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This book is dedicated to Elizabeth E. Haaga, daughter of John and Ellen Haaga, who was born on 
August 19, 1972, and died December 9, 1985. Beth had a disseminated neuroblastoma, which was 

diagnosed in 1984. She was treated with a bone marrow transplant and died from graft-versus-host 
disease and infection. As her parents, we loved her dearly and cherish the memory of her early years 

when she was well. After the onset of her illness, we came to know that her gentle and loving nature was 
accompanied by a remarkably strong character. She endured her pain and suffering without bitterness 

and never sought to hurt those who loved her. Indeed, most incredulously, she tried to lessen our 
emotional pain even while enduring her physical discomforts. Many authors have marveled at the 

qualities of children, and although Beth’s short life and premature death have left us saddened beyond 
comprehension, her remarkable courage and sweetness have given us a lasting pride and respect. We 

remember her lovingly.

The book is also dedicated to my wonderful family: my wife and soul mate, Ellen, and our children, 
Matthew and Stacie Haaga, Timothy and Molly Haaga, and Rebecca Haaga. Although professional 

successes are important and rewarding, the joy and pride of a loving family far surpass such 
accomplishments. All my love to my current family (and any future additions).

John R. Haaga



I am proud that my efforts as a “narrative diagnostician” have helped young physicians familiarize 
themselves with the challenges of modern clinical radiology. Hence, professionally, I want to dedicate this 

book to the wonderful mentors with whom I was honored to work over the years. A hallmark of any 
medical science is its continuously evolving and expanding knowledge base which, in turn, requires 

regular reevaluation and revitalization of established workflows. I want to thank my mentors for never 
tiring in reminding me of this fact and inspiring me to find new approaches to improve patient care.

Jonathan S. Lewin, MD (Emory University, Atlanta, GA), a gentleman scholar who guided me through 
the continuously evolving field of applied MRI physics and the parallel research methods; as a role model 

he influenced me greatly as I evolved into a scientist and mentor myself.

Jeffrey L. Duerk, PhD (Case Western Reserve University, Cleveland, OH), an exceptional teacher and 
visionary inventor, never tiring of “translating” formulas, figures, and (magnetic) field theories, thereby 
bringing together physicists and physicians in order to broaden everyone’s horizon beyond expectation.

Erik K. Paulson, MD (Duke University Medical Center, Durham, NC), an outstanding diagnostician, 
teacher and leader who inspired me not only with his expertise and devotion to medical science and 
clinical practice but also through his willingness to explore unbeaten paths, thereby assembling an 

outstanding group of like-minded physicians and clinicians who cross-inspire each other.

And finally, my life-long friend, visionary academician and exceptional mentor, Elmar M. Merkle, MD 
(University Hospital of Basel, Basel, Switzerland), who has been there every step of the way and without 

whom my career would not have been possible.

When we all met initially, we all were in young stages of our careers. Over the evolving decades, our 
friendships formed and matured, emphasizing this most important characteristic of mentorship. Even 

now, meeting together with the now Executive Vice President for Health Affairs, the Dean of Biomedical 
Engineering, and two Chairmen of visionary and fascinating radiology departments, respectively, helpful 

and honest advice is always obtained, for mentorship is seen by these outstanding individuals as a 
lifelong responsibility. Thank you to all.

I also want to dedicate this book to my parents, brother, and wife, who, without having (too much of) a 
choice, have been there every step of the way and always encouraged me to live a life as a Weltbürger, 

finding friends and mentors all across the world. I will see you at home, wherever this will be;  
thank you for everything.

Daniel T. Boll
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FIG 1  Sven Seldinger (right) and John R. Haaga.  FIG 2  Paul Lauterbur (right) and John R. Haaga. 

P R E FAC E

This sixth edition of CT and MRI of the Whole Body represents a 
monumental accomplishment for Elsevier and our many contributing 
authors, editors, and section editors who have contributed past and 
present. The authors of the current chapters are due many, many kudos 
because of the changes that have occurred in healthcare with the 
emphasis on “productivity” and RVUs. Institutions have reduced phy-
sician support in the form of secretaries, assistants, etc., which makes 
it very difficult for academic physicians to contribute to projects such 
as this book. THANK YOU, THANK YOU!

Being senior editor of this book has been a remarkable honor for 
me because it enabled me to collaborate with many radiologists and 
physicists. Everyone who has been involved for the past 40 years can 
take great pride in this book because it has formed the foundation for 
educating thousands of fellow radiologists in the United States and 
around the world. Over the years, radiologists from all over the world 
have expressed their gratitude for having this book available as a 
reference.

As I reflect back, I become nostalgic just thinking about how excit-
ing radiology has been for the past 40 years. So many innovations and 
advances have been made. Of the contributions I have made, I am the 
most proud of developing CT interventions such as biopsies, abscess 
drainages, nerve blocks, the Topogram/Scoutview, and radiation dose 
reduction. It is very flattering that the Smithsonian Institution asked 
for and accepted for curation several personal artifacts related to these 
innovations.

Over the years I have met many pioneers in the field of imaging, 
but my two favorites were Sven Seldinger, MD (Fig. 1), and Paul Laut-
erbur, PhD (Fig. 2), as pictured below. Dr. Seldinger was a very dynamic 
person who developed the Seldinger Technique for angiography. 

Unfortunately, he didn’t receive the recognition he deserved until late 
in his career. Few know that he did not receive an academic appoint-
ment until we awarded him with one at Case Western Reserve Univer-
sity. Paul Lauterbur was the genius who received the Nobel Prize for 
MRI. Strangely enough, he and I lived in the same small town, Troy, 
Ohio, for a number of years. His sense of humor as well as his science 
was of Nobel quality.

I have taken the editor’s prerogative of referencing and publishing 
my own innovations in this book. My last innovation, which I am 
confident will improve the diagnosis and treatment of cancer, is the 
ALPHA concept, which is discussed in Chapter 70. The concept has 
been published in the journals Surgery and the American Journal of 
Roentgenology (AJR). We have just finished the experimental proof of 
ALPHA, which includes standard laboratory tests, but also the latest 
RNA sequencing tests. We will be submitting it for publication soon. 
This concept explains how aerobic metabolism has been overempha-
sized and that glycolysis is more important for the development and 
treatment of cancer.

I hope and believe that we will be able to diagnose and cure many 
more cancers with this knowledge. Readers are encouraged to search 
the literature for future publications by my protégés who are continu-
ing this work. There are numerous young physicians working on this 
concept who have accomplished much to date. I would like to acknowl-
edge a number of young investigators, Hooman Yarmohammadi, MD; 
Luke Wilkins, MD; Steven Dreyer, MD; Dan Patel, MD; Nicholas 
Fulton, and Ji Buethe, for their hard work and commitment to con-
tinue work on this ALPHA concept.

John R. Haaga
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P R E FAC E  T O  T H E  F I R S T  E D I T I O N

Since the introduction of computed tomography (CT) in 1974, there 
has been a remarkable revolution in the medical treatment of patients. 
The clinical use of CT has had a broad positive impact on patient 
management. Literally thousands of patients have been saved or  
their quality of life improved as a result of the expeditious and accu-
rate diagnosis provided by CT. This improvement in diagnosis and 
management has occurred in all medical subspecialties, including 
neurological, pulmonary, cardiac, gastrointestinal, genitourinary, and 
neuromuscular medicine. Aside from the imaging advantages pro-
vided, the role of CT in planning and performing interventional pro-
cedures is now recognized. It is the most accurate method for guiding 
procedures to obtain cytological, histological, or bacteriological speci-
mens and for performing a variety of therapeutic procedures.

The evolution and refinement of CT equipment have been as 
remarkable as the development of patient diagnosis. When we wrote 
our first book on CT, the scanning unit used was a 2-minute translate-
rotate system. At the time of our second book the 18-second translate-
rotate scanning unit was in general use. Currently standard units in 
radiological practice are third and fourth generation scanners with 
scan times of less than 5 seconds. All modern systems are more reliable 
than the earlier generations of equipment. The contrast and spatial 
resolution of these systems are in the range of 0.5% and less than  
1 mm, respectively. The sophistication of the computer programs that 
aid in the diagnosis is also remarkable. There are now programs for 
three-dimensional reconstructions, quantitation of blood flow, deter-
mination of organ volume, longitudinal scans (Scoutview, Deltaview, 
Synerview, and Topogram), and even triangulation programs for per-
forming percutaneous biopsy procedures.

CT units are now being installed in virtually every hospital of more 
than 200 beds throughout the United States. Most radiologists using 
these units are generalists who scan all portions of the anatomy. 
Because of the dissemination of this equipment and its use in general 
diagnosis, there exists a significant need for a general and complete 
textbook to cover all aspects of CT scanning. Our book is intended to 
partially supplement the knowledge of this group of physicians. We 
have attempted to completely and succinctly cover all portions of CT 
scanning to provide a complete general reference text. In planning the 
book, we chose to include the contributions of a large number of 
talented academicians with expertise different from and more com-
plete than our own in their selected areas. By including contributors 

from outside our own department, we have been able to produce an 
in-depth textbook that combines the academic strengths of numerous 
individuals and departments.

The book is divided into chapters according to the organ systems, 
except for some special chapters on abscesses and interventional pro-
cedures. In each of the chapters the authors have organized the mate-
rial into broad categories, such as congenital, benign, or neoplastic 
disease. Each author has tried to cover the major disease processes  
in each of the general categories in which CT diagnosis is appli-
cable. Specific technical details, including the method of scanning, 
contrast material, collimation, and slice thickness, are covered in each 
chapter. The interventional chapter extensively covers the various 
biopsy and therapeutic procedures in all the organ systems. Finally, 
the last chapter presents an up-to-the-minute coverage of current 
and recent developments in the CT literature and also provides 
extensive information about nuclear magnetic resonance (NMR) 
imaging. At this time we have had moderate experience with the 
NMR superconducting magnetic device produced by the Technicare 
Corporation and have formulated some initial opinions as to its role 
relative to CT and other imaging modalities. A concise discussion of 
the physics of NMR and a current clinical status report of the new 
modality are provided.

