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Mok et al in, ‘‘Interpolated Average CT for Cardiac

PET/CT Attenuation Correction, present a novel technique

for reducing the radiation dose for patients undergoing

cardiac PET/CT’’. According to the authors, this technique

differs from many in the past by achieving a remarkable

81% reduction in the CT radiation dose when compared to

helical CT, while reducing breathing artifacts in the atten-

uation corrected PET images. Of course, the diagnostic

usefulness of the CT images is reduced and the authors’

technique as presented required additional acquisition steps

and equipment. This work should be commended for rec-

ognizing image quality and reducing radiation dose should

not be considered at odds with one another.

Reducing radiation dose in diagnostic exams has

become a priority for national and international bod-

ies.1-4 According to the National Council on Radiation

Protection and Measurements, since 1980, there has

been a sixfold increase in the total radiation dose

patients receive from medical imaging.5 In 2014, the

American Heart Association not only accepted the cru-

cial role cardiac imaging has in patient management, but

also recognized we must do more to reduce patient’s

dose to ionizing radiation.6 Internationally, there are

over 30 million nuclear medicine procedures performed

annually. This is a good thing, representing the

increased availability of advanced diagnostic services

for the world’s population. The International Atomic

Energy Agency stated its hope that utilization will

increase, ‘‘… As the benefits for patients are enormous,

far exceeding the risks’’.7

One clear opportunity to improve the diagnostic power

of myocardial perfusion imaging is through the imple-

mentation of routine attenuation correction. Use of

attenuation correction of is becoming more commonplace

for in nuclear medicine and myocardial perfusion imaging.

In 2007, there were 200 SPECT/CT scanners installed in

the United States and 600 SPECT/CT systems worldwide.8

By comparison, in 2010 there were over 5,000 PET/CT

systems worldwide,9 though only a small fraction of those

systems are used for myocardial perfusion imaging. In

addition, virtually all dedicated PET and SPECT systems

either have line source attenuation correction installed or

can be upgraded to allow for attenuation correction.

Attenuation correction has been demonstrated to

improve image quality and accuracy of myocardial perfu-

sion image interpretation. Specifically, SPECT attenuation

correction has been demonstrated to reduce image artifacts,

improve specificity, and improve diagnostic certainty.10-14

In cardiac PET, attenuation correction is so important that

current guidelines require attenuation correction be applied

in all cases.15 This is all good news for the patient; how-

ever, attenuation correction often comes at a cost:

increased radiation dose. With hybrid imaging systems

capable of diagnostic computed tomography, it then has to

be asked, how much radiation dose is needed or justified to

acquire a high-quality attenuation map for attenuation

correction? When should we consider using dual-modality

patient assessments and are there more efficient and safer

ways of acquiring this information?

VALUE OF ATTENUATION CORRECTION

One of the most significant sources on diagnostic

uncertainty in cardiac SPECT is soft tissue attenuation

and photon scatter. When attenuation correction is

applied, studies have reported significant improvements
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in normalcy rates,10,15,16 and may improve sensitivity17

and added value in specific populations such as women

and the obese.11 It can also be used to enable other

applications such as stress-only imaging12-14 that reduce

patient radiation dose, improve laboratory efficiency,

and reduce test costs. In addition, newer SPECT

attenuation correction algorithms such as FLASH-3D

and Astonish can achieve near PET-like image qual-

ity.18,19 Because of this, the American Society of

Nuclear Cardiology and Society of Nuclear Medicine

have issued a joint statement on attenuation correction

recommending it when possible.20

This has led many of the leading nuclear laborato-

ries to acquire SPECT line sources and SPECT/CT

adopt attenuation correction in all SPECT nuclear

cardiology studies. In addition, most of the laboratories

also offer cardiac PET or PET/CT imaging with atten-

uation correction. These advances are crucial to patient

care and maintaining nuclear cardiology relevance in an

increasingly competitive diagnostic market. But, as we

strive to advance the image quality, we should also look

for opportunities to reduce patient the radiation dose

from the transmission studies.

LINE SOURCE ATTENUATION CORRECTION

Tung et al proposed a method for measuring a

system of line sources to obtain a patient-specific

attenuation map21 for compensating for attenuation.

