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Dual energy CT (DECT) refers to the acquisition of CT images at two energy spectra and can provide information about tissue composition beyond that obtainable by conventional CT. The attenuation of a photon beam varies depends on the atomic number and density of the attenuating material and the energy of the incoming photon beam. This differential attenuation of the beam at varying energy levels forms the basis of DECT imaging and enables separation of materials with different atomic numbers but similar CT attenuation. DECT can be used to detect and quantify materials like iodine, calcium, or uric acid. Several post-processing techniques are available to generate virtual non-contrast images, iodine maps, virtual mono-chromatic images, Mixed or weighted images and material specific images. Although initially the concept of dual energy CT was introduced in 1970, it is only over the past two decades that it has been extensively used in clinical practice owing to advances in CT hardware and post-processing capabilities. There are numerous applications of DECT in Emergency radiology including stroke imaging to differentiate intracranial hemorrhage and contrast staining, diagnosis of pulmonary embolism, characterization of incidentally detected renal and adrenal lesions, to reduce beam and metal hardening artifacts, in identification of uric acid renal stones and in the diagnosis of gout. This review article aims to provide the emergency radiologist with an overview of the physics and basic principles of dual energy CT. In addition, we discuss the types of DECT acquisition and post processing techniques including newer advances such as photon-counting CT followed by a brief discussion on the applications of DECT in Emergency radiology.
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INTRODUCTION

Multidetector Computed Tomography (MDCT) has revolutionized diagnostic radiology and has become the workhorse of medical imaging, especially in the emergency department (1). Conventionally, MDCT has been performed with a “single energy” where a single polychromatic x-ray beam (typically generated by a 100–120 kVp tube voltage) is generated by a single source and detected by a single detector array. Dual energy and multi-energy CT involve acquiring images at two or more energy spectra at different kilovoltage peaks (kVp). Acquisition of images at two energy levels allows for differentiation of materials with different atomic numbers which may have the same CT attenuation. Although the concept of dual energy CT acquisition was initially introduced in the early 1970s, it has been only over the past two decades that it has been used widely in routine practice. DECT can be used to generate virtual monochromatic images, material density images, virtual unenhanced images, calcium subtracted images, Iodine maps and can be used to reduce artifacts such as beam hardening and metallic artifacts. The purpose of this article is to discuss the basic principles of DECT, considerations for image acquisition and techniques, and a brief overview of clinical applications of DECT particularly in emergency radiology. Specific clinical applications of DECT are available elsewhere in this issue.



BASIC PHYSICS

In conventional CT, the image is generated by the attenuation of the photon beam by various materials encountered in its path such as muscle, fat, fluid, bone, metal, or intravenous iodinated contrast material (2). The attenuation of the x-ray beam is a function of the energy of the x-ray beam and the density and atomic number of the attenuating material. Two main phenomena govern the attenuation in the range of energies encountered in medical imaging: photoelectric effect and Compton scatter. The photoelectric effect refers to removal of an electron from an inner shell of the atom by the incident photon. Each material has a characteristic k-shell energy level, which is the minimum energy required by the incoming photon to remove an inner-shell electron. At mean energies just above the k-shell energy level, the attenuation of the incoming photon beam is the highest with subsequent tapering at higher energy levels. This is referred as “k-edge” or “k-absorption edge” of the material.

In conventional CT with a single energy spectrum, many materials with different atomic numbers may have similar attenuation values. Although calcium and iodine have different atomic numbers, they can demonstrate similar CT attenuation on conventional CT images and it is therefore often difficult to differentiate between atherosclerotic calcification and intraluminal contrast on a CT angiogram, or between a renal stone and excreted contrast into the renal pelvis (3). The core principle of DECT lies in the fact that the absorption of the incoming photon varies as a function of energy. When exposed to a single-energy beam, two different materials may have the same attenuation value. However, when exposed to a second beam of a different energy closer to one of the materials' k-edge, the materials may demonstrate different attenuation values. This differences in attenuation at two different energies can be utilized to identify and characterize the individual materials (4). For e.g., at 120 kVp single-energy CT, both calcium in bone and high-density iodinated contrast material may have very similar attenuation values. However, when exposed to a lower energy X-ray beam generated by a 70 kVp tube voltage (which is closer to the k-edge of iodine), the iodinated contrast would exhibit a higher attenuation than calcium, thus enabling separation of the two materials. The two kVp settings commonly used in DECT in current practice are 80 kVp and 140 kVp (5, 6).