We would like to thank all those people who have worked so dili-
gently and faithfully for the preparation of this book. First, we are very 
grateful to our many contributors. For photography work, we are 
deeply indebted to Mr. Joseph P. Molter. For secretarial and organiza-
tional skills, we are indebted especially to Mrs. Mary Ann Reid and 
Mrs. Rayna Lipscomb. The editorial skills of Ms. B. Hami were invalu-
able in preparing the manuscript. Our extremely competent technical 
staff included Mr. Joseph Agee, Ms. Ginger Haddad, Mrs. E. Martinelle, 
Mr. Mark Clampett, Mrs. Mary Kralik, and numerous others.

Finally, we are, of course, very appreciative of the support, patience, 
and encouragement of our wonderful families. In the Haaga family this 
includes Ellen, Elizabeth, Matthew, and Timothy, who provided the 
positive motivation and support for this book. Warm gratitude for 
unswerving support is also due to Rose, Sue, Lisa, Chris, Katie, Mary, 
and John Alfidi.

John R. Haaga
Ralph J. Alfidi
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I am honored and pleased to write the foreword for the 40th anniversary 
edition of CT and MRI of the Whole Body, a textbook of radiology 
edited by John Haaga, MD. The esteemed Dr. Haaga has been its editor 
since its first edition in 1976. Professor Haaga has received a Gold 
Medal from the American Roentgen Ray Society (ARRS), which is  
the society’s highest honor for distinguished service to radiology. He 
received this award for his contributions in leadership, teaching, and 
research, work that he continues to this day. His major innovations 
include CT-guided interventions that guide biopsies and treatments 
for abscess, nerve blocks, and cancer. Artifacts from his early work are 
archived at the Smithsonian Institution. At the age of 36, Dr. Haaga 
became a tenured professor in the Department of Radiology at Case 
Western Reserve University School of Medicine and University Hospi-
tals of Cleveland. He later served for 14 years as department chairman 
at that institution.

He has mentored and taught many hundreds of residents, fellows, 
and junior faculty members, many of whom have advanced to become 
distinguished names in their own fields. I am one such beneficiary, 
having had the fortune of being mentored and guided by John in my 
early years in radiology. His values and wisdom have allowed me to 
progress in the field of radiology. I have been inspired to write many 
books, such as Genitourinary Radiology: Kidney, Bladder and Urethra, 
The Pathologic Basis, published by Springer. I also became Editor-in-
Chief of the Journal of Clinical Imaging Science, published by Wolters 
Kluwer.

John is bigger than a film celebrity in India, which I witnessed first-
hand when I had the opportunity to accompany him. Everywhere he 
lectured in India the venue was at capacity. He was literally mobbed 
by radiology residents wanting to take pictures with him. This book is 
considered the bible of radiology in India. Every aspiring radiology 
resident, as well as established faculty, reads this book. I am sure the 
story is no different in other countries.

CT and MRI of the Whole Body is the largest selling radiology 
textbook in the world and has been translated into Spanish, Portu-
guese, and Persian. More than 25,000 copies have been sold in the 
world. I have been an integral part of this book for the past many years, 

as I have contributed a complete chapter on Imaging of the Kidney and 
have been Associate Editor for Genito-Urinary Radiology for its fifth 
edition.

Dr. Haaga, a world renowned radiologist, anchors this book. He has 
assembled an impressive team of coauthors who are experts in various 
subspecialties of radiology. The book is divided into four parts: PART 
I—Principles of Computed Tomography and Magnetic Resonance 
Imaging, which is further subdivided into sections on Computed 
Tomography and Magnetic Resonance Imaging; PART II—CT and MR 
Imaging of the Whole Body, which has seven sections: Neuroradiologi-
cal Imaging of the Brain and Meninges, Neuroradiological Imaging of 
the Head and Neck, Neuroradiological Imaging of the Spine, Imaging 
of the Chest, Imaging of the Abdominal and Pelvic Organs, Imaging 
of the Cardiovascular System, and Imaging of the Musculoskeletal 
System; PART III—Image-Guided Procedures; and PART IV—Leading 
Edge Imaging Concepts.

The sixth edition of Haaga’s CT and MRI of the Whole Body is 
a welcome addition. The book is well organized, the chapters are  
uniformly structured, and each section is richly illustrated. The quality 
of the paper, printing, illustrations, and figures is excellent. There is 
ample use of line drawings to explain difficult concepts. The sixth 
edition of Haaga’s CT and MRI of the Whole Body is a welcome addi-
tion. I am not aware of any other radiology book in the market that is 
as complete and uniquely illustrated. The cost is reasonable consider-
ing the number of illustrations and the quality of work. This book 
meets the needs of its intended audience. The current edition is com-
pletely up to date in the field of diagnostic radiology. It is a must have 
for radiology residents, radiology faculty, radiology libraries, and 
serious academic radiologists.

Vikram S. Dogra, MD, FSAR, FESUR, FAIUM, FSRU
Professor of Radiology, Urology & Biomedical Engineering

Associate Chair of Education and Research
Department of Radiology

University of Rochester
Rochester, New York



xix

F O R E WO R D

Very rarely does a textbook fulfill the promise of being both compre-
hensive and readable. CT and MRI of the Whole Body, edited by Drs. 
John Haaga and Daniel Boll, not only fulfills that promise, but has 
continued a legacy of success that has been sustained over multiple 
editions. It is an honor to have the opportunity to write this foreword. 
Having trained under the expert eye of Dr. John Haaga, I studied the 
earliest editions of this book, providing my introduction into the intri-
cacies of cross-sectional imaging. I then had the privilege of watching 
this true pioneer of CT and MRI take his personal experience and use 
it to create a resource that has evolved as the field has matured over 
the past four decades. The current edition of this text covers the wide 
breadth of CT and MRI anatomically, and the editors have enlisted 
experts in neuroradiology, head and neck imaging, abdominal imaging, 

thoracic imaging, musculoskeletal radiology, physics, and a long list of 
other subspecialties in our field to create a textbook that is as deep as 
it is broad. With the addition of the energy, talent, and creativity that 
Dr. Daniel Boll brings to this edition, the result is truly remarkable. I 
have no doubt that you will agree as you dig into this text, and learn 
from the combined wisdom of a team of true expert authors, as guided 
by the steady hands of Drs. Haaga and Boll. Enjoy!

Jonathan S. Lewin, MD, FACR
Executive Vice President for Health Affairs, Emory University

Executive Director, Woodruff Health Sciences Center
President, CEO, and Chairman of the Board, Emory Healthcare

Atlanta, Georgia
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Imaging Principles in Computed Tomography
David W. Jordan and John R. Haaga

Computed  tomography  (CT)  has  grown  quickly  from  an  innovative 
specialized tool to a mainstay of medicine in every healthcare setting. 
Hospitals,  outpatient  clinics,  and  physician  offices  find  CT  to  be  an 
essential tool for patient diagnosis and management. Every year brings 
new advances in CT technology and applications. This chapter is dedi-
cated to the basic principles and physics of CT operation. The practic-
ing  radiologist  who  can  evaluate  new  technology  with  a  good 
understanding  of  these  principles  will  be  successful  in  choosing  the 
best tools for his or her practice and in getting the greatest benefit from 
them.

THE CT IMAGE
Radiography  reduces  a  three-dimensional  (3D)  body  part  to  a  two-
dimensional (2D) image with limited contrast, because structures that 
lie on top of one another are projected onto a single image. The con-
trast can be  improved by using exogenous agents  to enhance certain 
structures or by taking extra projections from different angles to sepa-
rate the structures in the image plane, but there are limits to how well 
this  can  work.  The  advantage  of  CT  is  the  improvement  in  image 
contrast  that  comes  from  using  a  2D  image  to  show  an  almost-2D 
section of the patient without the effect of overlapping structures.

The CT image is a cross-sectional view of the patient rather than 
an x-ray shadow of the beam passing through the body part (Fig. 1-1). 
An x-ray beam is used to collect information about the tissues, but the 
image is not an ordinary projection view from the perspective of the 
x-ray tube looking toward the film or detector. The image is a cross-
sectional map of the x-ray attenuation of different tissues within the 
patient. The typical CT scan generates a transaxial image oriented in 
the anatomic plane of the transverse dimension of the anatomy. Recon-
struction of the final image can be reformatted to provide sagittal or 
coronal images; these are viewed from the same perspective as a digital 
radiograph,  but  they  show  thin  slices  of  tissue  rather  than  superim-
posed tissues and structures. The pixel values show how strongly the 
tissue attenuates the scanner’s x-ray beam compared to the attenuation 
of the same x-ray beam by water.

The CT image is produced by the process of reconstruction: digitally 
combining  information  from  x-ray  projections  through  the  patient 
from  many  different  angles  to  produce  the  cross-sectional  image. 
Because the image is digital, it is made up of a group of pixels (short-
ened from “picture elements”). Each pixel has a grayscale value that is 
displayed to the viewer. The image is 2D, but it represents a 3D volume 
of  tissue with a finite  thickness  (usually a very  small  thickness com-
pared  to  the  field-of-view  (FOV)  size  [≈2-5 mm]).  Each  pixel  is  the 
projection,  or  2D  representation,  of  the  x-ray  attenuation  of  a  voxel 
(shortened from “volume element”) of physical tissue. The size of the 
pixels and the thickness of the voxels relate to some important image 
quality features, such as detail, noise, contrast, accuracy of the attenu-

ation  measurement  (CT  number  value),  and  artifacts.  These  will  be 
discussed in more detail as they relate to the processes of acquiring and 
reconstructing CT data.

