

[image: image]




Cardiology Clinics, Vol. 30, No. 1, February 2012

ISSN: 0733-8651

doi: 10.1016/S0733-8651(12)00007-0




Contributors

CONSULTING EDITOR


MICHAEL H. CRAWFORD, MD, Professor of Medicine, University of California; Lucie Stern Chair in Cardiology and Chief of Clinical Cardiology, University of California, San Francisco Medical Center, San Francisco, California



GUEST EDITORS


STEPHAN ACHENBACH, MD, Professor of Cardiology, Department of Cardiology, University of Giessen, Giessen, Germany




TAKESHI KONDO, MD, PhD, Department of Cardiology, Takase Clinic, Takasaki, Japan




JAGAT NARULA, MD, PhD, FACC, FAHA, FRCP, Philip J. and Harriet L. Goodhart Chair in Cardiology, Professor of Medicine, Associate Dean for Global Health, Mount Sinai School of Medicine; Director, Cardiovascular Imaging Program, Zena and Michael A. Wiener Cardiovascular Institute and Marie-Josée and Henry R. Kravis Center for Cardiovascular Health, Mount Sinai School of Medicine, New York, New York



AUTHORS


STEPHAN ACHENBACH, MD, Professor of Cardiology, Department of Cardiology, University of Giessen, Giessen, Germany




AMR M. AJLAN, MD, FRCPC, Department of Radiology, St Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada




PAUL APFALTRER, MD, Department of Radiology and Radiological Science, Medical University of South Carolina, Charleston, South Carolina; Institute of Clinical Radiology and Nuclear Medicine, University Medical Center Mannheim, Medical Faculty Mannheim - Heidelberg University, Mannheim, Germany




REZA ARSANJANI, MD, Department of Imaging, Cedars-Sinai Medical Center, Los Angeles, California




DANIEL S. BERMAN, MD, Department of Imaging, Cedars-Sinai Medical Center; Cedars-Sinai Heart Institute, Los Angeles, California




PHILIPP BLANKE, MD, Department of Radiology and Radiological Science, Medical University of South Carolina, Charleston, South Carolina; Department of Diagnostic Radiology, University Hospital Freiburg, Freiburg, Germany




MICHAEL K. CHEEZUM, MD, Cardiology Service, Walter Reed National Military Medical Center, Bethesda, Maryland




ULLRICH EBERSBERGER, MD, Department of Radiology and Radiological Science, Medical University of South Carolina, Charleston, South Carolina; Department of Cardiology and Intensive Care Medicine, Heart Center Munich-Bogenhausen, Munich, Germany




COLLIN FISCHER, MD, Cardiology Service, Walter Reed National Military Medical Center, Bethesda, Maryland




SHINICHIRO FUJIMOTO, MD, PhD, Department of Cardiology, Takase Clinic, Takasaki, Japan




PANKAJ GARG, MD, University of California, Irvine, California




RICHARD T. GEORGE, MD, Assistant Professor of Medicine, Director of Outreach Cardiovascular Imaging, Division of Cardiology, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland




RAMIL GOEL, MD, Mayo Clinic, Scottsdale, Arizona




ABHA GUPTA, MD, Mayo Clinic, Scottsdale, Arizona




RONEN GURVITCH, MD, Division of Cardiology, St Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada




CAMERON J. HAGUE, MD, Department of Radiology, St Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada




UDO HOFFMANN, MD, MPH, Cardiac MR PET CT Program, Harvard Medical School, Massachusetts General Hospital, Boston, Massachusetts




EDWARD A. HULTEN, MD, MPH, Non-invasive Cardiovascular Imaging Program; Departments of Medicine and Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts




JUHANI KNUUTI, MD, Professor; Director, Turku PET Centre, Turku University Hospital, University of Turku, Turku, Finland




MINISHA KOCHAR, MD, Department of Cardiology, Kaiser Permanente, Panorama City, California




TAKESHI KONDO, MD, PhD, Department of Cardiology, Takase Clinic, Takasaki, Japan




TROY M. LABOUNTY, MD, FSCCT, Departments of Medicine, Imaging, and Biomedical Sciences, Cedars-Sinai Heart Institute, Cedars-Sinai Medical Center, Los Angeles, California




MATHIAS LANGER, MD, Department of Diagnostic Radiology, University Hospital Freiburg, Freiburg, Germany




JONATHON LEIPSIC, MD, FRCPC, FSCCT, Vice Chairman, Department of Radiology, Division of Cardiology, St Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada




DONALD M. LLOYD-JONES, MD, ScM, Associate Professor, Department of Preventive Medicine, Northwestern University Feinberg School of Medicine, Chicago, Illinois




VISHAL C. MEHRA, MD, PhD, Cardiovascular Fellow, Division of Cardiology, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland




JAMES K. MIN, MD, FSCCT, Departments of Medicine, Imaging, and Biomedical Sciences, Cedars-Sinai Heart Institute, Cedars-Sinai Medical Center, Los Angeles, California




KENTA MURANAKA, RT, Chief Radiological Technologist, Center for Radiological Science, Iwate Medical University Hospital, Morioka, Japan