This map is applied to an iterative reconstruction

algorithm to compensate for photon losses due to

attenuation. This approach has the advantage of obtain-

ing a patient-specific attenuation map without

significantly increasing the radiation dose and could be

acquired simultaneously to the emission data. One

limitation of this approach was that the transmission

data can be of poor quality; however, iterative recon-

struction of the line source data significantly improves

the quality of the reconstructed transmissions maps.22,23

This approach, when sufficient counts are present,

provides a very low radiation dose24,25 with very high-

quality attenuation maps for SPECT and for PET using a

relatively short transmission acquisition (see Figure 1).

CT FOR ATTENUATION CORRECTION (CTAC
IMAGING)

Another approach is to acquire transmission data

using an X-ray-based computed tomography.26,27

SPECT-CT systems can employ a conventional multi-

slice CT system, capable of acquiring high resolution,

diagnostic quality data and/or low dose, attenuation

correction-specific X-ray tubes. Despite the fact that CT

studies have generally more counts than line source

attenuation maps, CT-specific artifacts can make PET/

CT more challenging than line source attenuation cor-

rection28 (see Figure 2). Patient motion and breathing

introduce the greatest challenges (see Figure 3). Several

approaches have been proposed such as end-expiratory

breath-holding29 and shallow free breathing.30 Cine/CT

has been demonstrated to be both robust and easy to

implement.31,32 By using several passes over the dia-

phragm and average position for the diaphragm can be

obtained. Although this does reduce breathing artifacts, it

requires rescanning the same tissue areas several times to

cover the entire respiratory cycle, thus increasing the

potential radiation dose. Lowering kVp and tube current

can help reduce the dose; however, these improvements

still result in CTAC scans of over 2 mSv.31,32 A

summary of the radiation from various attenuation

correction approaches is contained in Table 1.

HYBRID IMAGE: FOR ATTENUATION
CORRECTION ONLY OR ADDITIONAL

INFORMATION?

Hybrid imaging has the potential of combining the

anatomic information with physiological information.

Figure 1. Above is an illustration of a line source PET attenuation map acquired using a 60-second
acquisition, reconstructed using an iterative reconstruction algorithm.23 The total radiation dose for
this study is only 0.01 mSv.

Journal of Nuclear Cardiology� Case 1081

Volume 23, Number 5;1080–5 The case for innovation



Although this has proven to be very useful in oncology,

its value has yet to be proven in cardiology.

One application that has been suggested is to use

diagnostic quality CT in conjunction with myocardial

perfusion to assess the presence of coronary calcium in

patients with no known history of CAD. In a study of

1,126 asymptomatic patients with a quantitative coronary

calcium score, it was demonstrated that the use of

coronary calcium assessment in conjunction with myocar-

dial perfusion assessment independently improved the

Figure 2. CT transmission maps can suffer from numerous image quality problems, such as
metallic artifacts, beam hardening, and breathing. Above is an illustration of raw CT make of a
patient with an implanted cardiac defibulator (A). Post-acquisition processing is required to map the
CT Hounsfield Units to the attenuation coefficients for 511 keV photons (B). In addition,
segmentation and blurring are also commonly used to match the resolution of the CT to the PET
data and remove CT artifacts (C).

Figure 3. Breathing artifacts can introduce uncorrectable artifacts in the image. In some cases, the
liver can be visualized in two places (A) and in others the mediastynum can have a jagged
appearance (B). Cine CT can reduce these breathing artifacts, by averaging over multiple breathing
cycles.

1082 Case Journal of Nuclear Cardiology�
The case for innovation September/October 2016



prediction of future cardiac events.33 However, it is fair to

note that in that study, the coronary calcium scores were

acquired from separate CT scan and not from a hybrid

SPECT/CT system. Although this result is encouraging in

patients with no known history of CAD, it is of limited

value in patients that are known to have CAD.

Another potential application is combining the

myocardial perfusion data with CT coronary angiogra-

phy. In a study of 50 patients, it was demonstrated that

combining MPI and CT coronary angiography increased

the overall area under the curve for the presence of CAD

in any vessel; however, there was no trend for increased

sensitivity for multivessel CAD.34 Although this could

be seen as an improvement in the diagnostic power of a

patient visit, these ‘‘one-stop-shop’’ approaches have

not been embraced by the payer community and can add

significantly to the patient’s radiation dose.