CT ACQUISITION OVERVIEW
The basic process of collecting data in CT is illustrated in Figure 1-2. 
In a CT of a single section of tissue using a single detector, the x-ray 
beam is collimated to the desired image thickness. The detector array 
has  a  number  of  individual  detector  elements  that  each  record  the 
intensity of the beam passing through the tissue along the path from 
the x-ray tube to the element. The system captures a simple projection 
x-ray through the patient, consisting of a thin strip or row of pixels. It 
can be thought of as a one-dimensional (1D) radiograph. The scanner 
then  rotates  the  source  and  detector  to  capture  additional  1D “strip 
x-rays” through the same section of the patient, viewed from a number 
of angles. Each strip radiograph (projection) is stored in the computer 
memory for later reconstruction.

In multislice CT (Fig. 1-3) this operation is performed simultane-
ously for many arrays of detectors stacked side by side along the z-axis 
(long axis) of the patient. The x-ray beam collimators can be opened 
so  that  a  wider  section  of  the  patient  is  irradiated,  and  each  row  of 
detectors  can  measure  a  separate  transmission  signal  for  the  tissue 
section that lies between the detector row and the tube. The width of 
tissue that is sampled by each detector row is determined by the physi-
cal width of the detector elements along the z-axis.

CT images and individual rotations of the scanner gantry are often 
called slices because a single data acquisition and reconstruction pro-
duces an x-ray map of a thin section of the patient’s body. The tissue 
displayed in the  image represents the same tissue as  if a thin slice or 
section of the patient’s body were cut in a plane perpendicular to the 
long axis (superior-inferior) of the patient’s body and fixed for viewing. 
Early CT scanners collimated the width of the x-ray beam to the width 
of a slice (e.g., 5 mm), irradiated one slice at a time, and collected data 
for transmission through one slice at a time. Multislice scanners use a 
wider beam to cover more tissue with each pass of the tube, and the 
detectors contain arrays that are arranged to collect data for multiple 
individual adjacent slices at the same time. The detector element(s) for 
each slice store data separately and represent different physical sections 
of tissue.

The term slice can be confusing because in common use it can refer 
to  several  different  things.  When  a  CT  scanner  is  called  a “16-slice” 
model,  it  usually  means  that  the  scanner  can  acquire  up  to  16  indi-
vidual detector data sets at one  time.  It  is more precise  to call  this a 
16–detector row  CT  scanner.  The  individual  data  elements  acquired 
should be referred to as acquired images or acquired projection data. In 
a multidetector-row scanner, the data are often acquired in thicknesses 
of 0.5 to 0.7 mm and reconstructed in image thicknesses of 3 to 5 mm. 
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I is the transmitted intensity
e is Euler’s constant (2.718)
µ is the linear attenuation coefficient
Attenuation of an x-ray beam with a particular spectrum depends 

on  two distinct properties of  the  tissue:  the  atomic number  and  the 
density of the attenuating material. When collecting one projection, it 
is not possible to determine what combination of atomic number and 
density  resulted  in  the  measured  attenuation.  Thus  both  very  dense 
materials (e.g., bone) and materials with a high atomic number (e.g., 
iodine contrast media) produce strong attenuation. Both would have 
a similar appearance on CT even though they have very different physi-
cal properties. The key advantage of dual-energy and spectral CT tech-
niques (discussed later) is that they can be used to probe the attenuation 
arising  from  density  and  atomic  number  separately  by  making  two 
different measurements of the same sample, object, or body part.

The images that are presented to the operator or physician for viewing 
should be called reconstructed images, although many people continue 
to refer to these as slices.

Linear Attenuation and Projections
The fundamental x-ray physics of CT are the same as those for radi-
ography.  A  source  of  ionizing  radiation  is  transmitted  through  an 
object to recreate an image of the object based on its x-ray absorption 
(Fig. 1-4). The intensity of the transmitted radiation beam is given by 
the equation:

I I e x= −
0

µ

where:
I0  is  the  incident  intensity of an x-ray beam on  the  surface of an 

object of thickness x

FIG 1-1 A CT image represents a cross section of the imaged subject 
rather than the x-ray shadow of the anatomy, as in a conventional 
radiograph. 

FIG 1-2 A simple CT scan produces a one-dimensional strip radiograph 
for each projection through the patient. 

FIG 1-3 In multislice CT, several independent detectors arranged side 
by side sample data from unique locations within the x-ray beam. 
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FIG 1-4 Exponential attenuation of x-ray beam intensity in an absorber, 
such as tissue. 
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detector  elements  and  data  input  channels  use  broadband  wireless 
communication  to  transmit  collected  image  data  from  the  detector 
assembly to a receiver on the stationary base of the scanner.

To enable high-speed scanning with good temporal resolution, CT 
system  developers  have  focused  on  providing  high  gantry  rotation 
speeds. For high-performance  systems with mechanical  roller gantry 
bearings, gantry rotation times of 0.33 seconds are achievable.63 Oper-
ating  modes  are  available  to  acquire  data  over  a  partial  arc  (<360 
degrees)  to  shorten  the  apparent  rotation  time  further.  Air  bearing 
technology52  enables  even  faster  rotation  speeds.  Scanners  with  air 
bearing  gantry  designs  can  achieve  rotation  times  of  0.27  seconds.20 
Such rotation speeds are desirable to achieve cardiac imaging without 
using  β-blockers  to  slow  patients’  heart  rates.  Together  with  large-
coverage detector arrays, subsecond scan times permit rapid acquisi-
tion of contiguous anatomic areas for volume data acquisitions.

X-Ray Generators and Tubes. High-frequency x-ray generators are 
required  to  produce  intense  x-ray  beams  for  high-speed  scanning. 
Typical operating  frequencies range  from 20  to 50 kilohertz (kHz).32 
Generator power ratings of 80 to 120 kilowatts (kW) are common, as 
shown in the manufacturer specification charts for commercial systems 
available  in  the United States. Most generators support a wide range 
of exposure  techniques  from 80  to 140 kilovolts  (kV) and 30  to 500 
milliamperes  (mA).  Some  generators  have  a  lower  tube  potential 
option (70 kVp) available as an approach to radiation dose reduction. 
Generators  are  located  on  the  rotating  scan  frame  within  the  CT 
gantry,  together  with  the  x-ray  tube  and  detector  assembly,  and  are 
powered by a low-voltage power supply provided via the slip ring.

Modern  generators  have  a  number  of  features  to  enable  them  to 
adjust and optimize radiation output and image characteristics in real 
time while scanning. The generator design is computerized and flexible 
to  allow  for  computer-controlled  x-ray  techniques  generated  by  the 
scanner’s master control computer. Modulation of tube current based 
on patient thickness is a standard feature. Scanners may have the ability 
to vary the tube current along the z-axis of the patient, in the x-y plane, 
or both. Some systems allow dynamic or automated selection of kVp 
based on patient size and/or study type.10,37,49,62 For dual-energy (spec-
tral) imaging, one approach that relies on a high-performance genera-
tor is fast kV switching.29 The generators for these systems can toggle 
rapidly (≈150 msec) between two operating voltages (usually 80 kVp 
and 140 kVp).

Modern CT scanner x-ray tubes have rotating anodes and use inno-
vative cooling methods to continuous high x-ray output. Many tubes 
feature focal spot modulation or “flying focal spot” technology.14,15,35,57 
These tubes, in addition to providing large and small focal spots, have 
the ability to rapidly shift the position of the selected focal spot during 
the scan. This has the effect of changing the sampling behavior of the 
scanner to enhance the resolution of the image data. Tube ratings for 
typical modern CT scanners can have 30 million heat units (30 MHU) 
of heat storage capability and a continuous output power capability of 
120 kW.

Filters. CT scanners have x-ray filters to shape both the geometry and 
spectrum of the beam. The standard filter is made of aluminum, like 
a  radiographic  tube  filter,  but  there  are  important  differences  in  the 
filter design. CT filters are generally  thicker  than radiographic filters 
and often combine other materials (e.g., Teflon, copper) with alumi-
num. The CT beam is much “harder” than a radiographic beam at the 
same  kVp—it  contains  fewer  low-energy  photons  and  the  average 
energy is much higher (Fig. 1-5). This is done to reduce patient radia-
tion dose (because low-energy photons are more likely to deliver dose 
to the patient without contributing to the image). In radiography the 

The transmission of the beam (the ratio I:I0) determines the signal 
that is collected by the CT scanner detectors at each projection angle, 
and  the  attenuation  differences  along  different  paths  through  the 
patient’s body result in the patterns that are formed in the data for each 
projection acquisition.

CT Reconstruction and Image Display Overview
Once  the  1D  projection  radiographs  have  been  collected,  they  are 
transformed into the cross-sectional image to be displayed to the user. 
There are several approaches to image reconstruction, broadly classi-
fied  as  filtered backprojection  (FBP)  and  iterative reconstruction  (IR) 
techniques.  All  of  these  methods  use  computerized  mathematical 
operations to combine the 1D projection attenuation information into 
2D maps of the attenuation of the scanned subject.

CT Number Scale
The reconstructed CT image is a map of tissue attenuation, and these 
maps are quantitative owing to the use of a scale called the Hounsfield 
unit (HU) scale. The scale is named for the inventor of the x-ray CT 
scanner,  Sir Godfrey Hounsfield. The HU scale  is  a  relative  scale  for 
linear  attenuation  of  the  tissues.  It  is  valuable  to  quantify  the  pixel 
values so that the physician can compare the composition of one tissue 
with another.