JAGAT NARULA, MD, PhD, FACC, FAHA, FRCP, Philip J. and Harriet L. Goodhart Chair in Cardiology, Professor of Medicine, Associate Dean for Global Health, Mount Sinai School of Medicine; Director, Cardiovascular Imaging Program, Zena and Michael A. Wiener Cardiovascular Institute and Marie-Josée and Henry R. Kravis Center for Cardiovascular Health, Mount Sinai School of Medicine, New York, New York




TAMAR S. POLONSKY, MD, MSCI, Assistant Professor of Medicine, Section of Cardiology, Department of Medicine, University of Chicago Medical Center, Chicago, Illinois




SUBHA V. RAMAN, MD, Division of Cardiology, Department of Medicine, The Ohio State University School of Medicine, Columbus, Ohio




ANTTI SARASTE, MD, Associate Professor, Department of Medicine; Turku PET Centre, Turku University Hospital, University of Turku, Turku, Finland




ANDREAS SCHINDLER, BS, Department of Radiology and Radiological Science, Medical University of South Carolina, Charleston, South Carolina




CHRISTOPHER L. SCHLETT, MD, MPH, Cardiac MR PET CT Program, Harvard Medical School, Massachusetts General Hospital, Boston, Massachusetts




U. JOSEPH SCHOEPF, MD, Department of Radiology and Radiological Science, Medical University of South Carolina, Charleston, South Carolina




HARALD SEIFARTH, MD, Cardiac MR PET CT Program, Harvard Medical School, Massachusetts General Hospital, Boston, Massachusetts; Department of Clinical Radiology, University of Münster, Germany




LESLEE J. SHAW, PhD, Division of Cardiology, Department of Medicine, Emory University School of Medicine, Atlanta, Georgia




AHMAD M. SLIM, MD, FACC, FACP, Director, Cardiovascular Research and Assistant Professor of Medicine, Cardiology Service, San Antonio Military Medical Center, Fort Sam Houston, Texas




RYAN M. SMITH, DO, Cardiology Service, Walter Reed National Military Medical Center, Bethesda, Maryland




JEREMY J. SONG, BS, University of California, Irvine, California




RYOICHI TANAKA, MD, PhD, Assistant Professor, Division of Cardiovascular Radiology, Department of Radiology, Iwate Medical University Hospital, Morioka, Japan




QUYNH A. TRUONG, MD, MPH, Cardiac MR PET CT Program, Harvard Medical School, Massachusetts General Hospital, Boston, Massachusetts




TODD C. VILLINES, MD, FACC, FSCCT, Associate Professor of Medicine; Co-Director, Cardiac CT Program; Director of Cardiovascular Research, Walter Reed National Military Medical Center, Uniformed Services University, Bethesda, Maryland




GABRIEL VOROBIOF, MD, Memorial Heart & Vascular Institute, Long Beach Memorial Medical Center, Long Beach, California; Assistant Professor of Medicine (Cardiology), Division of Cardiology, Department of Medicine, University of California Irvine, Irvine, California




NATHAN D. WONG, PhD, University of California, Irvine, California




KUNIHIRO YOSHIOKA, MD, PhD, Associate Professor, Division of Cardiovascular Radiology, Department of Radiology, Iwate Medical University Hospital, Morioka, Japan







Cardiology Clinics

Computed Tomography Imaging in 2012

Stephan Achenbach, MD

University of Erlangen, Erlangen, Germany

Takeshi Kondo, MD, PhD

Takase Clinic, Takasaki, Japan

Jagat Narula, MD, PhD

Mount Sinai School of Medicine, New York, NY, USA


ISSN  0733-8651

Volume 30 • Number 1 • February 2012




Contents




Contributors

Forthcoming Issues

Update on Cardiac CT

Cardiac CT Imaging: Precocious Maturity?

Technical Advances in Cardiac CT

Minimizing Radiation Dose for Coronary CT Angiography

Coronary Artery Calcification and Coronary Atherosclerotic Disease

Coronary Artery Calcium Testing: Dos and Don’ts

Identifying and Redefining Stenosis by CT Angiography

Evaluation of Plaque Morphology by Coronary CT Angiography

Prognostic Value of Coronary CT Angiography

Subtraction Coronary CT Angiography for Calcified Lesions

CT Detection of Pulmonary Embolism and Aortic Dissection

Cardiac CT in the Emergency Department

Myocardial Perfusion by CT Versus Hybrid Imaging

MDCT to Guide Transcatheter Aortic Valve Replacement and Mitral Valve Repair

Index





Cardiology Clinics, Vol. 30, No. 1, February 2012

ISSN: 0733-8651

doi: 10.1016/S0733-8651(12)00009-4




Cardiology Clinics

FORTHCOMING ISSUES


May 2012

Faces of Right Ventricular Failure

James A. Goldstein, MD, and Jonathan D. Rich, MD, Guest Editors

August 2012

Cardiovascular Disease in Pregnancy

Gagan Sahni, MD, and Uri Elkayam, MD, Guest Editors

November 2012

Emergency Cardiac Care 2012: From the ED to the CCU

Amal Mattu, MD, and Mandeep R. Mehra, MBBS, Guest Editors

RECENT ISSUES

November 2011

Left Ventricular Assist Devices

John A. Elefteriades, MD, and Donald M. Botta Jr, MD, Guest Editors

August 2011

Peripheral Arterial Disease

Sanjay Rajagopalan, MD, Guest Editor

May 2011

Catheterization Hemodynamics

Michael J. Lim, MD, Guest Editor




ISSUES OF RELATED INTEREST

Heart Failure Clinics, January 2012 (Vol. 8, No. 1)