DECT ACQUISITION TECHNIQUES

DECT requires two different datasets acquired at two energy levels. Several hardware strategies have been developed by different vendors for image acquisition in DECT (Figure 1).


[image: Figure 1]
FIGURE 1. Illustrations demonstrating the various dual-energy CT scanning techniques (A) rapid energy switching (B) dual source scanning (C) multilayer detector.



Dual-Scanning Technique

The dual-scanning technique is essentially a repeated scan of the same anatomical region at two different energy settings, amounting to a “dual scan”. This can be achieved by sequentially repeating either the entire target volume or each axial slice acquisition. The major advantage of this technique is that it can be easily implemented on existing equipment without any additional upgrades or replacements. A major disadvantage, however, is the misregistration due to movement in between the acquisitions (4, 6, 7).



Rapid Energy Switching

In this type of technique, the x-ray source can rapidly switch between low and high energy beam, hence shortening the length of scan and minimizing any motion artifacts. However, the tube current is usually unchanged throughout the kV-switching process with proportional exposure allocated to each energy. A major disadvantage of this method is the need for a specialized hardware, as well as the overlap in energy spectrum between the two energy settings, given the rapid switching (4, 6, 7).



Dual-Source Technique

In this technique, there are two x-ray sources, mounted orthogonally to each other. These operate independently, allowing optimal control of scan parameters for each source. Additionally, the sources operate simultaneously, offering exceptional temporal resolution as only a quarter rotation is required for each detector for image reconstruction. Two independent sources also allow no overlap in the energy spectra, which improves contrast-to-noise ratio. The hardware is however expensive and intensive. There is also a need for scatter correction algorithms as scatter from one detector can confound the image detected by the other (4, 6, 7).



Multilayer Detector

Rather than exposing the target with two separate beams of energy levels, a specialized multilayered or “sandwich” scintillation detector allows for differentiating the energy levels at the detector level. The inner layer of detectors collect data from the low energy photons and the outer layer of detectors collect data from the high energy photons. As such, this system always operates in the dual-energy mode, allowing retrospective dual-energy analysis for any study. The low and high energy is acquired simultaneously, with no impact on the scan times or motion artifact. However, the system requires specialized equipment. Additionally, the lack of control over the scan parameters for each energy compromises the image quality. This is partly mitigated by the utilization of a variable detector thicknesses (4, 6, 7).



Photon Counting CT

Photon counting CT (PCT) is a recent development in CT technology and has shown tremendous progress in the last few years. The mechanism of the photon counting CT differs substantially from a conventional CT. It utilizes a single energy x-ray source with a single thick layer of energy resolving detectors. The detectors in PCT do not use scintillators and use direct conversion technology to convert the x-rays directly into charged particles. The detectors count the number of incoming attenuated photons individually and separate them into different photon bins based on their energy levels (8). This allows for multi energy image acquisition from a single x-ray energy source. The major advantages of photon counting CTs include ability to obtain images with a high contrast to noise ratio and high spatial resolution, decrease electronic noise, potential for radiation dose reduction and reduction of beam hardening and metallic artifacts (9).




