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1 Introduction

Computed Tomography (CT) has been one of the major advancements in diagnostic radiology and oncology.  Most modern hospitals have a CT scanner in their shock-trauma centers for immediate scans to explore for major internal injuries such as internal bleeding and aortic aneurysm.  This paper describes CT principles, clinical applications, advantages and limitations, and provides a comparison to other modalities.
2 History
The reconstruction of images from projections was attempted as early as 1940 without the use of the modern computer technology.  In 1940, Gabriel Frank was able to describe the basic idea of modern tomography including such concepts as Sinograms (i.e. representation of measurement data as linear samples versus view samples) and optical back projection [1]. 
In 1956, Allan M. Cormack conducted experiments on reconstructive tomography in medical applications. He reconstructed attenuation coefficients of tissues to improve the accuracy of radiation treatment which lead to the development of a mathematical theory for image reconstruction. However, due to difficulty of calculations, his work was not recognized at the time.
The first clinical CT scanner was developed in 1967 by Godfrey N. Hounsfield at the Central Research Laboratories of EMI, Ltd., in England. When he was investigating pattern recognition techniques, he concluded that X-ray measurements taken through a body from different directions would allow the reconstruction of its internal structure. Due to the low-intensity of the gamma source, it took 9 days to complete the data acquisition and construct the image including the computation of 28,000 simultaneous equations in 21 hours [1].

After further refinement of the data acquisition, images were constructed in less than 5 minutes. 
This led to the installation of the first clinical CT device at Atkinson-Morley Hospital in September 1971. A month later, the first patient with a large cyst was scanned and the pathology was confirmed from the image. In 1979, Cormack and Hounsfield shared the Nobel Prize for their contributions in the development of computed tomography in the field of physiology and medicine [2].
3 Principles of CT
The principal of CT is the measuring of the spatial distribution of physical material to be examined from different directions and to compute superposition free images from this data. It is basically a technique of X-ray photography by which a single plane of a patient is scanned from various angles in order to provide a cross-sectional image of the internal structure of that plane [1].
For conventional radiography, the relative distribution of X-ray intensities is what is being measured.  Figure 1 demonstrates how this is achieved.  An X-ray source of intensity Io is used to send uniform intensity X-rays through a patient.  The X-rays then exit the other side with an intensity of I(x,y) and interact with a radiography film sheet.  The exiting X-rays are attenuated by the varying material densities that they pass through.  The different paths through the material will attenuate the X-rays by varying amounts, based only on the mass attenuation coefficient (μ), since the distance (d) is the same on all point of the radiography film.  It is this variance that is recorded by the two-dimensional radiography film and is shown as lighter or darker contrasts.
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Figure 1:  Typical radiography concept
This process has some limitations.  Specifically, the image captured is a two dimensional representation of three dimensional anatomy.  As a result, structures are overlapping on the image and make positional details hard to see.  Another limitation is that the mass attenuation coefficients for tissues do not vary greatly.  Thus, it is difficult to resolve some internal structures.  However, computed tomography (CT) provides solutions to these limitations.
The principle of CT is to have many measurements of attenuation through the plane of a finite-thickness cross section of the patient. Figure 2 shows this concept.  An X-ray source is used to scan a patient along this plane, while a detector on the opposite side measures the attenuated X-rays along this plane and the computer records this capture.  Once the patient has been scanned from one side of the plane to the other side, both X-ray source and detector rotate around the patient by a predetermined amount and the translational scan is repeated.  The internal components of the patient are interpreted by the computer as a group of small volumes, each with their own average mass attenuation coefficient.  These volumes are called voxels (like pixels on a TV screen).  The smaller the voxel volume, the higher the resolution of the image.