Stage B, a Pre-cursor of Heart Failure, Part I

Jay N Cohn, MD, and Gary Francis, MD, Guest Editors

Available at http://www.heartfailure.theclinics.com/

Cardiac Electrophysiology Clinics, December 2011 (Vol. 3, No. 4)

Contemporary Debates and Controversies in Cardiac Electrophysiology, Part I

Ranjan K. Thakur, MD, and Andrea Natale, MD, Guest Editors

Available at http://www.cardiacep.theclinics.com/



READ THE CLINICS ONLINE!

Access your subscription at:

www.theclinics.com





Cardiology Clinics, Vol. 30, No. 1, February 2012

ISSN: 0733-8651

doi: 10.1016/j.ccl.2012.01.001




Foreword

Update on Cardiac CT


Michael H. Crawford, MD




Division of Cardiology, Department of Medicine, University of California San Francisco Medical Center, 505 Parnassus Avenue, Box 0124, San Francisco, CA 94143-0124, USA

E-mail address: crawfordm@medicine.ucsf.edu






[image: image]
Michael H. Crawford, MD, Consulting Editor


The February 2012 issue of Cardiology Clinics is our latest update on cardiac CT. The first was in November of 2003 and the second in November of 2009. Thus, the time between publications has shortened by 50%, which reflects the rapid developments in this field. It is also noteworthy that this issue is truly international, with one guest editor from Europe and one from Asia. Cardiology advances now come from all over the developed world. Being American-centric no longer serves the interests of our readers or those who discover a Clinics article on an Internet search.

This issue covers basic technical aspects of CT technology, including radiation exposure, but most of the articles are on clinical uses for this technique. Diagnostic and prognostic uses are discussed. CT can now analyze myocardial perfusion and left ventricular performance, heretofore reserved for radionuclide imaging and MRI. Perhaps more remarkable is that CT is now being used to guide procedures such as coronary and valve interventions. As any clinician knows, CT angiography is used routinely now in emergency departments to diagnose various vascular events with great success. Perhaps we are approaching the triple cardiovascular event rule out test with CT angiography: pulmonary embolus, coronary occlusion, and aortic dissection, excluded with one contrast injection. We can certainly use CT to diagnose each individually with great accuracy. All these topics are ably discussed by the experts selected by our international guest editors.

The final article is a discussion of how to and how not to use CT imaging in coronary disease. Although it sounds like it is good for everything, there are competing technologies, some less expensive, some without radiation exposure, and some better developed for certain applications. Dr Robert Bonow takes us through the appropriate use of this technology today. This is very important in an era of cost containment in health care.

Finally, I would like to thank Drs Achenbach, Kondo, and Narula for assembling an outstanding and timely update on CT in cardiology practice.
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It is not very frequently that an entirely new diagnostic modality is created to offer new possibilities and opportunities to clinicians in a short span of time. Computed tomography (CT) made its way into the cardiovascular arena approximately 10 years ago, when the first multidetector CT systems were introduced. Engineers then devised methods for synchronizing data acquisition and data reconstruction with the electrocardiograms. Much effort has focused on using CT imaging to visualize the coronary vessels, and coronary CT angiography has matured rapidly to find its way into clinical practice and a few official guidelines for selected patients. Although the emergence of coronary angiography has been the most noticeable development in the field of CT, many other innovations deserve our attention. Potential applications of CT imaging now range from left ventricular function to delayed myocardial contrast enhancement, from coronary plaque analysis to fractional flow reserve by luminal contrast gradient, and from risk stratification in primary prevention to the guidance of coronary or cardiac interventions.

To this issue of Cardiology Clinics, outstanding investigators have contributed state-of-the-art review articles, which on one hand illustrate the great breadth of applications of cardiac CT and on the other discuss some of the most striking recent developments. We thank the authors for their tremendous effort which has made it possible to provide you with the most current and comprehensive compendium of cardiac applications of CT imaging. We hope that you will find this issue interesting to read, useful for your practice, and as fascinating as we do, considering the rapid growth of knowledge and the swift pace at which new applications of cardiac CT are becoming available.
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Abstract