MINIMIZING RADIATION DOSE WHEN
ACQUIRING CTAC IMAGES

So how much radiation is appropriate to add to a

study? Studies have demonstrated that there is some

diagnostic information that can be added with CT, but it

comes at a cost of increased radiation dose and for many

patients, this radiation increase offers limited value for

to patient. When diagnostic CT information is not

required, achieving the lowest possible CT dose without

introducing breathing, beam hardening, or noise should

be the goal. Ideally, this can be achieved using a line

source-based attenuation map. But for many types of

studies, specifically PET, equipment vendors do not

provide a line source attenuation correction option.

When using CT for attenuation correction, we must

reduce radiation dose from the CT by adjusting the

acquisition parameters: kVp, mAs, scan length, FOV

and scan pitch (see Table 2).

CAN NUCLEAR CARDIOLOGY CONTINUE
TO USE INSTRUMENTATION BUILT

FOR DIFFERENT TIMES AND DIFFERENT
APPLICATIONS?

Nuclear cardiologists have different needs than their

colleagues in general nuclear medicine. Anatomical

registration is a limited interest and combined high

resolution, CTA with myocardial perfusion has yet to be

demonstrated as a necessary test. However, attenuation

artifacts and radiation dose limit nuclear cardiology’s

ability to produce competitive patient assessments. This

has not gone unnoticed by patient advocacy groups. The

American Association of Retired Persons lists nuclear

stress tests as one of the 10 tests to avoid. Specifically,

the AARP lists false positive studies as leading to ‘‘…
unnecessary invasive procedures and excess radiation

dose without helping the patient improve’’.38

Sufficient evidence exists as to the value of newer

imaging instrumentation, efficacy iterative reconstruction,

Table 1. Summary of the impact of CT setting on image quality and radiation dose

CT
setting Purpose

Affect on radiation
dose Effect on image quality

kVp Increasing high voltage of the

X-ray tube increases energy

of the electrons. This increases the

mean energy of X-rays

Increasing kVp increases

radiation dose

Increasing kVp reduces contrast,

but improves beam penetration

mAs Adjusts the number of electrons

being generated by the X-ray

tube (tube current)

Increasing mAs increases

radiation dose

Increasing mAs improves

signal to noise

Pitch A measure of the amount of overlap

between adjacent rotations

of a CT scan

Increasing pitch decreases

radiation dose

Decreasing pitch reduces

breath-hold time. Increasing

pitch increasing slice averaging

FOV Axial FOV is the size of the

in-plane scanned area

of the CT scan

Axial FOV is the size of

the axial length of a scan

Increasing FOV increases

radiation dose

Reducing FOV size to smaller

than the size of the chest

increases truncation artifacts in

CTAC images
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attenuation correction, stress-only imaging, and cardiac

PET. Industry must be encouraged to adopt protocols and

processes that minimize radiation dose while maintaining

image quality. Considering the size of the nuclear

cardiology community, there is more than enough poten-

tial demand to encourage industry to build the

instrumentation we need. However, industry will only

respond to these needs when the community demands it.

Each laboratory must look at the protocols they use and

determine when (not whether) they should adopt these

changes. Nuclear laboratories in assessing their needs

should seek out technologies that meet their needs and

insist on equipment that is appropriate for the challenges

they face.

As with many technical articles, Mok et al have

presented a technique in which we can have our cake

and eat it too: lower radiation dose and better image

quality. It is up to us to bake it.

References

1. Initiative to reduce unnecessary radiation exposure from medical

imaging. U.S. Food and Drug Administration; 2010. http://www.

fda.gov/downloads/Radiation-EmittingProducts/RadiationSafety/

RadiationDoseReduction/UCM200087.pdf. Accessed 14 June

2015.

2. International Atomic Energy Agency. Radiological protection for

medical exposition to ionizing radiation. RS-G-15. New York:

IAEA Safety Standard; 2002.