[image: image1]
Figure 2: CT cross-sectional measurement [4] 
In order to generate an image of the cross section, the computer must attempt to calculate the average mass attenuation coefficients (μ) of each of the voxel volumes.  This could be determined algebraically with a very large number of simultaneous equations, however a simpler method called filtered back-projection was used in the early CT scanners and remains in use today.  X-ray scans are collected in sets called projections, which are made across the patient in a particular direction in the section plane.  To reconstruct the image from the X-ray measurements, each voxel must be viewed from multiple different directions. A complete data set requires many projections at rotational intervals of 1° or less around the cross section. Back-projection effectively reverses the attenuation process by adding the attenuation value of each X-ray in each projection back through the reconstruction image. This requires a significant computer power to quickly generate the patient image.  Because this process initially generates a blurred image, the data from each projection are mathematically altered (filtered) prior to back-projection to eliminate the blurring [3]. 
The first-generation CT scanners acquired the cross sectional image with an X-ray beam collimated to a narrow "pencil" beam directed to a single detector on the other side of the patient.  A single projection was acquired by moving the tube and detector in a translational motion.  To acquire the next projection, the frame rotated by 1°, then translated in the other direction.  The second-generation CT scanners were essentially the same as the first-generation; however, more detectors were added, at an angular displacement to cover more of the patient volume in a single scan.  This increased the angle for each rotation, and thus reduced the number of translational scans required, thus reducing the total scan time to tens of seconds.  The third-generation CT scanners use a rotate-rotate geometry.  In these scanners, the X-ray tube is collimated to a wide, fan-shaped X-ray beam and directed toward an arc-shaped row of detectors. During scanning, the tube and detector array rotate around the patient.  Typical scan times are on the order of a few seconds or less.  Fourth-Generation CT scanners are similar to third-generation, but only the source rotates within a stationary ring of detectors.  Another different type of CT scanner is the Electron Beam CT, which was specifically developed for imaging of the heart.  It operates by focusing an electron beam to a ring of tungsten targets that are positioned around the patient. Each target generates two beams of photons, which are detected by a semicircular (180o) array of detectors above the patient [3].
The development of Helical (Spiral) CT scanners was a significant step in CT scanning that finally allowed true 3D image acquisition within a single breath hold. The technique involves the continuous acquisition of projection data through a 3D volume of tissue by continuous rotation of the X-ray tube and detectors and simultaneous translation of the patient through the gantry opening.  The final technological advancement was the introduction of Multislice CT.  This scanner is similar to the Helical CT, in that the source and detectors rotate around the patient continuously, but the Multislice CT uses more than one row of detectors in more than one cross-section, and the X-ray source outputs a larger fan beam to cover more patient volume at once.  This means that the scanner covers a much larger area of interest in a much shorter scan time.  Current Multislice CT scanners include 16 rows of detectors which require significant computing power and software for post processing and image reconstruction.  As computer power and technology advances, the number of detector rows will increase [3].