Cardiac computed tomography (CT) and its main clinical application, coronary CT angiography, have made major progress during the past years. Advances were driven by progress in CT hardware technology and CT image reconstruction and processing software. Technical innovations have successfully been used to lower the radiation exposure of coronary CT angiography and to improve image quality, especially in challenging situations, such as individuals with high heart rates or severe calcification. Some of the most important recent contributions have been the development of area detectors, dual-source CT, and the introduction of iterative reconstruction algorithms.
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Cardiac computed tomography (CT) and its main clinical application, coronary CT angiography (CTA), have made major progress during the past years. The advances were driven by 2 main factors. On one hand, clinical evaluation was performed in comparative validation studies and, more recently, numerous prospective trials and cohort studies. On the other hand, however, progress in CT technology has continuously contributed to increasing image quality and the robustness of cardiac CT. Improvements in CT imaging technology are not limited to hardware, but also include new software solutions, such as refined image reconstruction methods. Next to the progress regarding image quality, achieved through increased temporal and spatial resolution, new technologies can be used, and have been used successfully, to lower radiation exposure of cardiac CT, which is of critical importance, especially for coronary CTA. The following article outlines some of the major recent advances in cardiac CT technology and the potential clinical implications.


Computed tomography hardware


Historical Development

The first coronary CTA procedures were performed using the electron beam computed tomography (EBCT) system, in the mid-1990s.1,2 This system was able to acquire cross-sectional CT images without mechanical motion. Instead, X rays were created by an electron beam that could be electronically deflected and swept across stationary targets that were arranged around the patient. This system permitted a temporal resolution of 100 milliseconds per image. Image acquisition was prospectively triggered by the electrocardiogram (ECG). The system, however, was limited to single-slice acquisition, with a slice thicknesses of 1.5 to 3.0 mm and, hence, did not provide sufficient spatial resolution for reliable and detailed imaging of the coronary arteries. However, because EBCT had demonstrated the feasibility of CT-based noninvasive coronary, CTA motivated CT manufacturers to design mechanical spiral or helical CT systems that would also permit cardiac and coronary imaging. Consequently, multidetector row CT (MDCT) and retrospectively ECG-gated image reconstruction were introduced. The simultaneous acquisition of several cross-sections was the prerequisite to cover the volume of the heart with thin collimation but in a sufficiently short time to allow the completion of the image-acquisition process within a single breath hold. The first generation of MDCT systems with the ability to visualize the coronary arteries was a 4-slice CT, introduced around the year 2000. The image-acquisition process would require approximately 30 to 35 seconds, with a slice collimation of 4.0 × 1.0 mm, at gantry rotation times of 500 milliseconds (with an ensuing temporal resolution of 250 milliseconds).3,4 In the following years, manufacturers were able to increase the number of simultaneously acquired slices and did so simultaneously, going from 4 to 16 and 64 simultaneously acquired slices (some manufacturers had iterations in between, such as 40-slice systems). This increase was accompanied by slight reductions in slice collimation (to 0.5–0.75 mm) and increased gantry rotation time. Overall, the effect was improved spatial resolution (thinner slice collimation), improved temporal resolution (increased gantry rotation speed), and shorter overall image-acquisition time (going from approximately 30 heartbeats for 4-slice CT to approximately 4 to 8 heartbeats for 64-slice CT). The shorter acquisition time helped to improve substantially image quality because of the shorter required breath hold (diminishing the risk of breathing artifacts) and the ability of using higher contrast-injection rates (providing better contrast between vessel lumen and surrounding tissues) without having to use unreasonably high volumes of injected contrast agent. Image quality was further enhanced by stronger tubes, which lead to reduced image noise, a parameter of major importance when imaging the coronary vessels.

Currently, 64-slice CT is regarded as the minimum required technical standard for robust clinical applications of coronary CTA.5 Several multicenter trials have documented the diagnostic accuracy of 64-slice CT for the detection of coronary artery stenoses using retrospectively ECG-gated spiral or helical acquisition.6-8 However, some limitations do remain. One factor is the limited temporal resolution as compared with the rapid motion of the heart and coronary arteries, especially in patients with a heart rate of more than 60 beats per minute. Another potential problem is caused by the fact that image acquisition requires several heart beats, even though the number of cardiac cycles that are required for one data set are substantially less than for 4- or 16-slice CT. Still, the image-acquisition period of 4 to 8 heartbeats incorporates some vulnerability to breathing artifacts in patients who are not fully cooperative and to the occurrence of arrhythmias or ectopic beats, which may render retrospectively ECG-gates image reconstruction inaccurate.9

Manufacturers have chosen different strategies to improve their products beyond the 64-slice CT. Most manufacturers increased the number of simultaneously acquired slices, which will shorten the number of heartbeats that are required to complete the acquisition of a cardiac CT data set (wide-detector CT). One manufacturer, on the other hand, designed a system that incorporates 2 x-ray tubes and detectors arranged in a 90° angulation, (dual-source CT [DSCT]). This arrangement improves the temporal resolution of the acquired images by a factor of 2.




