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There is no question that CT has  
revolutionized medical practice  

 

 More effective surgical treatment 

  Shorter hospital stays 

  Elimination of exploratory surgeries 

  Better diagnosis and treatment of cancer 

  More efficient treatment after injury 

  Better treatment of stroke 

  Better treatment of cardiac conditions 
 



 Examination Relevant organ Relevant organ 

dose (mGy) 

Dental x ray Brain 0.005 

PA Chest x ray Lung 0.01 

Lateral chest x ray Lung 0.15 

Screening mammogram Breast 3 

Adult abdominal CT Stomach 11 

Adult head CT Brain 13 

Child abdominal CT Stomach 10-25 

Child head CT Brain 20-25 

Adult 18F-FDG PET Bladder 18 

 Why are we particularly interested in CT? 



 Why are we particularly interested in CT? 



Frequency of CT scans per year 

 Why are we particularly interested in CT? 
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Mean individual total radiation dose in the US: 

1980 vs. 2011 

3.1 0.5

1980: 3.6 mSv 2011: 7.2 mSv 

Medical 

0.5 mSv 

   Non 
Medical 
3.1 mSv 

   Non 
Medical 
3.1 mSv 

Medical: 

    CT 

Medical: 

Non CT 



Average individual dose from medical imaging 

USA: 1980 vs. 2011 

1980 2011 

        All 
    medical 
    exams: 
     0.5 mSv 

8 fold 

 increase 
3.1

0.5

        All 
    medical 
    exams: 
     0.5 mSv 

Other 
medical 
exams:     
1.9 mSv 

CT scans: 

 2.2 mSv 



 Taking into account 
 

 *  Machine variability, 

 *  Usage variability, 

 *  Age variability, 

 *  Scans done with and without contrast 

 *  Multiple scans 
  

 Relevant organ dose ranges for CT are  
 

    5 - 100 mSv for a single series of scans 

 

The key organ-dose ranges of relevance for CT 



Douple et al 2011 

Green dots: Individuals exposed to between 100 and 200 mGy 

Brown dots: Individuals exposed to between 5 and 100 mGy (~25,000) 

2 km 

3 km 

Atomic bomb survivor locations by dose 

1 km 



Number of solid cancers in A-bomb survivors 
exposed to doses between 5 and 100 mSv 

Preston et al 2007 

Small but statistically 

significant increase in 

risk 



Estimating the radiation-induced  
cancer risks from CT exams 

   Direct epidemiology on people who 

     received CT scans 

   Risk estimation based on organ doses 

    and A-bomb survivor data 



Risk estimation based on organ doses 
    and A-bomb survivor data 

1.   Estimate the dose to each organ, 

    as a function of age, gender, 

    and type of CT exam 
 

2.   Apply estimates of age-, gender-, 

     and organ-specific risks-per-unit dose 

  (low-dose risks from A-bomb survivors, 

       “transferred” to a Western population) 
 

3.   Sum the estimated risks for all organs 



Risk estimates based on organ doses 
 and A-bomb survivor data - 2001 



Not everyone was convinced… 

“I read with dismay the article by Brenner et al.  

[1] in the February issue. The claim that using 

CT in the pediatric population results in an 

increased risk of cancer is unfounded.”  



Not everyone was convinced… 
“Risks of medical imaging at effective doses below 50 

mSv for single procedures or 100 mSv for multiple 

procedures over short time periods are too low to be 

detectable and may be non-existent”  



 Could we design an epidemiological study 
 of CT risks in the US? 



The 2012 UK CT Study 

~10 year follow-up of 175,000 patients who received 

 CT scans in the UK, age <22,  between 1985 and 2002  



The UK CT Study 
• Statistically significant linear associations were 

seen between brain dose and  

brain tumor risk (p<0.0001), and between  

bone-marrow dose and leukemia risk (p=0.01) 

 

Leukemia Brain tumors 



Could the reason for the CT also 
be a cause of cancer? 

• Reverse causation…. 

• For example does head trauma causes cancer? 