4 Clinical Application
A CT scan has many diagnostic clinical applications.  It improves the diagnosis accuracy by delineating details of the organs including soft tissues and bones. CT scan can provide information about the spread of an infection or tumors to different body parts and can assist surgical interventions, biopsies, and radiotherapies.  Some of the clinical applications of a CT scan are further described in the following subsections.  
4.1 Contrast Agents and Drugs 
In a CT scan, the use of different non-radioactive contrast agents is often required to enhance the visibility of blood vessels, soft tissues, and certain organs.  Contrast agents can be administered through various methods.  Agents containing iodine are injected into the vein to enhance the imaging of blood vessels and organs such as kidneys.  It also accentuates the appearance between normal and abnormal tissue in organs like liver and spleen.  Barium sulfate and gastrografin can be orally consumed to enhance CT images of the abdomen and pelvis. Barium sulfate can also be administered by enema for imaging the colon. For very special cases of lung and brain imaging, a xenon contrast agent can be inhaled by the patient.  In addition to the contrast agents, for imaging of certain organs such as colon, a drug may also be injected to slow down the normal movement of the bowel.  As this movement could distort the scan and make it more difficult to interpret the image [5,6,7].
4.2 Body Imaging and Diagnosis
CT scan is used as a diagnostic tool for cancer, trauma, musculoskeletal disorders, infections and cardiovascular diseases.  Not only CT scan can detect and confirm the presence of cancers, but can also reveal the size, location, and extent of a tumor.  Usually in a CT scan, benign tumors such as neurofibromas and lipomas can be differentiated from malignant tumors based on their density. In addition, a CT scan can help distinguish between tumor and abscess since the later appears as a soft tissue mass with more lucent center. A CT scan can also define tumor borders, cartilage invasion, and the anatomy of the surrounding tissues [5,6]. 
Due to the high spatial contrast resolution of CT scans, most body parts and tissues can be accurately investigated.  Imaging of head or brain by CT enables detection of blood clots, enlarged ventricles, internal bleeding, skull fracture, and obstruction in the drainage pathway of the sinus.  CT exam of abdomen can reveal abnormalities in kidneys (e.g., kidney stones), liver, adrenal glands, pancreas, and appendicitis.  It can also identify lump, enlarged lymph nodes or glands and occult fractures in the neck area.  Herniated disc, spinal stenosis and fractures in the spine can also be detected via CT scans [6,8].  
A quantitative measurement of bone mineral content for the detection of osteoporosis can be obtained using a specific CT technology known as Quantitative CT (QCT).  An advantage of QCT is that it can measure bone in three-dimensional sections and separate between cortical and trabecular bone with great anatomic detail.  This information is useful for detection of fracture and determination of bone mineral content [4,5,7].  
Another application of CT technology known as CT angiography, utilizes contrasting agents to accentuate the blood vessels in different organs.  This allows for the detection of vascular disorders and diseases which could lead to kidney failure, stroke or gangrene [7-9].
4.3 Surgical Intervention
Another application of CT where continuous images can be acquired is known as fluoroscopic CT (FCT). This technique allows for continuous monitoring of the surgical instrument, its path, and the targeted body part. This will eliminate the need for many exploratory surgical procedures such as thoracotomy and laparotomy. FCT is used in surgical interventions such as guided diagnostic biopsies to remove a sample tissue for pathologic testing.  FCT can also be used for drainage of fluids from cyst, abscess, lymphoceles, or hematomas.  In addition, FCT is effective in pain therapy treatments such as in spinal disk space therapeutic injections (shown in Figure 3), and in minimally invasive operations like cyst removal and ablation of tumors [5,10].
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Figure 3: Pain therapy [F1]
4.4 Surgical and Radiotherapy Planning
The extent and location of the tumor are essential in the surgical and radiotherapy planning. CT imaging offers a detailed depiction of the tumor and adjacent tissues as well as staging of the tumor.  The CT scan is more beneficial for small tumors which require higher precision during radiotherapy or surgical planning as compared to large tumors.  3D images constructed from CT scans are helpful when planning radiotherapy treatments. These images enable optimization of dose and radiation beams to destroy the cancerous cells while avoiding or minimizing dose to the major surrounding organs [7,11].
4.5 Surgical and Therapeutical Success Determination
CT scan plays an important role in determining the success of surgical and therapeutical procedures.  In cancer treatments, several CT scans may be needed at different stages to confirm the degree of success in therapeutic treatment.  For example, after tumor treatments, the extent of tumor removal could be determined using a follow-up CT scan. In the case of chemotherapy treatment of metastases, CT scan may not be as efficient in the success determination due to its small size and large spread in the body [12].
4.6 Virtual Endoscopy 

Conventional endoscopy involves the use of instruments to visualize and explore the internal organs of the body.  Due to the invasive nature of the endoscopic procedure, serious side effects such as perforation, infection and hemorrhage can be encountered. Conventional CT scans produce cross section of the body which needs to be viewed sequentially to extrapolate and construct the actual 3 dimensional anatomy [9,13-18]. 
With the advent of spiral CT and Multislice CT along with the advancement of computing technology, direct 3D imaging of human anatomy is now available and is known as virtual endoscopy.  This is a non-invasive diagnostic tool which provides simulated 3D visualizations of organs similar to those produced by conventional endoscopic procedures. Virtual endoscopy not only avoids the risks associated with conventional endoscopy, but also can visualize body parts which are not accessible or compatible with conventional endoscopy. Examples of virtual endoscopy include virtual colonoscopy and bronchoscopy (shown in Figure 4) [9,13-18].
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Figure 4: The bronchial trees, the heart, aorta, and vertebrae as seen in a virtual endoscopic procedure via CT scanner [F2]
4.7 Screening 

Medical screening tests are usually beneficial since they can detect diseases in an earlier stage while they can be treated.  Although screening with CT could identify certain diseases, it may not always be accurate. Thus, confirmatory tests and aggressive treatments such as chemotherapy or surgery may be required, which could lead to serious side effects. As a result, screening by CT is not currently recommended for people who do not present with symptoms [19]. 
5 New Trends

5.1 Perfusion CT 

Any new CT scanner with a proper setup and advanced software can be used for Perfusion CT scanning. Perfusion CT is performed by periodic scanning of the patient prior to, during and subsequent to the injection of contrast agent containing iodine. It relies upon the extraction of functional information rather than anatomical data from the CT scan [11].