TYPES OF IMAGES GENERATED AND POST-PROCESSING TECHNIQUES

Several image output options are available for DECT, depending on the purpose of the study. While two polychromatic beams with low and high average kVp are used for image acquisition, mathematical post-processing algorithms and modeling allows for reconstruction of virtual monoenergetic images (VMI) at any energy level between the two levels. This unique advantage of DECT allows the radiologist to optimize the images based on the clinical interest. For e.g., Low energy virtual monochromatic image are used to maximize the visualization of iodinated contrast and improve the contrast to noise ratio. VMC images created at 50 keV have been reported to demonstrate peak contrast to noise ratio (10). On the other hand, high-energy > 90 keV reconstruction images minimizes artifact from metallic hardware (11, 12). Additionally, a mixed or weighted image is generated from the average of the two datasets, typically a combination of 50–60% low energy and 40–50% high energy images (typically at 70 keV), which simulates the conventional single energy image. These images are typically used for routine diagnostic interpretation.

One of the true benefits of DECT lies in its ability for material characterization. Material specific images can be generated from high and low energy projection data and can show the distribution of a particular material on the CT images (7). This can be accomplished by using either a two-material decomposition or three material decomposition algorithms. Post-processing algorithms can also generate images with the target material subtracted (e.g., virtual unenhanced study from iodine subtraction), target material only (e.g., iodine map) or a combination (e.g., virtual unenhanced with superimposed iodine map). Similar analysis can also be performed for bone (e.g., calcium-subtracted angiographic images to minimize artifact from atherosclerotic plaque). In addition, material specific images can also provide quantitative information about the target material (e.g., quantification of calcium distribution in vessels or to provide quantitative assessment of hepatic steatosis).



RADIATION DOSE

In its early days, DECT was associated with a significant increase in radiation dose, as it essentially amounted to scanning the patient twice. However, improvements in DECT detectors have led to significantly shorter scanning times, as well as multi-layered detectors for allowing differential data acquisition for multiple energy beams. Advances in x-ray source technology have allowed for tools such as fast kV switching and software innovations have resulted in advanced post-processing and iterative reconstruction algorithms, allowing for improved image quality at a lower dose (13). Numerous recent studies have shown that radiation dose in DECT is comparable, if not less, than conventional single energy CT (14–16). Dose reduction is especially relevant in coronary CT angiography where it has been shown that radiation dose associated with dual energy cardiac CT is significantly lower than conventional CT while providing equivalent diagnostic information (15, 17).

One of the ways DECT minimizes radiation dose is by obviating the need for unenhanced images, which can readily be extracted from contrast-enhanced examination by identifying and subtracting the iodine from the images (18). This leads to reduction in radiation dose in multi-phasic examinations such as CT urography, post-EVAR CT angiography and multiphasic abdominal CT. What was once double the radiation dose, is now nearly comparable to a single-energy scan (19). Furthermore total dataset in DECT is split between the two energy beams in dual-source and fast-KV techniques, rather than duplicating two full single-energy scans (4). The superior contrast to noise ratio of DECT also enables to reduce the radiation dose and also to decrease the dose and/or rate of contrast volumes administered compared to single energy CT without a detrimental effect on image quality (20).



APPLICATIONS IN EMERGENCY RADIOLOGY

There have been numerous applications of DECT in radiology and the list is growing with time. From head to toe, DECT can aid in the detection, diagnosis and management of many conditions, including in an acute setting (21–24). A brief overview of applications in emergency radiology is presented below and a more thorough review of these applications will follow in other articles in this issue.

DECT can perform iodine mapping and demonstrate differential enhancement of brain parenchyma in acute stoke and also to differentiate between venous thrombosis from iodine flux artifacts (24). Material specific iodine images have also been used to differentiate intraparenchymal hemorrhage and contrast staining in stroke (25). VNC images can be reconstructed from contrast enhanced acquisitions and approximates true non-contrast images. This can reduce the number of acquisitions and radiation exposure and has been used in the imaging of acute aortic syndromes for diagnosis of intramural hematomas (26). VNC images have also shown to reduce the need for additional studies in characterizing incidentally detected adrenal nodules (27). Iodine specific images have been used to determine the absence of enhancement in hyperdense renal cysts incidentally detected on single phase contrast studies thereby differentiating it from enhancing hyperdense solid nodules (28). DECT can also be used to demonstrate bone marrow edema in occult fractures and absence of bowel wall enhancement in acute ischemia (Figure 2) (29, 30).
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FIGURE 2. 80-year old man presenting to the Emergency Department with acute abdominal pain. Dual energy CT (using a dual-source scanner) in the portal venous phase was performed. (A) Axial DECT 70 keV image (simulated 120 kVp image) shows a loop of small bowel in the left side of the abdomen which appears to be thickened (arrow). It is unclear if the bowel is normally enhancing or not. (B) Axial virtual unenhanced image reconstructed using the dual-energy dataset shows that the bowel loop is hyperattenuating. This would imply intramural hemorrhage. (C) Axial iodine color overlay images reconstructed from the dual energy data set, show lack of color in the bowel wall implying lack of iodine and lack of enhancement. Bowel ischemia was confirmed at laparotomy.