3. Cerqueira MD, Allman KC, Ficaro EP, Hansen CL, Nichols KJ,

Thompson RC, et al. American Society for Nuclear Cardiology

Information Statement: Recommendations for reducing radiation

exposure in myocardial perfusion imaging. J Nucl Cardiol

2010;17:709-18.

4. SNM position statement on dose optimization for nuclear medi-

cine and molecular imaging procedures. 2012. http://interactive.

snm.org/docs/SNM_Position_Statement_on_Dose_Optimization_

FINAL_June_2012.pdf. Accessed 14 June 2015.

5. National Council on Radiation Protection & Measurements.

Ionizing radiation exposure of the population of the United States.

NCRP report no. 160. Bethesda: National Council on Radiation

Protection & Measurements; 2009.

6. Fazel R, Gerber TC, Balter S, Brenner DJ, Carr JJ, Cerqueira MD,

et al. Approaches to enhancing radiation safety in cardiovascular

imaging. Circulation 2014;130:1730-48.

7. International Atomic Energy Agency. International action plan for

the radiological protection of patients. New York: International

Atomic Energy Agency; 2002. http://www-ns.iaea.org/downloads/

rw/radiation-safety/PatientProtActionPlangov2002-36gc46-12.pdf.

Accessed 14 June 2015.

8. International Atomic Energy Agency. Clinical applications of

SPECT/CT: New hybrid nuclear medicine imaging system. IAEA-

TECDOC-1597. New York: International Atomic Energy Agency;

2007. http://www-pub.iaea.org/MTCD/publications/PDF/te_1597_

web.pdf. Accessed 14 June 2015.

9. Beyer T, Czernin J, Freudenberg LS. Variations in clinical PET/

CT operations: Results of an international survey of active PET/

CT users. J Nucl Med 2011;52:303-10.

10. Corbett JR, Ficaro EP. Clinical review of attenuation-corrected

cardiac SPECT. J Nucl Cardiol 1999;6:54-68.

11. Thompson RC, Heller GV, Johnson LL, Case JA, Cullom SJ,

Garcia EV, et al. Value of attenuation correction on ECG-gated

SPECT myocardial perfusion imaging related to body mass index.

J. Nucl Cardiol 2005;12:195-202.

12. Bateman TM, Heller GV, McGhie AI, Courter SA, Kennedy KF,

Katten D, et al. Application of simultaneous Gd-153 line source

attenuation correction to half-time stress only SPECT acquisitions:

A multicenter clinical evaluation. J Am Coll Cardiol 2008;51:A171.

13. Heller GV, Bateman TM, Johnson LL, Cullom SJ, Case JA, Galt

JR, et al. Clinical value of attenuation correction in stress-only Tc-

99m sestamibi SPECT imaging. J Nucl Cardiol 2004;11:273-81.

14. Dilsizian V, Bacharach SL, Beanlands RS, Bergmann SR, Delbeke

D, Gropler RJ. ASNC imaging guidelines for nuclear cardiology

procedures: PET myocardial perfusion and metabolism clinical

imaging. J Nucl Cardiol 2009;16:651. http://www.asnc.org/

imageuploads/ImagingGuidelinesPETJuly2009.pdf. Accessed 14

June 2015.

15. Hendel RC, Berman DS, Cullom SJ, Follansbee W, Heller GV,

Kiat H, et al. Multicenter clinical trial to evaluate the efficacy of

correction for photon attenuation and scatter in SPECT myocardial

perfusion imaging. Circulation 1999;99:2742-9.

Table 2. Summary of typical radiation doses for various approaches to acquiring patient-specific
attenuation maps