Wide-Detector CT

Artifacts of the 64-slice multi-detector-row CT include helical artifacts, misalignment artifacts, banding artifacts, breath-hold duration, high radiation exposure caused by overlapping image acquisition, and severe impact of arrhythmias on image quality. CT systems with 256 or 320 detector rows have become available (sometimes referred to as area detectors). The width of a single detector row (collimation) is 0.5 to 0.6 mm. Hence, the systems can cover up to 160 mm in a single rotation (0.5 mm x 320.0 = 160 mm), which permits prospectively triggered axial acquisition with a stationary table and ideally covers the volume of the heart within a single cardiac cycle. The lack of slice overlap leads to low radiation exposure, and misalignment artifacts do not occur (Fig. 1).10,11 Rotation time is 350 milliseconds for the 320-slice system and 275 milliseconds for the 256-slice system. Single-beat acquisition with a consequent temporal resolution of 140 to 175 milliseconds is used for patients with low heart rates. For patients with higher heart rates (typically more than 60 beats/min), image acquisition is repeated during several consecutive heartbeats to allow for multi-segment reconstruction, which leads to improved temporal resolution, which can be achieved by averaging x-ray data obtained during consecutive cardiac cycles. The resulting temporal resolution varies with the heart rate in a nonlinear fashion. Because of the ability to cover the volume of the heart, ideally in a single beat (for low heart rates) or in 2 to 3 consecutive beats (for higher heart rates), the amount of required contrast agent can be kept low.10-13 A 1-beat acquisition would be desirable for any application of cardiac CT. It yields a data set free of step artifacts and free of artifacts caused by the averaging of several cardiac cycles. Furthermore, contrast enhancement is uniform throughout the data set, so for applications that depend on homogenous contrast enhancement, such as studies of myocardial perfusion, the conditions are ideal. Similarly, a data set recorded coherently during a single time point of the cardiac cycle may be particularly useful to flow or, as a substitute, contrast-enhancement gradients within the coronary arteries, going from proximal to distal,14-16 but this concept has not been fully explored.


[image: image]
Fig. 1 Coronary CTA images acquired with the most recent CT hardware. (A) A 320-slice CT, (B) high-pitch spiral acquisition with dual-source CT.





Dual-Source CT

X-ray data acquired in approximately 180° of projections are required to reconstruct one cross-sectional CT image. In conventional CT systems with 1 tube and detector (single-source CT), it is consequently necessary to collect x-ray data during a one-half rotation of the gantry for image reconstruction, and the temporal resolution per image is roughly equal to one-half of the gantry rotation time (this holds true for the center of the scan field and, in reality, it is a little more to compensate for the fan angle of the x-ray beam).

In dual-source CT (DSCT), the gantry contains not 1 but 2 x-ray tubes and 2 detectors.17 The tubes are arranged in a 90° angle. This arrangement permits the collection of x-ray data in 180° of projections during only a quarter rotation of the gantry. Hence, temporal resolution is equal to one-quarter of the gantry rotation time and 2 times faster than that for single-source CT imaging. DSCT became available around the year 2005, with 2 × 64 simultaneously acquired slices and a rotation time of 33 milliseconds and, more recently, with 2 × 128 simultaneously acquired slices and a gantry rotation time of 0.28 seconds. This system provides for a temporal resolution of 75 milliseconds per image, independent from heart rate. Next to improved image quality for low heart rates, the higher temporal resolution as compared with single-source CT makes this technology less vulnerable to high heart rates18,19 and some investigators suggest that heart-rate control is no longer required. One publication compared the 64-slice single-source CT coronary angiography to 2 × 64-slice DSCT and was able to demonstrate that diagnostic accuracy for stenosis detection was significantly reduced if no heart-rate control (ie, beta blocker premedication for patients with a heart rate >65/min) was used for single-source CT but not for DSCT.20

Recently, a new image-acquisition protocol has been described for DSCT, prospectively ECG triggered high-pitch spiral acquisition.21-23 With a pitch of 3.4, this scan mode allows a complete image acquisition for coronary CT angiography with a time interval of approximately 250 milliseconds in a single cardiac cycle. Under the prerequisite of a low (<60 beats/min) and stable heart rate, high image quality can be achieved at very low doses (see Fig. 1).24-26




Dual-Energy CT

Simultaneous yet separate acquisition of CT data at different energy (kilovolt) levels may have potential advantages because the x-ray absorption of elements, such as iodine, but also of physiologic material, such as kidney stones, change in a nonlinear way for varying x-ray tube voltages. The subtraction of x-ray data obtained at different energy levels may, therefore, substantially increase contrast between these materials and all surrounding structures. Dual-energy CT can be achieved by simultaneous acquisition with 2 tubes and 2 detectors (DSCT) by extremely rapid switching of the emitted x-rays between different energy levels or by the design of detectors, which combine different elements with varying sensitivity to discrete kilovolt levels. Potential clinical applications in cardiovascular imaging include, for example, the improved delineation of vascular calcium (and its separation from the contrast-enhanced lumen)27 and improved visualization of differences in myocardial contrast enhancement when myocardial perfusion is studied during exercise or at rest.28 The full spectrum of potential clinical applications remains to be explored and validated.