Iodine mapping is also useful in diagnosis of acute pulmonary embolism. High energy virtual mono-chromatic images can be used to reduce beam hardening. The ability to characterize material plays an integral role in genitourinary imaging where identification of certain types of renal stones can guide management. Breakdown of enhancement characteristics enhances diagnosis of acute abdomen by demonstrating ischemic bowel (31). Calcium subtraction can better characterize the vessel patency in cases of acute limb ischemia. There are many more applications of DECT in non-emergent setting, with excellent reviews published previously (4, 32, 33).



CONCLUSION

While the concept of DECT is certainly not recent, technological advances in hardware and software have made it more applicable and feasible in recent times. There are several established applications of DECT that aid in detection, diagnosis, and management of several acute and non-acute pathologies. The gamut of its applications continues to rise, with more applications on the horizon. As more institutions adopt newer generation scanners and technologies with time, DECT will emerge as a valuable player in the radiologist's toolkit.



AUTHOR CONTRIBUTIONS

DO and SN wrote the initial manuscript. SP and SS were involved in proof reading, revision, and preparation of figures. AS and SK devised the project, conceptual outline, and revised the final version of the manuscript. All authors approved the submission of the final manuscript.



REFERENCES

 1. Ginat DT, Gupta R. Advances in computed tomography imaging technology. Annu Rev Biomed Eng. (2014) 16:431–53. doi: 10.1146/annurev-bioeng-121813-113601

 2. Goo HW, Goo JM. Dual-energy CT: new horizon in medical imaging. Korean J Radiol. (2017) 18:555–69. doi: 10.3348/kjr.2017.18.4.555

 3. Ghasemi Shayan R, Oladghaffari M, Sajjadian F, Fazel Ghaziyani M. Image quality and dose comparison of single-energy CT (SECT) and dual-energy CT (DECT). Radiol Res Pract. (2020) 2020:1403957. doi: 10.1155/2020/1403957

 4. McCollough CH, Leng S, Yu L, Fletcher JG. Dual- and multi-energy CT: principles, technical approaches, and clinical applications. Radiology. (2015) 276:637–53. doi: 10.1148/radiol.2015142631

 5. Coursey CA, Nelson RC, Boll DT, Paulson EK, Ho LM, Neville AM, et al. Dual-energy multidetector CT: how does it work, what can it tell us, and when can we use it in abdominopelvic imaging? Radiographics. (2010) 30:1037–55. doi: 10.1148/rg.304095175

 6. Murray N, Darras KE, Walstra FE, Mohammed MF, McLaughlin PD, Nicolaou S. Dual-energy CT in evaluation of the acute abdomen. Radiographics. (2019) 39:264–86. doi: 10.1148/rg.2019180087

 7. Patino M, Prochowski A, Agrawal MD, Simeone FJ, Gupta R, Hahn PF, et al. Material separation using dual-energy CT: current and emerging applications. Radiographics. (2016) 36:1087–105. doi: 10.1148/rg.2016150220

 8. Willemink MJ, Persson M, Pourmorteza A, Pelc NJ, Fleischmann D. Photon-counting CT: technical principles and clinical prospects. Radiology. (2018) 289:293–312. doi: 10.1148/radiol.2018172656