The HU scale is based on relating all measured attenuation values 
to the attenuation of water. A CT numbering system that relates a CT 
number  to  the  linear  attenuation  coefficients  of  x-rays  in  different 
absorbers compared to water is given by:

CT Number = −K w

w

( )µ µ
µ

where:
µw equals the attenuation coefficient of water
µ is the attenuation coefficient of the pixel in question
When  K =  1000,  the  CT  number  scale  is  the  HU  scale.  Other  K 

values can be used  to change  the  scaling of  the entire  system. When 
the HU scale is used, air has a value of −1000 HU, water has a value of 
0 HU, and dense bone has a value of +1000 HU.

The advantage of the HU scale is that density differences of 1 part 
in  1000  (0.1%)  can  be  represented  by  distinct  values.  The  inherent 
density  resolution  of  CT  scanners  is  about  0.5%,  so  the  HU  scale  is 
sufficient to display all attenuation differences the scanner can measure. 
Increasing the value of K would not improve on the density resolution 
of the system.

As a general rule, the human eye cannot appreciate contrast differ-
ences of less than about 10%, whereas CT scanners can easily demon-
strate  differences  of  less  than  1%.  Thus  the  small  density-resolution 
difference  measured  by  the  CT  scanner  must  be  exaggerated  for 
viewing.  This  is  accomplished  by  enabling  the  user  to  select  a  small 
range of gray levels from the entire CT number scale and to reset the 
black and white limits. This is done automatically for many scanners 
by  presetting  an  appropriate  “window/level”  setting  to  be  used  for 
display; this setting can be modified by the user, both on the scanner 
and  when  the  image  is  displayed  on  other  workstations  and  picture 
archiving and communication systems (PACS).

GENERATION OF A CT IMAGE
Components of a Data Acquisition System
Gantry. Modern CT  systems use  slip  ring  technology  to permit  the 
scan  frame  to  rotate  continuously  for  spiral  or  helical  CT  scanning. 
Slip rings are used to transmit power and some control signals to the 
system components mounted on the gantry rotor. Systems with many 
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a  number  of  errors  and  inefficiencies  related  to  quantization  error, 
sampling  and  recovery  speed,  and  electronic  noise.21  Despite  these 
inefficiencies, even primitive CT devices can measure low-level signals 
accurately over a wide dynamic range with great precision, permitting 
reliable  imaging  of  diverse  density  extremes  such  as  bone,  air,  and 
water.

Detector arrays  continue  to grow as  individual detector  elements 
remain  small,  providing  small  pixel  size  with  ever-greater  anatomic 
coverage.  Common  detector  arrays  accommodate  scanning  of  80  to 
160 mm of coverage in a single tube rotation, with resolution of 0.5 to 
0.6 mm, so that entire sections of patient anatomy can be captured in 
a single revolution of the CT scanner’s rotating frame, taking less than 
1 second.

Because of the fixed position of the tube/detector combination, the 
associated  detectors  and  electronics  system  must  be  stable,  uniform, 
and capable of tracking over a wide dynamic range. Noncompensation 
for errors as small as a few thousandths of 1% can cause visible (ring) 
artifacts.34 In addition, spatial resolution, a key image quality param-
eter  of  CT  (see  later),  can  be  limited  by  the  data  sampling.  In  this 
geometric  relationship,  the  number  of  detectors  in  the  arc  or  array 
determines data sampling; that is, spatial resolution depends on how 
closely spaced the rays are in each view.

The typical number of detectors in the array ranges from about 600 
to more than 900. These numbers result in limiting spatial resolution 
of approximately 5 to 10 line pairs per centimeter (lp/cm), depending 
on the reconstruction type (filter), reconstruction matrix size, and scan 
FOV. Sampling theory requires that to visualize a particular object, the 
sampling frequency must be at least twice the spatial frequency associ-
ated with the object.26 In practice even higher sampling rates are desir-
able. Axial resolution of greater than 5 to 10 lp/cm (0.5-1.0 mm) may 
be limiting for specific clinical applications.

Data Acquisition Systems
Data acquisition  systems  (DAS) are  the heart of CT  scanners. These 
systems perform detector signal analog-to-digital conversion and data 
preprocessing for the scanner’s reconstruction system. Steps performed 
by the DAS include conversion of electric current (from the detector)  
to  voltage,  digitization  of  voltage  pulses,  subtraction  of  background 
offset signal, logarithmic conversion of data, and transmission of data 
to  the  preprocessing  system.  In  modern  systems,  these  functions  are  

lower-energy photons help provide contrast to the image, but CT has 
much higher inherent contrast sensitivity than radiography, so a useful 
image can be obtained without the lower-energy photons.

The compensating filters used in CT are often called bowtie filters59 
because of  their shape. The filter  is  thinnest at  the central ray of  the 
beam and thicker toward the azimuthal edges of the fan beam. Thus 
the  thinnest part of  the filter  is  in  line with  the  thickest path  length 
through the patient’s body as the gantry rotates, and the thicker part 
of the filter is in line with the thinner peripheral anatomy (peripheral). 
The  filter  partially  compensates  for  the  patient’s  body  thickness 
contour. The result is that for any line across the FOV, the total attenu-
ation and beam hardening along the x-ray path is much more uniform 
than if  the beam only passed through the patient. Compensating for 
the attenuation differences allows the scanner to operate with a smaller 
dynamic range at the detectors, and compensating for the beam hard-
ening  improves  the  scanner’s  quantitative  accuracy  in  representing 
tissue attenuation as CT number values (HUs). A scanner will have at 
least two different bowtie filters to provide compensation for head and 
body  scans,  and  some  scanners  have  as  many  as  five  or  six  different 
filters  to  match  a  variety  of  patient  body  sizes.  The  bowtie  filter  is 
selected by the scanner and switched into the beam path automatically 
based on the scan setup chosen by the operator.

Detectors. CT scanners use scintillation crystals to convert x-rays to 
visible  light  pulses,  which  in  turn  can  be  detected  and  counted  by 
electronic  circuits.  Conventional  detectors  produce  light  pulses  and 
voltage pulses, resulting in a simple count of x-ray photons detected. 
Research  is  underway  to  develop  photon  counting  devices  that  can 
detect the number of x-ray photons as well as information about the 
energy of each individual photon.

CT  detectors  use  crystals  composed  of  fast  scintillator  ceramics 
such  as  cadmium  telluride28  and  gadolinium  oxysulfide.64  Develop-
ment of new crystal materials  is an active area of research to further 
improve scanner performance, and each CT manufacturer has newer 
proprietary  crystal  types  available  or  in  development.  The  crystals 
convert  x-rays  to  light  pulses  whose  intensity  is  proportional  to  the 
total energy of photons striking the crystal. The light  is converted to 
current  and  hence  a  voltage  across  a  resistance,  which  in  turn  is 
detected  as  digital  data  for  use  by  the  reconstruction  system.  This 
multistep process of analog signal conversion to digital data produces 

FIG 1-5 Beam-hardening example. A beam composed of different photon energies passing through one 
half-value layer of absorber will have a lower intensity (fewer photons) and a higher average energy in the 
transmitted beam, because the low-energy photons are more easily absorbed and the high-energy photons 
are better able to penetrate the absorber. 

Blue = 100 keV
Red = 50 keV
Gray slab = 1 HVL thickness for
this beam

Red photons twice as likely to
be absorbed as blue photons
owing to energy difference

Incident:
Intensity = 6 photons
Average energy = 75 keV

Exiting:
Intensity = 3 photons
Average energy = 83 keV
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sampling  can  be  used  to  produce  sagittal  and  coronal  reformatted 
images with smaller pixel sizes than would be possible with the physical 
detector  elements  alone.  Systems  with  this  capability  are  often  mar-
keted as having more “slices” than the number of actual detector rows 
available on the scanner; for example, a scanner with 32 detector rows 
may be marketed as “64 slice” or a scanner with 128 detector rows may 
be marketed as “256 slice.”

Spatial resolution requires adequate view sampling to prevent alias-
ing artifacts. Views (angular projections) are limited by the electronic 
measurement  capability  of  the  scanner,  which  is  typically  not  the 
gating factor for maximum resolution. These factors vary for every CT 
manufacturer and can dramatically affect the overall performance of 
a scanner.

Spiral (Helical) Scanning. Until  the  late  1980s,  CT  scanners 
acquired data in discrete slices of patient anatomy in a method com-
monly called axial scanning. In axial (cross-sectional) CT, each revolu-
tion  of  the  x-ray  tube  around  the  patient  produces  a  single  data  set 
(slice). During data collection, the patient table is motionless. To create 
an additional slice, the table  is translated by a given amount and the 
x-ray tube rotates around the patient again. Each rotation produces a 
single image. The advent of slip-ring technology and new data recon-
struction techniques enabled spiral, or helical, CT.

In spiral/helical CT, the patient table translates through the gantry 
while the scan frame rotates continuously around the patient, sampling 
data  as  a  volume.  This  permits  new  options  in  reconstruction.  For 
example, once a volume of data  is collected, an  image can be recon-
structed at any point along the effective path traced by the x-ray tube. 
There are several key terms associated with helical scanning:

Acquisition is the entire volume of data collected during a continu-
ous spiral scan.

Revolutions refer to the number of 360-degree rotations of the x-ray 
tube during a single acquisition.

Pitch is the distance the couch travels during one 360-degree revo-
lution of the x-ray tube divided by a length associated with the 
x-ray beam and/or data acquisition. The most  common value 

integrated  and  combine  multiple  steps  on  specialized  hardware—
boards,  chips, or modules  integrated  into detector modules  that  can 
be housed on the detector assembly within the rotating scan frame.

An ideal DAS would accurately and consistently digitize the input 
signal from the detectors with no noise. The inherent electronic noise 
produced within the DAS must be small enough that the total noise in 
the sampled signal depends mostly on the x-ray quantum noise. The 
DAS must also have a wide dynamic range and be as linear as possible 
across the range of possible input signals so that the x-ray beam inten-
sity  can  be  accurately  determined  for  the  range  of  available  x-ray 
outputs  as  well  as  a  wide  variety  of  attenuation  types  (tissues)  and 
thicknesses.