Software


Iterative Reconstruction

CT imaging is a 2-step process. First, x-ray data are acquired, and in a second step, images are reconstructed from the collected x-ray information. Both steps critically influence image quality. Image reconstruction from the numerical x-ray data has conventionally been performed by a process called filtered back projection, which does not make full use of the information contained in the x-ray data that were acquired. However, it is computationally rapid and, with currently available computer processors, allows image generation at a rate of several images per second. Iterative reconstruction is computationally more elaborate but makes more effective use of the acquired x-ray information. Improvements in computer processing power now permit the use of such algorithms for image reconstruction with reasonable computing times and they have become commercially available. Currently, these methods are applied not so much to improve the image quality of existing protocols but to reduce the noise level of low-dose acquisitions and, hence, permit coronary CTA with very low radiation exposure (Fig. 2). Clinical trials have demonstrated the ability to lower the dose with this method,29,30 but applications are not yet widespread. It can be expected that substantial improvements in image-reconstruction methodology will occur in the near future, both as a consequence of further software development and as a consequence of increasing computing power.


[image: image]
Fig. 2 Reduction of image noise through iterative reconstruction. A coronary CT angiogram was acquired using 80 kV tube voltage (effective dose, 0.32 mSv) in a patient with a body weight of 93 kg. Conventional filtered back projection (top) shows considerable image noise. Through iterative reconstruction (below), image noise can be reduced substantially.





Image Interpretation and Analysis

Next to image generation, powerful software can also be used to aid image interpretation. Software-based approaches can be used to perform morphologic image analysis, much like a physician would, or software-based algorithms can be used to extract additional information from the data set that is beyond the ability of a human reader. For morphologic image analysis, software algorithms have become available and could theoretically act as a 24/7 expert interpreter of coronary CTA data sets for a first read, with the ability to clear rule-out cases quickly. Alternatively, they could serve as an over-read even for experienced operators, minimizing errors caused by oversight. Little data are currently available regarding the accuracy or added value of such computer programs.31 For the identification and quantification of coronary atherosclerotic plaque, a laborious task it attempted manually, software is also available and has been validated against reference methods, such as intravascular ultrasound.32

An interesting aspect is the use of software-based image interpretation algorithms, which extract information from the data set that is not visible to the human reader. One example is the calculation of the gradient of contrast attenuation within a coronary artery, from the proximal segments toward the distal segments, with the underlying concept that reduced flow caused by a proximal stenosis should lead to a faster drop in contrast attenuation.14-16 This calculation may help differentiate flow-relevant from nonrelevant lesions (even though it needs to be kept in mind that CTA data sets are acquired at rest, not under stress conditions). Another interesting approach is the use of computational flow dynamics to calculate blood flow in the coronary arteries based on the 3-dimensional anatomy provided by CT.33 Initial data indicate that such an approach may derive the CT-based fractional flow reserve (FFR), which correlates closely to the invasively measured FFR. Although the comparison of resting CT data with invasive FFR obtained during maximum vasodilation remains a limitation, initial data show an impressive ability of CT-based FFR to improve the accuracy of coronary CTA when compared with invasively measured FFR. More than sensitivity, specificity was improved. It is reasonable to expect that software-based interpretation will become a major area of research and development in future years.






Future developments

Undoubtedly, both hardware and software for cardiac CT will continue to be improved. However, it is pure speculation that improvements can be expected to become available and in what time frame this will be the case. It is important to note that many aspects are interleaved; higher temporal resolution will require stronger x-ray tubes (or more sensitive detectors) because less time is available to collect the photons for image reconstruction. Higher spatial resolution requires a substantially higher radiation dose to avoid excessive image noise. More sensitive detectors, routine use of iterative reconstruction, or a combination of both will, hence, be the prerequisite before further improved spatial resolution can be considered (Table 1). Close collaboration between clinicians, imaging researchers, hardware engineers, and software developers will, hence, be necessary to guide the further development of this promising method and to make full use of its potential.


Table 1 Comparison of the technical details of the most recent CT scanner generations
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Abstract

Coronary CT angiography is a rapidly growing technique that offers distinct advantages over traditional imaging techniques. However, because of rapid growth of this technique, radiation dose safety has been placed under the spotlight. There are several main determinants of total radiation dose, and these are outlined in this review. Integration of these dose-saving techniques will go a long way in maintaining diagnostic image quality and improving patient safety.
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Coronary computed tomographic angiography (CTA) allows noninvasive visualization of the coronary arteries, and, since the advent of 64-slice multidetector computed tomography scanners in 2005, it has become sufficiently robust for clinical applications. The new method is increasingly penetrating clinical practice. At the same time, the overall volume of imaging procedures, especially computed tomography (CT), in the United States has increased substantially.1 Concerns have been raised that the increasing volume of CT examinations and the associated radiation exposure may lead to an increased incidence of malignancies.2 Coronary CTA has been under particular scrutiny because the radiation dose of this technique can be relatively high. This is of particular concern because coronary CTA examinations are considered particularly for low-risk and often young individuals and there is even speculation about potential screening applications.3 However, new image acquisition protocols have recently been developed to specifically reduce radiation exposure while preserving image quality. This review focuses on the available techniques to reduce the radiation exposure of coronary CTA examinations and provides specific information on the imaging protocols that can be integrated into contemporary clinical practice.


