUB + decubitus 2 mSv

CT abdomen and pelvis 15mSv 1mSv

Coronary CTA 16 mSv 0.18 mSv