A DAS will have some dark current that can vary with temperature 
and over time, affecting the precision (reproducibility) of the detector 
signal  measurement. A  low  dark  current  that  is  stable  with  ambient 
temperature  changes  is  desirable.  Crosstalk  limits  the  DAS  perfor-
mance when residual signal from one sample is collected as part of the 
next sample. A high-performance DAS must be capable of high sam-
pling rates with low crosstalk.21

Scanner Operation and Data Acquisition
Rotate/Rotate Scanner Geometry. During the development of CT, 
several combinations of x-ray tube and detector movement were used 
to collect data. The historical significance of each is described in previ-
ous editions of this book. The rotate/rotate geometry emerged as the 
best practical design choice for high-speed scanning in multidetector-
row systems and is the geometry used currently in modern multidetec-
tor CT systems.

In  a  rotate/rotate  system  the  x-ray  tube  and  detector  array  are 
mounted opposite each other on the rotating scan frame as shown in 
Figure 1-2. A wide-angle fan-beam geometry (50-55 degrees) is used, 
and an arc of detectors and the x-ray tube rotate continuously around 
the  patient  for  360  degrees.  Projection  data  (or  data  samples)  are 
obtained  at  various  angles,  and  for  each  angular  sample  taken  at  a 
position of the tube and detector, a view is created.

In  rotate/rotate  geometry,  the  detectors  are  fixed  radially  and  do 
not view the scan area uniformly. Only the center detectors in the array 
“see” the pixels at the center of the FOV. However, this fixed relation-
ship allows the detectors to be highly collimated, which greatly reduces 
detection of scattered radiation; this maintains contrast in the image 
so that the viewer will be able to detect objects against a higher back-
ground of image noise (or mottle, or grainy background).

To overcome the limitations of detector size on spatial resolution, 
manufacturers have developed various methods that exploit the scanner 
geometry. One method of increasing spatial sampling (and spatial reso-
lution) is to offset the detector array relative to the center of rotation 
by  a  quarter-ray  or  eighth-ray.  This  allows  data  collected  during  the 
second half of a 360-degree rotation to be interleaved with that of the 
first  half,  effectively  doubling  the  sampling  and  resolution.  Patient 
motion can reduce this benefit. In addition, this method is limited in 
spiral CT scanning  to certain modes  in which data  from projections 
acquired through 360 degrees are available for interleaving.

Another effective method of increasing data sampling is to oscillate 
the x-ray tube focal spot a few millimeters during a scan (Fig. 1-6) to 
achieve  interleaved  data  samples.  The  position  of  the  focal  spot  is 
accurately controlled and synchronized with rotational speed and posi-
tion of the rotating frame. Data acquired during the use of each focal 
spot  position  are  stored  separately  and  then  interleaved  to  provide 
greater  spatial  sampling  of  the  tissue.  This  approach  can  be  used  to 
increase sampling within the scan plane as shown in Figure 1-6, and 
can  also  be  used  to  provide  increased  sampling  along  the  z-axis.14,35 
When  focal  spot  modulation  is  done  along  the  z-axis,  the  finer 

FIG 1-6 The dynamic or “flying” focal spot technique is used to provide 
finer effective spatial sampling of tissue. 
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FIG 1-7 Increasing pitch decreases radiation dose and increases the 
scan coverage that can be achieved in a given scan time, using the 
same rotation speed and number of rotations. 

33% dose reduction 50% greater coverage

used  (as  in  the  International  Electrotechnical  Commission 
[IEC] definition) is the width of the collimated fan beam along 
the z-axis of the scanner.

Interpolation is a reconstruction method (most accurately described 
as  “deconvolution”)  that  permits  the  realignment  of  spiral/
helical scan data for reconstruction of an axial (cross-sectional) 
slice.

Spiral  CT  has  many  advantages  over  conventional  or  axial  CT, 
including:

•  The ability to minimize motion artifacts owing to faster/shorter 
acquisitions

•  Decreased  incidence  of  misregistration  between  consecutive 
axial slices

•  Reduced patient dose
•  Improved spatial resolution in the z-axis
•  Enhanced multiplanar or 3D renderings
Motion artifacts are minimized in spiral CT because of the faster 

scan  times  associated  with  the  examination  (versus  step-and-shoot 
axial scanning); many spiral CT examinations can be completed in a 
single patient breath hold. The faster scan times associated with spiral 
CT  also  permit  accurate  slice-to-slice  registration  and  eliminate  the 
misregistration  associated  with  inconsistent  breath  holds  in  conven-
tional  axial  scanning.  Reconstructions  can  be  overlapped  or  ideally 
positioned for accurate visualization of small lesions.

Spiral scanners achieve reduced patient dose by extending the pitch 
factor  for  a  given  study.  For  example,  consider  a  typical  thorax, 
abdomen, or pelvis examination. Typical slice widths range from 2 to 
5 mm. With spiral CT, the same examination with the same slice thick-
ness as axial CT can be completed with 50% greater table speed using 
a pitch of 1.5; this results in a 33% reduction in patient dose (Fig. 1-7). 
The downside to this approach is a slight broadening of the slice sen-
sitivity profile (effective axial slice thickness) based on the type of spiral 
reconstruction  chosen.  This  limits  the  spatial  resolution  along  the 
z-axis,  which  can  reduce  the  detail  available  in  sagittal  or  coronal 
reformatted images.

With continuous collection of data, spiral CT enables a reduction 
in image-to-image separation, thus improving spatial resolution in the 
z-axis  if  the  data  are  oversampled  (pitch <  1.0).  Although  axial  CT 
might overcome this challenge by overlapping consecutive axial acqui-
sitions, this would lengthen scan time needed to cover a given region 
of patient anatomy more than doing so in a helical acquisition.

Spiral  CT  data  acquisition  systems  must  be  capable  of  collecting 
large volumes of data at extremely  fast data rates. Data sampling for 

most  systems  is  in  the  range of 3 kHz and can provide up  to nearly 
2400  projections  or  views  per  rotation  of  the  gantry.  Data  rates  for 
many  new  systems  exceed  200  megabits/second.  This  extremely  fast 
sampling  capability  enables  high  spatial  resolution  and  enhanced 
z-axis sampling of patient anatomy.

The increased speed of data acquisition systems and a number of 
other technologic developments paved the way for data acquisition at 
subsecond rotation speeds of the rotating frame. Subsecond spiral data 
acquisition  permits  temporal  resolution  on  the  order  of  220  to  300 
milliseconds, depending on the scanner manufacturer. These temporal 
resolutions  enable  more  examinations  to  be  scanned  within  a  single 
breath hold and increase the range of anatomy that can be covered in 
a single acquisition. This improves the performance of clinical applica-
tions such as CT angiography, which requires precise timing of a con-
trast bolus  injection and  rapid acquisition during  the  arterial phase. 
Fast data acquisition can also improve the z-axis resolution for a given 
study by covering the same amount of anatomy in the same time with 
thinner slices and/or with oversampling at low pitch.

Multidetector-Row Designs. Multidetector-row scanners are mo-
tivated by the desire to cover large regions of anatomy in short times 
with  fine  sampling  along  the  z-axis  of  the  patient.  In  early  scanners 
with  only  a  single  data  acquisition  channel  (single  slice),  the  beam 
width directly determined the coverage as well as the image thickness 
(spatial  resolution).  With  the  development  of  fast,  stable,  compact 
electronics,  it became possible  to build a DAS  that  could  simultane-
ously acquire and store multiple images. By arranging multiple narrow 
detector rows side by side along the z-axis, connecting them to a DAS 
with  multiple  input  channels,  and  increasing  the  x-ray  collimation 
width  to cover  the entire assembly,  scanner designers provided users 
with more flexibility to achieve faster scans or finer spatial detail.

The first deployment of this technology included a dual-arc detec-
tor as shown in Figure 1-8. In this configuration, two parallel arcs of 
detectors are used to acquire data simultaneously during a single revo-
lution of the scan frame, dividing the total x-ray beam into two equal 
beams defined by the detector aperture of each row of detectors. Con-
sidering  small  gaps  between  rows,  which  can  be  ignored  from  the 
perspective of data acquisition, the total x-ray beam collimation now 
becomes the sum of detector row collimations (Fig. 1-9). This concept 
can be extended to for systems with multiple rows of detectors.

Early multidetector-row systems were commonly equipped with a 
four-channel DAS. Such systems were often referred to as “four-slice” 
CT scanners because they could collect up to four images simultane-
ously in a single rotation of the scan frame. A user upgrading to such 
a system from a single-detector system would have the flexibility when 
imaging  5-mm  slices  to  increase  acquisition  speed  or  to  use  finer 
spatial sampling in the z direction. Configuring the scanner to simul-
taneously acquire four 5-mm images in each rotation using a 20-mm 
beam collimation would reduce the acquisition time by a factor of 4. 
Alternatively,  sampling  the  data  using  four  1.25-mm  detectors  and 
reconstructing 5-mm images would accomplish the scan in the same 
period of  time, but  the data available  for sagittal and coronal recon-
structions would have finer sampling and thus a smaller pixel dimen-
sion  in  the z direction. A possible scheme of detector configurations 
for such a four-channel system is shown in Figure 1-10.

This tradeoff between coverage and z-sampling affects systems with 
2 to 16 detector rows, and such systems were designed with different 
available combinations of physical detector element sizes, DAS input 
configurations, and x-ray beam collimation widths to provide clinically 
useful choices. Two detector designs have been deployed by CT manu-
facturers, unequal width and equal width, referring to the sizes of the 
individual  detector-row  elements  across  the  z  dimension  of  the 
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FIG 1-8 Early multislice detector system with dual-row detector. (Courtesy J. S. Arenson.)
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FIG 1-9 A, Arrangement of a dual-row detector array along the z-axis of the patient. B, Total x-ray beam 
width (source collimation) is the sum of the consecutive detector row widths along the z-axis. 