The UK CT Study 
• Statistically significant linear associations were 

seen between brain dose and  

brain tumor risk (p<0.0001), and between  

bone-marrow dose and leukemia risk (p=0.01) 

• Small risks, but almost certainly real 

Leukemia Brain tumors 



 We have now passed a watershed in the field, 

where it is no longer reasonable to suggest that  

CT risks are “too low to be detectable and may be 

non-existent” 

The UK CT Study: 
 A pretty important event in our field 



 Pearce at al estimated absolute risks of 

about 1 in 10,000 per head CT scan,  

both for leukemia and for brain tumors 

The UK CT Study 
Absolute risk estimates 



 So the results of the study imply that if a CT exam is 

clinically justified, its benefits by far exceed its risks 

  No real need for any complicated benefit-risk calculations  

The UK CT Study: 
CT Risks are real but small 



 Pearce at al estimated absolute risks of about 

1 in 10,000 per head CT scan, both for leukemia 

and for brain tumors 

 How does this compare with lifetime risk estimates 

based on organ doses and A-bomb survivor data? 

 

  

The UK CT Study 
Absolute risk estimates 



 The mean follow-up time in the Pearce study was  

less than 10 years  

 From studies of other irradiated populations,  

we expect that not all the radiation-induced cancers 

that are going to appear, have actually yet appeared 

The UK CT Study 
Absolute risk estimates 



Cancer Incidence in Atomic Bomb Survivors. Part III: Leukemia, 

Lymphoma and Multiple Myeloma, 1950-1987 

                                                                                 Preston et al. 1994 

Percent of total radiation induced leukemias after 10 years follow up: 73% 

 



Tumors of the Brain and Nervous System after Radiotherapy in Childhood 

                                                                                                        Ron et al NEJM 1988 

Percent of total radiation induced brain tumors after 10 years follow up: 8% 



UK CT study: Absolute risks vs. A-bomb based estimates 

UK CT study  

(10 yrs follow-up) 

UK CT study  

(corrected to 

lifetime follow-up) 

A-bomb estimates, 

(corrected to 

lifetime follow-up) 

Leukemia 1 in 10,000 1 in 7,500 1 in 10,000 

Brain tumor 1 in 10,000 1 in 1,000 1 in 2,000 

For a pediatric head CT scan, done around 1995 

Based on  
Pearce et al 2012 

Based on 
Brenner et al 2001 



 

 The various risk estimates for CT that have appeared in 

the past decade seem to have been pretty near the mark 

  So the standard methodology of estimating low-dose 

 radiological  risks from A-bomb survivor data and 

 physical dosimetry is probably not unreasonable  

 … which is just as well, because we are going to have to 

wait a long time for the full epidemiological-based story 

  Other cancers 

  Lifetime risks 

  Adult CT 

The UK CT Study 
Absolute risk estimates 



How long would a CT epi study need to be 
to estimate lifetime risks? 

 
 

Median latency time: The time required to accumulate 50% 

of the predicted total lifetime radiation-induced absolute cancer risk 
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We are going to be reliant for quite a while on 
dosimetrically-based methods to estimate CT risks  

1.   Estimate the dose to each organ, 

    as a function of age, gender, 

    and type of CT exam 
 

2.   Apply estimates of age-, gender-, 

     and organ-specific risks-per-unit dose 

  (low-dose risks from A-bomb survivors, 

       “transferred” to a Western population) 
 

3.   Sum the estimated risks for all organs 



Should we be primarily concerned about 
children and young adults?  



Estimated radiation-induced lifetime cancer risks 
as a function of age at exposure, from BEIR-VII 
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Lifetime cancer risk patterns among A-bomb survivors  
as a function of age-at-exposure  

The actual data show very different  

age-at-exposure patterns relative to the 

monotonically decreasing risks modeled 

in BEIR VII 



 Multistage Carcinogenesis 

   INITIATION           PROMOTION       MALIGNANT            TUMOR  
                                                             CONVERSION     PROGRESSION 



Lifetime cancer risk patterns 
as a function of age-at-exposure 

 

Lifetime absolute risk 

due to initiation 
 

Risk per year due to 

initiation 
 

Age 

Initiation: Here lifetime risk 

decreases with increasing age 

at exposure, because initiated 

cells have less time to exploit 

their growth advantage 

 



 Multistage Carcinogenesis 

   INITIATION           PROMOTION       MALIGNANT            TUMOR  
                                                             CONVERSION     PROGRESSION 



Promotion: In middle age, 

there are increasing numbers 

of pre-malignant cells to 

promote, so lifetime risk 

increases with increasing age 

at exposure. 