Perfusion CT is a relatively new technique which is currently well established for brain imaging.  It shows the volume and flow rate of blood present in the brain in addition to revealing the structure of brain tissue. Perfusion CT is useful for noninvasive diagnosis of cerebral ischemia (stroke), infarction, and assessment of cerebrovascular reserve for vascular stenoses.  For instance, in case of an ischaemic stroke, perfusion CT can indicate whether brain tissues have died due to lack of blood, or whether some could be revived if corrective therapeutic treatments are provided. Perfusion CT can also be used to map tumors and assess their growth rate and stage.  Although Perfusion CT scanning of other body organs such as liver or kidneys is currently feasible, it still requires further research to validate its use in some conditions [5,11].
5.2 PET/CT

The PET/CT scanner stands for positron emission tomography combined with computed tomography scanner.  PET provides information regarding growth of tissues within the body by monitoring glucose metabolism whereas CT provides detailed information about the location, size, and shape of various body parts and lesions. The PET and CT technologies are integrated in the PET/CT scanner to provide both metabolic and anatomical information simultaneously. Metabolic activities of organs appear as colored images in PET/CT scan due to the chemical changes in tissues. For example, cancerous tumors are more active than normal tissues and hence appear in different colors [17].

This combined information allows for higher accuracy in detecting tumors and locating different cancers such as breast, esophageal, cervical, melanoma, lymphoma, colorectal, and ovarian cancer.  PET/CT also reduces errors in biopsy sampling, improves radiotherapy planning, and enhances the assessment of response to treatments such as chemotherapy [17].
6 Radiation Dose
CT scanning is a relatively high dose procedure that is becoming much more common worldwide. The Helical and Multislice CT scanners typically have larger doses than the conventional CT scans, due to the continuous nature of the scan.  The electron beam CT scanner will deliver approximately 20% less radiation than a patient would receive from a conventional CT scan.  The primary explanation for this is that the Electron Beam CT scanner is essentially a fast shuttered camera only turning on for brief periods of 50 to 100 msec as needed to acquire the images [20].
Table 1 shows the various doses from CT scans, along with some other activities.  Estimates of radiation exposure are given in rem (radiation equivalent man) which is based on the total amount of X-ray expected to be absorbed by the patient (100 millirem = 1 milliSievert).
Table 1: Various Dose Estimates [21,22]
	Source of Radiation
	Dose (mrem)

	Natural Background (Annual)
	350

	Average Dose to Nuclear Energy Worker (NEW)
	170

	Chest X-ray
	10

	Conventional CT Chest
	800

	Conventional CT Abdomen
	1000

	Helical CT Chest 
	700

	Helical CT Body Scan
	1800

	Electron Beam CT Body Scan
	320


It can be seen that the doses for CT scans are higher than those for normal X-ray radiography, or those typically received by a Nuclear Energy Worker.  Because CT procedures involve far higher radiation exposures than those received in conventional X-ray exams, there is a growing concern that such exposure could contribute to the development of a radiation-induced cancer later in life.  This concern is currently being investigated by the U.S. Food and Drug Administration.  Due to the high radiation dose that a patient could receive from a CT scan, screening without symptoms is usually not justified.  As for utilizing the CT scans for certain diagnostic purposes, the radiation does is minimal in comparison to the benefits achieved.  Technological advancement in detector sensitivity would allow a decrease in patient dose, while not compromising image quality [20]. 
7 Comparison to other Modalities
In addition to CT technology, there are other modalities which can also be used as diagnostic tools such as magnetic resonance imaging (MRI) and positron emission tomography (PET). MRI utilizes a magnetic field and radio waves to produce an image, while PET uses a radioactive marker such as flourodeoxyglucose (FDG) to obtain the image. CT, PET, and MRI are complementary imaging modalities rather than competitive ones. However, every modality has its own unique applications in the pathological diagnosis. 
For instance, CT scan is best for patients in intensive care, patients with suspected occult bone fractures, lesions, or bone erosion, and for body parts where extra internal movements are present, such as abdomen, chest, and the lower neck.  MRI is efficient in many neurological diagnosis, soft tissue diseases, cartilage and tumor staging, for cooperative patients, and those intolerant to iodinated contrast agent used in CT scans.  Since PET provides information regarding growth of tissues within the body by monitoring glucose metabolism, it is best suited for detection and confirmation of cancer [5].  