X-ray tube focal spot
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Single-detector arcBA Dual-detector arc

Postpatient collimation

detector  array.  In  systems  with  unequal-width  detector  designs,  the 
center of the detector array contains smaller detector elements that can 
be connected  individually  to  the DAS  for fine z-sampling with  indi-
vidual detector channel widths such as 0.5 mm, 0.625 mm, or 1.25 mm. 
The  outer  elements  are  larger  and  are  used  for  wide  coverage 

applications; in such configurations, several small center elements are 
electronically combined into one DAS channel. For example, one DAS 
channel  could  connect  to  a  single  outer-row  element  with  2.5-mm 
width, while another DAS channel could collect data from four 0.625 
elements acting as a single 2.5-mm element. In this arrangement, the 
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usually chosen to be the time of one complete 360-degree rotation of 
the  rotating  scan  frame,  so  the  speed  of  the  rotation  is  adjusted  for 
each scan to achieve the desired exposure time. These typically range 
from 0.4 to 1.0 seconds, although shorter times and faster speeds are 
possible.

The selection of a helical (spiral) or axial (step-and-shoot) scanning 
mode is a key technique factor for the scanning geometry.

The collimation of the x-ray beam along the z-axis is normally not 
selected directly by the operator, but rather  is chosen by the scanner 
to match the detector configuration. Detector configuration refers to the 
size (length along  the z-axis) of  individual data acquisition channels 
and the  total number of such channels or rows along the z-axis. For 
example,  64  rows  of  0.625-mm  detectors  (N  =  64,  T  =  0.625 mm) 
would be used with a total collimated beam width of 40 mm. On some 
systems  the  user  may  select  the  detailed  detector  configuration  to 
achieve a certain degree of z-sampling/spatial resolution for multipla-
nar reconstructions. The scanner software will often choose a detector 
configuration automatically based on the selected reconstructed image 
thickness.

The pitch is a geometric technique factor in helical scanning. The 
coverage and scanning speed can be determined from N × T, rotation 
time, and pitch (for a helical scan). In this way, faster rotation speeds 
and wider beams covering greater z extent of the patient are used to 
achieve faster scans of a given anatomic region.

The scan FOV is chosen to approximately match the body size being 
scanned.  On  some  scanners  there  are  only  two  modes  (Head  and 
Body); other scanners have an array of SFOV size choices to contour 
to various patient sizes and body parts more closely.

Automatic exposure control and tube current modulation are par-
ticularly critical for radiation dose management in modern CT. These 
technologies usually have a few parameters and settings to control how 
they operate. Use of these tools and the settings used make up part of 
the technique factors.

Although  not  technically  part  of  technique  factors,  reconstruc-
tion,  postprocessing,  and  display  techniques  all  have  a  dramatic  
impact on the quality and appearance of the images that are eventually 
produced.

Automatic Tube Current Selection and Modulation
In an  ideal  scenario, dose  and  image quality would be optimized by 
delivering the same x-ray beam flux to the detector for every projection 

data  from the  four 0.625-mm elements cannot be recovered as  indi-
vidual z-samples, because they are combined at the input to the DAS, 
so the effective z-sampling is based on 2.5-mm channel widths for this 
scan. An alternative design is the equal-width design, where all of the 
detector elements have the same physical width and are connected to 
individual DAS channels or grouped in combination depending on the 
application and the needed resolution and coverage. For systems with 
more than 16 detector channels, it is possible for most applications to 
use an equal-width detector with submillimeter elements (0.5 mm or 
0.625 mm are common) and provide isotropic z-sampling across the 
entire detector array with wide coverage. For example, a 64-detector-
row system with 0.625 mm detectors can sample 40 mm of coverage 
with each scanner rotation while providing a separate DAS channel for 
each individual detector row.

Multirow detector arrays have rapidly progressed from having 2 or 
4 detector rows to 64, 128, 256, and up to 320 rows in commercial CT 
systems.  This  is  possible  because  the  miniaturization  of  electronics 
enables more detector and DAS components to be installed in a detec-
tor assembly that can be practically attached to the rotating scan frame, 
given its size and weight. Systems with many detector rows also require 
advanced  low-power-consumption  electronics  or  larger  power  sup-
plies  to support  the detector and DAS; practical  limitations on these 
systems include providing adequate cooling for the electronics within 
the scanner housing. These systems use a wireless link to transfer data 
from  the  DAS  on  the  rotating  frame  to  the  scanner’s  reconstruction 
system, so capturing many channels of data simultaneously with high 
sampling rates requires a high-throughput wireless  link. Advances  in 
high-speed  wireless  data  technology  have  enabled  the  256-  to  320-
channel configurations in use in current systems, and it is possible that 
still larger numbers of data channels will be used the future.

CT TECHNIQUE FACTORS
CT technique factors are the settings that are selected by the operator 
at  the scanner’s control panel. Each has a specific effect on radiation 
dose to the patient and the characteristics of the scanned images. The 
technique factors  for a scan describe the x-ray beam parameters and 
the geometry of the scan.

The x-ray technique factors in CT are familiar from conventional 
radiography.  The  kilovoltage  (kV)  applied  to  the  x-ray  tube  and  the 
tube current (mA) are selected by the operator. The exposure time is 

FIG 1-10 Matrix detector with 4-channel DAS. Electronic combination of individual 1.25-mm elements 
produces slice width configurations of 4 × 1.25 mm, 4 × 2.5 mm, 4 × 3.75 mm, or 4 × 5 mm. 
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of the body with higher or lower attenuation. The simplest example is 
a scan of the chest, abdomen, and pelvis. The manually or automati-
cally selected baseline tube current would  likely be the value used to 
scan  the  abdomen,  whereas  a  reduced  current  would  be  used  in  the 
less-dense chest and a higher current would be used to achieve good 
beam penetration through the dense bones in the pelvis region.

X-Y,  or  azimuthal,  tube  current  modulation  (aTCM)  allows  a 
further  degree  of  fine-tuning  of  the  radiation  output  to  match  the 
projection attenuation. Once  the  tube current  is chosen  to achieve a 
target noise level and varied based on the general density of the body 
region,  there  is  still  a  large  difference  in  attenuation  between  lateral 
projections and AP/PA projections. This difference is pronounced for 
most of  the chest, abdomen, and pelvis when patients are  imaged  in 
supine or prone positions, and is especially pronounced in the shoul-
ders  and  hips  because  of  the  dense  bones  that  are  superimposed  in 
lateral projections. For scanners capable of varying the current within 
a single tube rotation, a modulation scheme may be available to reduce 
the current for AP and PA projections and increase it for lateral projec-
tions.  In  a  variation  of  this  approach,  azimuthal  modulation  can  be 
used  to  target exposure reduction  to certain organs. For example,  to 
reduce radiation dose to the eyes during a head scan or to the breasts 
during  a  chest  scan,  the  azimuthal  modulation  can  be  modified  to 
further reduce the mAs during the AP projection and compensate with 
increasing mAs for the lateral and/or PA projections.

In  practice  these  three  techniques  may  be  available  as  separate 
options or activated together as part of an automated scanning mode, 
depending on the manufacturer’s implementation. Some manufactur-
ers  have  extended  this  concept  further  by  providing  organ-specific 
boost functions (to fine-tube target noise values in specific anatomic 
regions) and enabling the operator to automate the selection of tube 
kV  based  on  the  patient  attenuation  determined  from  the  scout 
image(s).

Dual-Energy/Spectral Acquisition
Transmission measurements in conventional CT are a physical measure 
of  the  linear  attenuation  properties  of  tissue,  as  described  earlier. 
Linear  attenuation  depends  on  two  underlying  properties—density 
and atomic number—that cannot be measured separately in a single 
transmission  measurement.  However,  if  a  sample’s  transmission  is 
measured using two different beam spectra, the two different attenu-
ation measurements can be used  to separate  the  two components of 
attenuation.

This property can be useful to probe the chemical composition of 
a  sample.  For  example,  a  blood  vessel  containing  iodinated  contrast 
attenuates x-ray much more strongly than a vessel with contrast-free 
blood,  although  both  have  about  the  same  density.  The  k-edge  of 
iodine (determined from its atomic structure) makes it a strong atten-
uator.  If  the  two  vessels  were  imaged  in  a  dual-energy  mode  and 
information about  the physical density were recovered (independent 
of the atomic structure effects), the two vessels would appear to have 
about  the  same  attenuation.  Similarly  the  chemical  composition  of 
solids such as renal calculi can be probed with multiple x-ray energies 
to assess the content and composition of calculi having similar physical 
densities.

The most promising applications for dual-energy and spectral CT 
capabilities are virtual noncontrast  (VNC) exams,  iodine quantifica-
tion, and calcium quantification. Dual-energy/spectral reconstructions 
can also prevent beam hardening artifacts and related errors in attenu-
ation quantification (HU values).

There are several commercially available CT scanner design imple-
mentations  that  provide  options  for  dual-energy  or  spectral  CT 
scanning.

through  the  patient.  Of  course  the  density  and  width  of  a  patient’s 
body can vary greatly within a region of interest, especially when scan-
ning an entire body region (or multiple regions). Using a single fixed 
mAs value does not achieve the needed optimization; some anatomy 
will necessarily be depicted with inadequate image quality or exposed 
to excess radiation in this approach.