Technique Modality Radiation dose (mSv) Source

Gd153 SPECT-dedicated

line source

0.0013–0.0019 Perisinakis et al24

0.0003

Ge68 PET-dedicated

line source

0.037 Almeida et al25

0.01 Hsu et al23

Specialized low-dose CT tube SPECT-CT 0.9 Sawyer et al35

Traditional CT study with tube

modulation

SPECT/CT

and PET/CT

7.4 Larkin et al36

Specialized CT protocol for

attenuation correction only

PET/CT 0.5–1 ImPACT Group37

Cine CT PET/CT 2.0 Alessio et al32

1084 Case Journal of Nuclear Cardiology�
The case for innovation September/October 2016

http://www.fda.gov/downloads/Radiation-EmittingProducts/RadiationSafety/RadiationDoseReduction/UCM200087.pdf
http://www.fda.gov/downloads/Radiation-EmittingProducts/RadiationSafety/RadiationDoseReduction/UCM200087.pdf
http://www.fda.gov/downloads/Radiation-EmittingProducts/RadiationSafety/RadiationDoseReduction/UCM200087.pdf
http://interactive.snm.org/docs/SNM_Position_Statement_on_Dose_Optimization_FINAL_June_2012.pdf
http://interactive.snm.org/docs/SNM_Position_Statement_on_Dose_Optimization_FINAL_June_2012.pdf
http://interactive.snm.org/docs/SNM_Position_Statement_on_Dose_Optimization_FINAL_June_2012.pdf
http://www-ns.iaea.org/downloads/rw/radiation-safety/PatientProtActionPlangov2002-36gc46-12.pdf
http://www-ns.iaea.org/downloads/rw/radiation-safety/PatientProtActionPlangov2002-36gc46-12.pdf
http://www-pub.iaea.org/MTCD/publications/PDF/te_1597_web.pdf
http://www-pub.iaea.org/MTCD/publications/PDF/te_1597_web.pdf
http://www.asnc.org/imageuploads/ImagingGuidelinesPETJuly2009.pdf
http://www.asnc.org/imageuploads/ImagingGuidelinesPETJuly2009.pdf


16. Ficaro EA, Fessler JA, Shreve PD, Kritzman JN, Rose PA, Corbett

JR. Simultaneous transmission/emission myocardial perfusion

tomography: diagnostic accuracy of attenuation corrected Tc-99m

sestamibi single-photon emission computed tomography. Circu-

lation 1996;93:463-73.

17. Duvernoy CS, Ficaro EP, Karabajakian MZ, Rose PA, Corbett JR.

Improved detection of left main coronary artery disease with

attenuation-corrected SPECT. J Nucl Cardiol 2000;7:639-48.

18. Venero CV, Heller GV, Bateman TM, McGhie AI, Ahlberg AW,

Katten D, et al. A multicenter evaluation of a new post-processing

method with depth-dependent collimator resolution applied to full-

time and half-time acquisitions without and with simultaneously

acquired attenuation correction. J Nucl Cardiol 2009;16:714-25.

19. Hawman PC, Haines EJ. The cardiofocal collimator: A variable-

focus collimator for cardiac SPECT. Phys Med Biol 1994;39:

439-50.

20. Hendel RC, Corbett JR, Cullom SJ, DePuey EG, Garcia EV,

Bateman TM. The value and practice of attenuation correction for

myocardial perfusion SPECT imaging: A joint position statement

from the American Society of Nuclear Cardiology and the Society

of Nuclear Medicine. J Nucl Cardiol 2002;9:135-43.

21. Tung C-H, Gullberg GT, Zeng GL, Christian PE, Datz FL, Morgan

HT. Nonuniform attenuation correction using simultaneous trans-

mission and emission converging tomography. IEEE Trans Nucl

Sci 1992;39:1134-43.

22. Case JA, Hsu BL, Bateman TM, Cullom SJ. A Bayesian iterative

transmission gradient reconstruction algorithm for cardiac SPECT

attenuation correction. J Nucl Cardiol 2007;14:324-33.

23. Hsu BL, Case JA, Moser KW, Bateman TM, Cullom SJ. Recon-

struction of rapidly acquired Germanium-68 transmission scans for

cardiac PET attenuation correction. J Nucl Cardiol 2007;14:706-14.

24. Perisinakis K, Theocharopoulos N, Karkavitsas N, Damilakis J.

Patient effective radiation dose and associated risk from trans-

mission scans using 153Gd line sources in cardiac spect studies.

J Health Phys 2002;83:66-74.

25. Almeida P, Bendriem B, de Dreuille O, Peltier A, Perrot C, Brulon

V. Dosimetry of transmission measurements in nuclear medicine:

A study using anthropomorphic phantoms and thermoluminescent

dosimeters. Eur J Nucl Med 1998;25:1435-41.