 9. Leng S, Bruesewitz M, Tao S, Rajendran K, Halaweish AF, Campeau NG, et al. Photon-counting detector CT: system design and clinical applications of an emerging technology. Radiographics. (2019) 39:729–43. doi: 10.1148/rg.2019180115

 10. Zhang D, Li X, Liu B. Objective characterization of GE discovery CT750 HD scanner: gemstone spectral imaging mode. Med Phys. (2011) 38:1178–88. doi: 10.1118/1.3551999

 11. Pessis E, Campagna R, Sverzut JM, Bach F, Rodallec M, Guerini H, et al. Virtual monochromatic spectral imaging with fast kilovoltage switching: reduction of metal artifacts at CT. Radiographics. (2013) 33:573–83. doi: 10.1148/rg.332125124

 12. Bamberg F, Dierks A, Nikolaou K, Reiser MF, Becker CR, Johnson TR. Metal artifact reduction by dual energy computed tomography using monoenergetic extrapolation. Eur Radiol. (2011) 21:1424–9. doi: 10.1007/s00330-011-2062-1

 13. Agostini A, Mari A, Lanza C, Schicchi N, Borgheresi A, Maggi S, et al. Trends in radiation dose and image quality for pediatric patients with a multidetector CT and a third-generation dual-source dual-energy CT. Radiol Med. (2019) 124:745–52. doi: 10.1007/s11547-019-01037-5

 14. Henzler T, Fink C, Schoenberg SO, Schoepf UJ. Dual-energy CT: radiation dose aspects. AJR Am J Roentgenol. (2012) 199:S16–25. doi: 10.2214/AJR.12.9210

 15. Kerl JM, Bauer RW, Maurer TB, Aschenbach R, Korkusuz H, Lehnert T, et al. Dose levels at coronary CT angiography —a comparison of dual energy-, dual source-and 16-slice CT. Eur Radiol. (2011) 21:530–7. doi: 10.1007/s00330-010-1954-9

 16. Petritsch B, Kosmala A, Gassenmaier T, Weng AM, Veldhoen S, Kunz AS, et al. Diagnosis of pulmonary artery embolism: comparison of single-source CT and 3rd generation dual-source CT using a dual-energy protocol regarding image quality and radiation dose. Rofo. (2017) 189:527–36. doi: 10.1055/s-0043-103089

 17. Agliata G, Schicchi N, Agostini A, Fogante M, Mari A, Maggi S, et al. Radiation exposure related to cardiovascular CT examination: comparison between conventional 64-MDCT and third-generation dual-source MDCT. Radiol Med. (2019) 124:753–61. doi: 10.1007/s11547-019-01036-6

 18. Ho LM, Yoshizumi TT, Hurwitz LM, Nelson RC, Marin D, Toncheva G, et al. Dual energy versus single energy MDCT: measurement of radiation dose using adult abdominal imaging protocols. Acad Radiol. (2009) 16:1400–7. doi: 10.1016/j.acra.2009.05.002

 19. Wichmann JL, Hardie AD, Schoepf UJ, Felmly LM, Perry JD, Varga-Szemes A, et al. Single- and dual-energy CT of the abdomen: comparison of radiation dose and image quality of 2nd and 3rd generation dual-source CT. Eur Radiol. (2017) 27:642–50. doi: 10.1007/s00330-016-4383-6

 20. Tabari A, Gee MS, Singh R, Lim R, Nimkin K, Primak A, et al. Reducing radiation dose and contrast medium volume with application of dual-energy CT in children and young adults. Am J Roentgenol. (2020) 214:1199–205. doi: 10.2214/AJR.19.22231

 21. Aran S, Daftari Besheli L, Karcaaltincaba M, Gupta R, Flores EJ, Abujudeh HH. Applications of dual-energy CT in emergency radiology. Am J Roentgenol. (2014) 202:W314–W24. doi: 10.2214/AJR.13.11682