Automated tube current modulation (ATCM)30 is a tool to address 
this  challenge.  Ideally  ATCM  can  be  used  to  optimize  the  scanning 
parameters in real time so that each patient is exposed to just enough 
radiation to produce a diagnostic-quality image—and no more. Auto-
mating  this  process  should  remove  variation  among  users  and  the 
possibility of user error. The technology can be subdivided into three 
related techniques: automatic tube current selection, varying the tube 
current along the z-axis of the patient, and varying the tube current in 
the x-y plane around the patient.

Automatic  tube  current  selection1,31,36,40,47,56  (ATCS)  is  usually 
done  by  analyzing  the  scout/topogram  image  or  images  to  estimate  
the  attenuation  of  the  patient  and  select  an  appropriate  mAs  value.  
The  specific  implementation  on  any  given  scanner  may  require  a 
posteroanterior/anteroposterior  (PA/AP)  scout  image,  a  lateral  scout 
image, or both. Given the differences in patient dimension and density 
along a  frontal  versus a  lateral projection, using both  images  should 
produce  the most accurate choice of  the correct mAs.  In real  imple-
mentations,  most  single-scout  tube  current  modulation  schemes  are 
accurate enough.

The attenuation of the patient as measured from the scout image 
can  be  measured  and  expressed  as  the  water-equivalent  diameter 
(WED)  of  the  patient.39  The  WED  is  the  diameter  of  a  water-filled 
cylinder that would produce the same x-ray attenuation as the patient 
cross-section. This value can be very different from the physical dimen-
sion of the patient, especially in regions containing large areas of low 
attenuation  (chest)  or  high  attenuation  (pelvis).  Once  the  patient’s 
WED is determined by the scanner, the scanner chooses an mAs value 
based on the image quality parameter chosen by the user. In some cases 
this is done by specifying a target image noise value; the scanner uses 
calculation or lookup tables to determine what mAs value will produce 
the target noise for the chosen kVp and the estimated patient WED. In 
other cases, this is done by specifying a target or reference mAs value. 
In the reference mAs implementation, the reference mAs value actually 
represents the amount of image noise produced when a reference WED 
(e.g.,  24 cm)  is  scanned  with  the  specified  mAs.  Thus  when  a  user 
specifies a reference mAs value of 200, what they are actually doing is 
asking  the  scanner  to use an mAs value  to  scan  the patient  that will 
produce the same amount of noise that 200 mAs produces in the refer-
ence WED.

When using ATCS it is important to understand the specific func-
tions as  implemented by the scanner manufacturer. There are differ-
ences  among  commercial  implementations  in  how  the  scout  images 
are used to determine the estimated patient WED. Some scanners use 
the PA scout, some use the  lateral, some use both, some use the first 
scout  acquired  during  the  examination,  and  some  default  to  a  fixed 
mAs  if  the expected projection (i.e., PA)  is not performed first. This 
can  lead  to  important  workflow  considerations  for  the  technologist 
performing the scan. It is also important to know when designing and 
setting up scan protocols and technique factors on the scanner.

Z-axis tube current modulation (zTCM) is closely related to ATCS 
and is used to vary the tube current during each rotation of the tube, 
based on the different attenuation properties of different body regions. 
This  is usually done using  the  estimated WED determined  from  the 
scout  image.  Once  the  baseline  tube  current  has  been  established, 
either using automated selection or manually, zTCM is used to increase 
or decrease the tube current during tube rotations covering portions 
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between the energy measurements. In current commercial systems, the 
x-ray generator is not able to provide tube current modulation in fast 
kV switching modes, so manual tube current selection must be used, 
forgoing some tailoring of radiation exposure to the patient.

Dual Detector
The  dual  detector  approach  uses  a  dual-layer  detector  exposed  to  a 
single x-ray beam. Because the beam has a wide energy spectrum, the 
top  detector  layer  detects  the  low-energy  photons,  while  the  higher-
energy  photons  pass  through  the  top  layer  and  are  detected  in  the 
bottom layer. The detector is characterized to determine which portion 
of  the  spectrum  is  detected  by  each  layer.  The  signals  from  the  two 
layers  are  stored  separately  to  provide  two  distinct  energy-related 
transmission measurements.

Unlike dual  source and  fast kV switching approaches,  there  is no 
need to prospectively select dual-energy operation with the dual layer 
detector. Every scan is inherently acquired in two detector data sets. At 
reconstruction these data can be combined into a conventional trans-
mission measurement or used separately to recover density and com-
position  information.  In  the  dual-layer  detector,  all  of  the  energy 
measurements  are  simultaneous  for  each  projection,  so  there  is  no 
misregistration between the spectral signals due to motion. The major 
drawback  to  the  dual-layer  detector  approach  is  that  there  is  a  large 
overlap in the spectra to which the top and bottom layers are sensitive, 
which degrades the ability to decompose the acquired data into mate-
rial properties and accurately quantify the atomic number and density 
of species in the sample.

RECONSTRUCTION
Basic Principles
Reconstruction produces an image from the digital data, representing 
the attenuation coefficients of the tissue voxels, provided by the data 
acquisition  system.  The  acquired  scan  data  are  composed  of  a  large 
number of individual ray attenuations.

Figure 1-12 shows a simplified diagram of an x-ray beam passing 
through successive slabs of tissue. The exit intensity from the first slab 
is the entrance intensity of the second slab, and so forth. To simplify 
this example, we assume that each of the slabs has the same thickness 
(L1 = L2 = … Ln) and the same linear attenuation coefficient µ, so that 
the equation for the transmitted beam passing through the n slabs is 
written as:

I I e L= −
0

µ

where:
µL = µ1L1 + µ2L2 + … µnLn

If  we  now  take  the  natural  logarithm  (ln)  of  both  sides  of  the 
transmitted beam equation and rearrange it, the result is:

µ µ µ µ= + + =( ) ln1 2
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DUAL SOURCE
The  dual  source  scanner  employs  two  complete  imaging  assemblies, 
each consisting of an x-ray tube and detector array mounted at right 
angles to one another and aligned to scan the same plane simultane-
ously  (Fig.  1-11).  This  approach  increases  the  amount  of  azimuthal 
detector coverage so that 360-degree sampling can be achieved with a 
partial  revolution of  the  scanning  frame;  for very  fast  rotations,  this 
greatly increases scanning speed. Each x-ray tube can be operated at a 
different kV and mAs setting, and the data from the two detector arrays 
can  be  stored  separately,  so  it  is  straightforward  to  enable  the  dual-
source scanner to operate in a dual-energy mode. A typical approach 
would be to operate one tube at 80 kV and the other tube at 140 kV.

The dual-source approach has several limitations. First, the second 
detector  covers  a  smaller  arc  than  the  main  detector,  so  the  FOV  is 
limited for any dual-source scan (whether high-speed or dual-energy). 
Second,  the  data  collection  for  each  of  the  two  detectors  is  offset  
from the other by a quarter rotation (in space and time), so the two 
energy measurements are not simultaneous. There can be misregistra-
tion between the two energy images if there is patient motion during 
the scan.

Fast kV Switching
Scanners  that use  fast kV switching to provide dual-energy scanning 
have special x-ray generators (discussed earlier) capable of alternating 
the kV to the x-ray tube approximately every 150 ms so that data for 
the  two  spectra  are  acquired  for  interleaved  azimuthal  projections 
during the tube rotation. A typical acquisition would involve toggling 
between 80 kV and 140 kV. The data acquisition is synchronized to the 
kV switching so  that  the high- and  low-energy data are  stored sepa-
rately to produce two different attenuation measurements in the tissue.

Fast kV switching does not provide truly simultaneous acquisition 
of the two spectral measurements, but there is less spatial and temporal 
offset than in dual source. A fast kV switching scan would thus be less 
prone to misregistration between the two energy scans due to motion. 
Fast  kV  switching  dual-energy  scanning  requires  that  the  detectors 
contain  scintillators  with  very  fast  light  decay  to  prevent  crosstalk 

FIG 1-11 Configuration of a dual-source CT scanner. (Courtesy Siemens 
Healthcare.)
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Filtering is applied to the data to help reduce the blurring due to 
backprojection.  The  filtering  procedure  consists  of  operating  on  the 
ray data with a filter function or convolution kernel. The filter function 
is a complex one  that depends on many parameters,  including x-ray 
tube geometry and detectors. It can take on a number of forms depend-
ing on the desired result. For example, one type of filter function might 
enhance  edges  and  thus  sharpen  the  image,  whereas  another  would 
blur  edges  for  more  gradual  density  changes.  The  edge-sharpening 
filter enhances spatial resolution but simultaneously decreases density 
resolution. Also,  filters  that  preserve  (or  enhance)  greater  detail  also 
result  in  a  noisier  reconstructed  image.  Filters  that  introduce  some 
blurring also have the effect of smoothing, which reduces noise in the 
reconstructed image.

FBP  of  data  acquired  in  helical  scanning  modes  requires  special 
treatment because the patient is moved continuously through the scan 
plane during data acquisition.  If  the data over a 360-degree rotation 
were reconstructed as in conventional (axial) CT, motion artifacts due 
to the movement of the table or patient would be visible.

To  minimize  these  artifacts  and  reconstruct  a  planar  image  any-
where  throughout  the  volume  of  collected  data,  some  data  must  be 
synthesized  or  interpolated.  The  simplest  form  of  interpolation  is 
linear. Before reconstruction, projection data are weighted to produce 
individual sections of data at select locations. Spiral interpolators apply 
weighting  factors  to  segments of  the  spiral data  to estimate  the data 
that  would  have  been  measured  if  an  axial  scan  had  occurred  at  a 
particular location.

This equation shows that if the transmission (ratio of incident inten-
sity I0 to transmitted intensity I) and path length L are known, the sum 
of the attenuation coefficients along the path of the x-ray beam can be 
calculated. In a CT scan, the transmission is measured and the distance 
from the source (x-ray tube) to the detector is known. Each projection 
then provides a measurement of µ. In a real sample, each incremental 
thickness of  tissue does not have the same attenuation as each other 
one, and a projection only measures the sum of many tissues along the 
path.  By  measuring  other  projection  views  along  different  angles 
(paths), the individual elements that make up a path can be deduced 
from the other paths that cross it when other view angles are sampled.