26. Bocher M, Balan A, Krausz Y, Shrem Y, Lonn A, Wilk M, et al.

Gamma camera mounted anatomical x-ray tomography: Tech-

nology, system charcteristics and first images. Eur J Nucl Med

2000;27:619-27.

27. Hasegawa BH, Wong KH, Iwata K, Barber WC, Hwang AB,

Sakdinawat AE, et al. Dual-modality imaging of cancer with

SPECT/CT. Technol Cancer Res Treat 2002;1:449-58.

28. Gould L, Pan T-S, Laghin C, Johnson NP, Guha A, Sdringola S.

Frequent diagnostic errors in cardiac PET/CT due to misregistra-

tion of CT attenuation and emission PET images: A definite

analysis of causes, consequences and corrections. J Nucl Med

2007;48:1112-21.

29. de Juan R, Seifert B, Berthold T, von Schulthess GK, Goerres GW.

Clinical evaluation of a breathing protocol for PET/CT. Eur Radiol

2004;14:1118-23.

30. Goerres GW, Kamel E, Heidelberg TN, Schwitter MR, Burger C,

von Schulthess GK. PET-CT image co-registration in the thorax:

Influence of respiration. Eur J Nucl Med Mol Imaging

2002;29:351-60.

31. Livieratos L, Rajappan K, Stegger L, Schafers K, Bailey DL,

Camici PG. Respiratory gating of cardiac PET data in list-mode

acquisition. Eur J Nucl Med Mol Imaging 2006;33:584-8.

32. Alessio AM, Kohlmyer S, Branch K, Chen G, Caldwell J, Kinahan

P. Cine CT for attenuation correction in cardiac PET/CT. J Nucl

Med 2007;48:794-801.

33. Chang S, Nabi F, Xu J, Peterson LE, Achari A, Pratt CM, et al.

The Coronary artery calcium score and stress myocardial perfusion

imaging provide independent and complementary prediction of

cardiac risk. J Am Coll Cardiol 2009;54:1872-82.

34. Santana CA, Garcia EV, Faber TL, Sirineni GK, Esteves FP,

Sanyal R, et al. Diagnostic performance of fusion of myocardial

perfusion imaging (MPI) and computed tomography coronary

angiography. J Nucl Cardiol 2009;16:201-11.

35. Sawyer LJ, Starritt HC, Hiscock SC, Evans MJ. Effective doses to

patients from CT acquisitions on the GE Infinia Hawkeye: A

comparison of calculation methods. Nucl Med Commun

2008;29:144-9.

36. Larkin AM, Serulle Y, Wagner S, Noz ME, Friedman K. Quan-

tifying the increase in radiation exposure associated with SPECT/

CT compared to SPECT alone for routine nuclear medicine

examinations. Int J Mol Imaging. 2011;2011:897202.

37. ImPACT Group. CT dosimetry tool. London: ImPACT, St. George’s

Healthcare NHS Trust; Version 1.0.4, 2011. http://www.impactscan.

org/ctdosimetry.htm. Accessed 14 June 2015.

38. Agnvall E. 10 medical tests to avoid. AARP Bull 2014. http://

www.aarp.org/health/conditions-treatments/info-2014/choosing-

wisely-medical-tests-to-avoid.html. Accessed 14 June 2015.

Journal of Nuclear Cardiology� Case 1085

Volume 23, Number 5;1080–5 The case for innovation

http://www.impactscan.org/ctdosimetry.htm
http://www.impactscan.org/ctdosimetry.htm
http://www.aarp.org/health/conditions-treatments/info-2014/choosing-wisely-medical-tests-to-avoid.html
http://www.aarp.org/health/conditions-treatments/info-2014/choosing-wisely-medical-tests-to-avoid.html
http://www.aarp.org/health/conditions-treatments/info-2014/choosing-wisely-medical-tests-to-avoid.html

	Minimizing the radiation dose of CT attenuation correction while improving image quality: The case for innovation
	Value of Attenuation Correction
	Line Source Attenuation Correction
	CT for Attenuation Correction (CTAC Imaging)
	Hybrid Image: For Attenuation Correction Only or Additional Information?
	Minimizing Radiation Dose When Acquiring CTAC Images
	Can Nuclear Cardiology Continue to Use Instrumentation Built for Different Times and Different Applications?
	References