Ionizing radiation background

The general principle of contemporary CT imaging involves the use of an x-ray source rotating rapidly around a detector plate at opposite ends of a gantry wherein lies the patient. By virtue of x-ray production by the x-ray tube, CT scans are considered sources of ionizing radiation. Ionizing radiation is defined as electromagnetic radiation with sufficient energy to displace electrons from molecules with subsequent creation of ions or charged particles. Federal attention to this issue has resulted in increased oversight and plans for greater regulation of the public’s exposure to medical radiation (CT, nuclear medicine, radiotherapy, and fluoroscopies).4

The radiation dose of CT examinations is commonly expressed in terms of 2 parameters: CT dose index (CTDI) and dose-length product (DLP) (Table 1). CTDI represents the integrated dose from 1 axial CT scan (1 rotation of the x-ray tube) and forms the principal measure from which all other dose estimations are derived. CTDI volume (CTDIvol) is a further measure used to describe the radiation dose. It factors in the pitch (table speed relative to gantry rotation) and represents the average radiation dose in 3 dimensions. It is typically reported in milligrays (mGy). The DLP reflects the total energy absorbed attributable to a complete CT scan acquisition and is determined by multiplying CTDIvol by the scan length in the z-direction. DLP is commonly reported by all CT vendors as part of a CT imaging study. The DLP does not incorporate the type of tissue that is exposed to the radiation. However, the so-called effective dose (E, measured in millisieverts [mSv]), which pays tribute to the fact that different tissue types have different sensitivities to radiation, can be estimated based on the DLP by using anatomy-specific conversion factors (k). A conversion factor of 0.014 is often used for thoracic and cardiac CT imaging.5 The advantage of the effective dose is that it can be used to compare radiation exposures of different imaging modalities.

Table 1 Glossary



	Abbreviation
	Description



	Electrocardiographic tube current modulation (ECG TCM)
	ECG TCM is a technique that reduces x-ray tube potential during nonessential parts of acquisition, such as systolic phases (eg, 0%–50% of the R-R interval), and optimizes it for the diastolic portions (eg, 60%–80% of the R-R interval)



	CTDI
	Represents the radiation dose of a single slice from the primary beam and scatter from surrounding slices



	CTDIvol
	A measure used to describe radiation dose factoring in pitch, which represents the average radiation dose in 3 dimensions, and is typically reported in milligrays



	DLP
	DLP reflects the total energy absorbed attributable to a complete CT scan acquisition and is determined by multiplying CTDIvol by the scan length in the z direction



	Pitch
	Pitch is a dimensionless variable and refers to the speed of the table relative to the gantry rotation speed. Pitch is therefore the amount of overlap between contiguous slabs of data



	Field of view (FOV)
	The predetermined area or space that is being imaged. FOV is measured in centimeters and is a function of the x-ray beam width



	Slice thickness (mm)
	The thickness of tissue that is being acquired and later averaged to be displayed for interpretation. This is typically analogous to the detector width on multislice CT systems




The correct conversion factor to use in coronary CT has been disputed, and there are indications that a higher value may be necessary, especially in the female population.

The parameter E describes the effective dose delivered only to the volume of tissue that is being irradiated, with the tissues’ radiosensitivities adjusted when incorporating the k factor. However, the radiosensitivity of tissues involved in CT varies between men and women despite a single recommended k factor for thoracic imaging without gender-specific values. Therefore, when patients differ in age, size, and shape from phantom models from which the k factor is derived, E can vary significantly.

Mean effective radiation doses are given in Table 2 for commonly performed procedures and expressed in millisieverts (mSv).

Table 2 Mean effective radiation doses



	 
	Dose (mSv)



	Natural environmental exposure
	2–3



	Commercial flight
	0.005/h



	CXR (posteroanterior, lateral)
	0.04–0.06



	Diagnostic catheterization
	2–10



	Percutaneous coronary intervention
	25



	Tl-Tl stress redistribution SPECT
	22



	Tl-Tc SPECT MPI
	23–41



	Tc-Tc SPECT MPI
	15



	Rubidium Rb 82 PET
	12–13



	Ammonia N 13 PET
	2



	FDG F 18 PET
	7



	Head CT
	5



	Chest CT
	12



	Pelvis CT
	15



	Coronary calcium score (EBCT)
	0.8–1.3



	Coronary calcium score (64-slice MDCT)
	2–3



	Cardiac MDCT (4 slice)
	3–13



	Cardiac MDCT (8 slice)
	12–24



	Cardiac MDCT (64 slice)
	9–24



	Cardiac MDCT (320 slice)
	6



	Prospective MDCT (64 slice)
	2–3




Abbreviations: CXR, chest radiography; EBCT, electron beam CT; FDG, fludeoxyglucose; MDCT, multidetector CT, MPI, myocardial perfusion imaging; PET, positron emission tomography; SPECT, single photon emission CT; Tc, technetium; Tl, thallium.