 

Lifetime absolute risk 

due to initiation 
 

Risk per year due to 

promotion 
 

Risk per year due to 

initiation 
 

Age 

Lifetime cancer risk patterns 
as a function of age-at-exposure 
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Initiation: Here lifetime risk 

decreases with increasing age 

at exposure, because initiated 

cells have less time to exploit 

their growth advantage.  
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Red curves are the results from a  

radiation-induced initiation + promotion model 

 
Shuryak et al JNCI 2010 

Observed age-at-exposure risk dependencies can be explained 
by an age-dependent balance between initiation and promotion 



                Shuryak et al JNCI 2010 
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All Cancers 1. Risks may be less dependent on 

age at exposure than we thought 

2. Risks in middle age may be  

greater than we thought 



… and of course most CT scans are  
given in middle age 

Age distribution of CT scans, US, 2007 

From 

Berrington de Gonzalez et al 2009 



What do we know about risks from CT scans? 

 We have now passed a watershed in our field where it is no longer reasonable 

to suggest that CT risks are “too low to be detectable and may be non-existent” 

 We now know (almost) for sure that individual CT risks are small but real 

 Earlier CT risk estimates based on organ doses and A-bomb data 

have proved to be not unreasonable 
 

 Because the individual risks are small, the individual benefits of any  

clinically-justified CT scan will by far outweigh the individual radiation risks 

 No need for super-accurate benefit-risk analyses for clinically-justified scans 

 

 The CT risk issue is not confined to children  

 Radiation risks in middle age are probably somewhat larger than previously thought 

 Because there are far more adult CT scans, the population risks are larger for adults than 

for children 

 

 While individual risks are small, because the number of CT scans is very large,  

and increasing, there will be significant population risks associated with CT 

 This population risk can be minimized by justifying and optimizing every CT scan 



A roadmap to reduce the long-term health consequences  
of radiation exposure from radiological exams 

Reduce dose 

per scan 

Reduce 

unneeded scans 



Inappropriate CT prescriptions rates: 
 Primary care physicians…. 

 based on ACR Appropriateness Criteria 
 

             CT Exam Percent 
inappropriate 

Head / brain 62 

Maxillofacial 36 

Spine 53 

Chest 12 

Chest/abdomen/pelvis 30 

Abdomen / pelvis 18 

Miscellaneous + angiography 21 

All CT exams 27 Lehnert and 

Bree 2010 



Potential gains from CT justification… 

  ~82 million CT scans done last year in the US 

 ~4 million pediatric CT scans / yr 

 ~2.5 million pediatric head CT scans / yr 

 ~1.5 million clinically-unnecessary pediatric head CT scans / year 

 1,500 unnecessary radiation-induced brain tumors produced each year  



    Approaches for diagnosing pediatric appendicitis 

v 

Equivocal 

symptoms 

CT 

Appendectomy 
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v 

Ultrasound 

Equivocal 
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70% CT 

Based on Garcia Pena 2004 



Approaches for imaging patients with  
acute flank pain 

v 

Acute flank 

pain 

CT 

   Treatment 

+ 

100% CT 
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KUB + US 

Acute flank 

pain 

   Treatment 
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Can CT usage be reduced? 
 (or the rate of increase slowed?) 

without compromising patient care.... 

• A significant fraction of CT scans (at least ¼ ??) 

could practically be replaced by alternate approaches, 

or need not be performed at all 

• Targeting this “one quarter”  is a very hard task 

• Physicians are subject to significant pressures 

 Throughput 

 Legal 

 Economic 

 From patients 



Do physicians actually use ACR 
appropriateness criteria? 

• What is your primary information resource in 
making imaging decisions for your patients? 

0 5 10 15 20 25

ACR appropriateness criteria

Fellow colleague

Recent CME

PubMed

Personal experience

Pocket Medicine

MD Consult

Google

UpToDate

Journal

Radiologist

Percentage Bautista et al 2009 



Sistrom, C. L. et al. Radiology 2009;251:147-55 

Radiology Decision-Support System 
MGH Radiology Order Entry 



Virginia Mason, Seattle 

  MGH outpatients 

Year 

 Does putting decision support into order entry help? 



Conclusions 
I: Are CT radiation risks real? 

Yes 



Conclusions 
 

II. The individual risks are very small 

• When a CT scan is clinically warranted,  

the benefit will by far outweigh any possible 

individual radiation risk 

 

• (though of course we can and should continue to 

lower doses per scan) 

 



Conclusions 
 

III.  Reducing clinically unwarranted CT scans 

 

• The main concern is really about the population 

exposure from the roughly ¼ of CT scans that 

may not be clinically warranted 

 



              Conclusions 
IV. Reducing doses per scan is hard but doable; 
     Reducing unwarranted CT scans is harder 