In addition to the specific clinical applications, other factors such as cost, procedure duration, and availability could limit the selection of a particular modality.  As can be seen in Table 2, a conventional CT scanner costs approximately 0.4-0.8 M$US whereas the Multislice CT scanner costs about 1.2-1.6 M$US.  Typically CT scans take about 10-45 minutes depending on the examination and they cost about $500 on average.  MRI scanner costs around 1-2 M$US and the procedure takes about 60 minutes.  The approximate cost for an MRI scan procedure of the head without contrast is $900 as compared with an average cost of approximately $500 for a CT scan regardless of the contrast use.  A PET scanner costs approximately 2 M$US and produces one scan every 30 to 45 minutes whereas a combined PET/CT scanner costs about 3 M$US and generally produces one PET/CT scan every 30 minutes [17,23-25].
The total number of the different modalities and hence their availability in Canada is also shown in Table 2. The large number of CT scanners across Canada is indicative of an established technology with excellent application in trauma cases and other emergencies [26]. 
Table 2: Comparison of Various Modalities
	
	CT
	MRI
	PET
	PET/CT

	Clinical Applications (Best for)
	Chest, Abdomen, Pelvis, Bones Trauma, Hidden Fractures
	Neurological, Soft Tissues, Cartilage, Head and Brain
	Cancer, Head and Brain
	Same as CT and PET

	Cost (M$US)
	0.4-1.6
	1-2
	2
	3

	Procedure Cost ($US)
	500
	800-1000
	1200-3500
	--

	Duration (min)
	10-45
	30-60
	30-45
	30-40

	Total in Canada (2003)
	317
	120
	13
	1


8 Advantages and disadvantages of CT
8.1 Advantages

As mentioned in previous sections, CT imaging provides detailed views of soft tissues, bones and blood vessels.  It can eliminate invasive exploratory surgeries such as laparotomy, thoracotomy, and invasive endoscopy such as colonoscopy.  It is a non-invasive diagnostic tool which is considered highly accurate, fast, simple, and cost effective.  CT scan can identify internal bleeding and injuries which are essential for treatment of trauma patients. It is also frequently used in assisting surgical biopsies for confirmation of certain diseases [27]. 
8.2 Disadvantages
Despite the many benefits mentioned above, several hazards and disadvantages are present with CT imaging. One of the main hazards of CT imaging is the risk of allergic reaction (nephrotoxicity) to the contrast agent which may cause itching, hives or swelling of body parts.  CT imaging involves exposure to small amount of ionized radiation which is considered a hazard for pregnant women and children. CT scanning may also involve uncomfortable body posture in order to obtain imaging of the desired body part.  In addition, due to the physical shape of the CT equipment, claustrophobic patients may experience anxiety.  Furthermore, early detection of diseases with CT scan may lead to more aggressive treatments such as chemotherapy or radiotherapy which may cause more serious side effects than if diseases were diagnosed based on symptoms. Early detection of diseases is also not 100% accurate. Hence, it may lead to confirmatory procedures, such as invasive biopsies, that in fact may not be necessary [5,28].
9 Conclusions

CT scan has been proven to be an effective, efficient and economical diagnostic procedure.  
The benefits achieved from a CT scan outweigh the risks from small radiation dose received during CT imaging. However, it is still essential that optimization of CT technology include further minimization of the dose, while maintaining the high quality of images. 
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11 Glossary
· Aneurysm: an abnormal blood-filled dilatation of a blood vessel and especially an artery resulting from disease of the vessel wall

· Cerebrovascular: of or involving the cerebrum and the blood vessels supplying it

· Cortical: relating to, or consisting of cortex

· Gangrene: local death of soft tissues due to loss of blood supply
· Laparotomy: sectioning of the abdominal wall

· Thoracotomy: incision of the chest wall

· Trabecular: a small bar, rod, bundle of fibers, or septal membrane in the framework of a body organ or part
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