Data from Einstein AJ, Moser KW, Thompson RC, et al. Radiation dose to patients from cardiac diagnostic imaging. Circulation 2007;116(11):1290–305. Available at: http://www.ncbi.nlm.nih.gov/pubmed/17846343.

To understand why coronary CTA may be a potential source for relatively high radiation dose studies, it is worthwhile reviewing how a coronary CTA study is acquired. Visualization of the coronary arteries is possibly the most challenging CT task because it requires both a high temporal resolution to negate the motion of the coronaries as well as high spatial resolution to differentiate small structures such as the coronaries and adjacent tissues.6 Coronary CTA requires synchronization of both the acquisition and the reconstruction of images to the patient’s cardiac cycle (a process known as cardiac gating). This is typically done by monitoring the patient’s electrocardiogram via an electrocardiographic gating monitor attached to the CT machine. To obtain image datasets with the least motion artifact and because the coronaries are moving throughout the cardiac cycle, the x-ray tube needs to be turned on throughout the acquisition period (approximately 10 s for 64-slice CT). Acquisition can be achieved either via retrospective gating (acquisition throughout the patient’s cardiac cycle) or through prospective triggering (turning the x-ray tube on only during preselected portions of the cardiac cycle). In addition, to obtain high-resolution images of small structures such as the coronary arteries, image noise needs to be kept to a minimum. This is accomplished by increases in x-ray tube voltage and tube current.




Current strategies to reduce radiation dose

There is a high variability of overall effective radiation doses between sites that perform coronary CTA.7 Multiple techniques now exist to reduce overall radiation dose drastically on routine coronary CTA studies (Table 3). Ideally, standardized protocols for each laboratory need to be established depending on local availability of CT scanner technology and operator comfort for the routine and seamless integration of these recommendations. We recommend using a standard protocol involving a stepwise series of measures that can be used to lower overall dose substantially.


Table 3 Strategies for dose reduction

[image: image]



Cardiac Gating Mode

All coronary CTA studies are done by timing the scan acquisition and subsequent image reconstruction to the patient’s intrinsic cardiac rate and rhythm, a process known as cardiac gating. Two methods are currently available for acquisition of coronary CTA: retrospective gating and prospective triggering.

Retrospective acquisition has been the default technique used to date; however, it is associated with higher radiation doses because of continuous incident x-rays being generated throughout the cardiac cycle. Acquisition is achieved using a spiral method as the patient table moves within the system gantry. This affords the possibility of reconstructing data from any of the cardiac phases, thus improving diagnostic performance in situations in which suboptimal image quality is encountered because of coronary motion. Retrospective gating also affords the advantage of creating suitable cine loops for ventricular function and volume.

Prospective acquisition allows for the x-ray beam to be turned on only during predefined phases of the cardiac cycle (typically diastolic phases, eg, 65%–75%) and turns the beam off completely at all other phases.8 Acquisition is typically accomplished sequentially in an axial orientation with stepwise motion of the table on alternating heartbeats.

An important reason for the dramatic differences in overall radiation doses between the 2 techniques is the pitch factor (pitch refers to the speed of the table relative to the gantry rotation). Retrospectively gated studies have greater slice overlap (higher pitch) with a resultant higher overall dose.

This development has led to substantial dose improvements over retrospective gating. The results of the PROTECTION III (Prospective Multicenter Study on Radiation Dose Estimates of Cardiac CT Angiography III) trial demonstrated that in 400 patients the overall radiation was reduced by 69% (3.5 vs 11.2 mSv) by sequential (prospective triggering) versus spiral acquisition (retrospective gating) modes.9 Importantly, image quality was not different in the 2 groups. The key to successful use of low-dose strategies is aggressive control of the heart rate, which, in turn, avoids false-positive findings and reduces equivocal examinations that require further testing. A recent meta-analysis of 61 coronary CTA studies found a mean effective dose of 3.4 ± 1.4 mSv for prospectively triggered versus 9.4 ± 4.8 mSv for retrospectively acquired scans.10 The duration of x-ray exposure during diastole (padding or pulsing window) directly influences the radiation dose, such that every 100 milliseconds of additional padding increases overall radiation dose by 45%.11 Requirements for successful prospective cardiac gating are a slow and regular heart rate (ideally, a rate <60 beats per minute and variability of <5 beats per minute). The practical aspects of narrowing the pulsing window are more challenging than the strategies previously mentioned. Certain CT manufacturers limit the maximal tube current during prospective acquisition mode, making this a suboptimal technique in large patients. An alternative form of prospective gating has been introduced that allows for helical scanning during the diastolic portion of the cardiac cycle without the need to use alternate heart beats for table motion (the patient table moves continuously throughout the study).12




Tube Current Modulation

Tube current is a measure of the x-ray quantity or number of photons being generated to travel across the patient. Higher tube current produces higher sampling rate with resultant better image quality and less image noise, however, at the cost of higher radiation dose. Tube current, similar to tube voltage, can be predefined by the operator before the scan is acquired. All these factors need to be assessed when prescribing tube current before acquisition in coronary CTA. Algorithms based on patient size and weight have been proposed to produce reliable and
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