 22. Wortman JR, Uyeda JW, Fulwadhva UP, Sodickson AD. Dual-energy CT for abdominal and pelvic trauma. Radiographics. (2018) 38:586–602. doi: 10.1148/rg.2018170058

 23. Cicero G, Ascenti G, Albrecht MH, Blandino A, Cavallaro M, D'Angelo T, et al. Extra-abdominal dual-energy CT applications: a comprehensive overview. Radiol Med. (2020) 125:384–97. doi: 10.1007/s11547-019-01126-5

 24. Buffa V, Solazzo A, D'Auria V, Del Prete A, Vallone A, Luzietti M, et al. Dual-source dual-energy CT: dose reduction after endovascular abdominal aortic aneurysm repair. Radiol Med. (2014) 119:934–41. doi: 10.1007/s11547-014-0420-1

 25. Gibney B, Redmond CE, Byrne D, Mathur S, Murray NA. Review of the applications of dual-energy CT in acute neuroimaging. Can Assoc Radiol J. (2020) 71:253–65. doi: 10.1177/0846537120904347

 26. Si-Mohamed S, Dupuis N, Tatard-Leitman V, Rotzinger D, Boccalini S, Dion M, et al. Virtual versus true non-contrast dual-energy CT imaging for the diagnosis of aortic intramural hematoma. Eur Radiol. (2019) 29:6762–71. doi: 10.1007/s00330-019-06322-5

 27. Glazer DI, Maturen KE, Kaza RK, Francis IR, Keshavarzi NR, Parker RA, et al. Adrenal Incidentaloma triage with single-source (fast-kilovoltage switch) dual-energy CT. AJR Am J Roentgenol. (2014) 203:329–35. doi: 10.2214/AJR.13.11811

 28. Cha D, Kim CK, Park JJ, Park BK. Evaluation of hyperdense renal lesions incidentally detected on single-phase post-contrast CT using dual-energy CT. Br J Radiol Suppl. (2016) 89:20150860. doi: 10.1259/bjr.20150860

 29. Gosangi B, Mandell JC, Weaver MJ, Uyeda JW, Smith SE, Sodickson AD, et al. Bone marrow edema at dual-energy CT: A game changer in the emergency department. Radiographics. (2020) 40:859–74. doi: 10.1148/rg.2020190173

 30. Obmann MM, Punjabi G, Obmann VC, Boll DT, Heye T, Benz MR, et al. Dual-energy CT of acute bowel ischemia. Abdominal Radiol. (2021). doi: 10.1007/s00261-021-03188-4. [Epub ahead of print].

 31. Mazzei MA, Gentili F, Volterrani L. Dual-energy CT iodine mapping and 40-keV monoenergetic applications in the diagnosis of acute bowel ischemia: a necessary clarification. AJR Am J Roentgenol. (2019) 212:859–74. doi: 10.2214/AJR.18.20501

 32. Albrecht MH, Vogl TJ, Martin SS, Nance JW, Duguay TM, Wichmann JL, et al. Review of clinical applications for virtual monoenergetic dual-energy CT. Radiology. (2019) 293:260–71. doi: 10.1148/radiol.2019182297

 33. Toia GV, Mileto A, Wang CL, Sahani DV. Quantitative dual-energy CT techniques in the abdomen. Abdom Radiol (NY). (2021). doi: 10.1007/s00261-021-03266-7. [Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Odedra, Narayanasamy, Sabongui, Priya, Krishna and Sheikh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dual Energy CT Physics—A Primer for the Emergency Radiologist



		Introduction



		Basic Physics



		Dect Acquisition Techniques



		Dual-Scanning Technique



		Rapid Energy Switching



		Dual-Source Technique



		Multilayer Detector



		Photon Counting CT







		Types of Images Generated and Post-Processing Techniques



		Radiation Dose



		Applications in Emergency Radiology



		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Radiology

Dual Energy CT Physics—A Primer
for the Emergency Radiologist





OPS/images/fradi-02-820430-g001.gif





OPS/images/fradi-02-820430-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Radiology