Filtered Backprojection
The simplest and most common method of producing a cross-sectional 
image  from  CT  data  is  called  filtered backprojection  (FBP).19  This 
method is relatively fast and can be used to reconstruct a large number 
of images in a few seconds using modest computing resources. In FBP, 
a mathematical operation is applied to the projection data to extend 
each 1D projection radiograph into a 2D image. This is the “backpro-
jection” of  the 1D data  into a 2D map. The 2D images are superim-
posed over each other, each oriented in the direction of the projection 
that was used to produce it. This process is illustrated in Figure 1-13. 
Some blurring always occurs because when each view angle  is back-
projected, the operation assumes that the measured attenuating mate-
rial  is  uniformly  distributed  across  the  entire  FOV;  in  reality,  the 
attenuating material is localized somewhere within the FOV.

FIG 1-13 Filtered backprojection concept. A, Object in center of field of view, backprojection of one view, 
and backprojection of three views sampled on different view angles. B, Backprojection of one view angle 
with filtering applied. C-E, Reconstructed image of the simulated object acquired using 18, 36, and 72 views, 
respectively. 
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FIG 1-14 Cone-beam geometry in multidetector-row CT. The x-ray 
beam diverges along the z-axis, and the source-detector length is sig-
nificantly different for central and outer detectors. 

In multidetector-row CT, the fan-beam reconstruction techniques 
used by conventional and spiral CT must be modified to account for 
the  divergence  of  the  fan  beam  along  the  longitudinal  axis  (z-axis), 
which  creates  a  cone-beam  shape  (Fig.  1-14).  The  cone-beam  effect 
results from the source-detector geometry; there is a significant differ-
ence  between  the  distance  from  the  x-ray  focal  spot  to  the  center 
detector row and the distance from the focal spot to the outer detector 
rows. This effect is more severe for wider detector arrays. If the number 
of rows of detectors is limited to a small number (e.g., four rows) of 
narrow detector-row widths (e.g., 1.5 mm), the cone-beam divergence 
is very small relative to the resolution of the detector element.

One of the weaknesses of FBP reconstruction in general is that there 
is an inverse relationship between image noise and radiation dose to 
the patient. As radiologists seek to lower the radiation dose delivered 
to patients without degrading image contrast and detail, new methods 
have been developed to work around these limitations. Iterative recon-
struction  techniques  have  been  in  common  use  in  nuclear  medicine 
(single-photon  emission  computed  tomography  [SPECT]  and  posi-
tron emission tomography [PET]) for some time, but the number and 
size of the image files are much smaller for those modalities. Iterative 
reconstruction was not viable for CT until recent advances in comput-
ing  enabled  iterative  reconstruction  of  CT  data  sets  in  times  short 
enough to be feasible for clinical use.

Iterative Reconstruction
Iterative reconstruction (IR) is a name for a broad class of methods that 
have  general  similarities.2,11,12,44,58,60,61  There  are  many  distinct  imple-
mentations that have been developed; a detailed description of all of 
these methods would occupy an entire textbook by itself. Here we focus 
on the general principle of how IR works and the clinical utility of IR 
for CT imaging.

The  most  basic  approach  to  IR  is  very  different  from  FBP.  The 
projection data are stored but are not backprojected. Instead the com-

puter  generates  a  “guess”  image.  This  image  is  digitally  forward-
projected—simulating the process of CT scanning—to produce a set 
of projection data from the guess image. Next the projection data are 
compared to the real projection data acquired during the scan (usually 
by subtraction) and a difference data set  is generated. The difference 
data are used to update the guess  image. Then the cycle starts again; 
the new guess image is forward-projected, and so forth. This process 
continues until a preset number of  iterations are completed or until 
the reconstruction converges. This is determined by the difference data 
containing small enough values for the  latest guess  image to be con-
sidered “equal”  or “close”  to  the  physical  sample  represented  by  the 
acquired data.

It is interesting to note that in this simplified theoretical implemen-
tation of IR, the sampled data are not directly reconstructed; they are 
used as a reference for comparison but are not backprojected. This is 
not  true  of  all  commercial  implementations  of  IR.  These  methods 
introduce  the  sampled  data  into  the  process  in  some  way,  such  as 
blending  the  IR results with FBP  image data  reconstructed  from the 
acquired data. The noise in CT is contained in the acquired projection 
data;  it  is  either a product of  random statistical photon noise  in  the 
x-ray beam nor electronic noise introduced by the scanner’s electron-
ics. Thus the noise can be reduced  in methods that use  the acquired 
data to guide formation of the image by means other than reconstruct-
ing it directly.

Qualitative comparisons of FBP and IR images generally note that 
the image characteristics differ in ways other than the noise amplitude. 
IR processing introduces different spatial characteristics into the image 
than  FBP.  Quantitatively  these  are  shown  as  differences  in  the  noise 
power spectrum  (NPS)  of  each  reconstructed  image  type.45  Qualita-
tively  these  feature  differences  are  sometimes  described  as  differing 
image textures.16 Matching or comparing IR and FBP images based on 
characteristics such as noise, signal-to-noise ratio (SNR), contrast-to-
noise ratio (CNR), and spatial resolution (detail/blurring) would not 
fully describe the observed differences in image appearance that arise 
from these reconstruction and NPS differences.

DATA DISPLAY AND MANAGEMENT
Image display includes all the system components necessary to convert 
the  digital  data  provided  by  the  reconstruction  system  to  electrical 
signals  used  by  the  display  monitor,  enabling  a  graphic  display  of 
individual CT numbers representing attenuation values of individual 
sections of anatomy.8 In addition the display system includes the ability 
to  display  patient  information,  scan  protocol,  and  reconstruction 
parameters, and it provides the user with many graphic aids to assist 
in the interpretation of clinical images.

In Figure 1-15, a wide window display setting at left shows all the 
tissues but minimal contrast within and between them. The image at 
the right uses a narrow window setting that emphasizes contrast within 
the liver while saturating other tissues to white or black pixels.

Multiplanar Reformatting
Because a conventional CT study consists of several contiguous axial 
images perpendicular to the long axis of the body, coronal or sagittal 
images are not possible to acquire directly unless the gantry is tilted or 
the  body  is  positioned  to  show  the  image  in  the  desired  plane.  This 
limitation of CT can be overcome by image manipulation commonly 
referred to as multiplanar reformatting (MPR). In this process, image 
data are taken from several axial slices and reformatted to form images 
in another plane. In this viewing mode, the user defines the number 
of  imaging  planes  and  their  position,  orientation,  thickness,  and 
spacing, and the reformatted image is displayed in sagittal, coronal, or 
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no details below the surface. Shading the voxels enhances the effect so 
that  the  volume  image  appears  to  be  illuminated  by  light  sources. 
Multiple light sources can be used, but a single light source is used in 
most medical applications.

Three-Dimensional Depth-Based Shading
One  type  of  shading  technique  is  called  depth-based  shading.  With  
this method, those voxels that are closer to the viewer are illuminated 
at  a  greater  intensity  than  those  that  are  farther  back.  As  described 
earlier,  it  is  also  possible  for  the  operator  to  select  a  range  of  CT 
numbers to display. If an operator were interested in a 3D view of the 
skull, he or she would select the range of CT numbers of the skull. The 
computer would then assemble those selected voxels into a 3D image. 
The result is a reconstructed 3D image of the skull with the soft tissue 
removed.

As  with  sagittal  and  coronal  images,  the  quality  of  the  image  is 
improved by  interpolating  the data between slices  to  form a smooth 
continuous image. When various 3D views are selected sequentially in 
time, the image can appear to rotate. These images pose the same chal-
lenges as do sagittal and coronal images. The vertical resolution is the 
same  as  the  slice  thickness  and  not  nearly  as  good  as  it  is  in  other 
directions.  Thus  spiral/multislice  CT  dramatically  improves  3D 
viewing because of its ability to cover the same anatomy as a conven-
tional CT scan at much thinner slice thicknesses and with overlapped 
image reconstructions.

Volume Rendering
Another  possible  viewing  mode  is  compositing/volume  rendering 
(VR). VR is an advanced rendering technique that displays an entire 
volume set with control of the opacity or translucency of selected tissue 
types. In this case, each voxel has an associated intensity in addition to 
an associated opacity value. Figure 1-19 shows the same 8-voxel block 
as  Figure  1-18A,  with  each  voxel  having  an  opacity  value  associated 
with it. The user can define the opacity values for various HUs.

Once the opacity values are assigned, the second step is to pass rays 
through the volume, accumulating values along the way. The value for 
each voxel is determined using the intensity value of the voxel and the 
opacity  selected  by  the  user.  Figure  1-20  demonstrates  the  results  of 
this technique for the simplified example.

oblique planes. In the x-y plane direction, the pixel of the reformatted 
image has the same length as the axial image; in the z-axis direction, 
however, the pixel length is the same as the slice thickness. Because in 
most scans the pixel length is considerably smaller than the slice thick-
ness, the reformatted scan can have an unusual appearance (Fig. 1-16). 
The  resolution  is  good  in one direction  in  the  image plane but very 
poor in the other. This problem can be addressed by scanning with a 
smaller  slice  thickness;  also,  as  described  earlier,  the  image  is  best 
enhanced with the use of spiral/multislice CT scanning, in which lon-
gitudinal resolution permits a slice thickness resembling minimal pixel 
length in the x-y plane. Scanning in this mode is commonly referred 
to as isotropic imaging. Isotropic voxels permit increased visualization 
of complex anatomic shapes that do not run linearly along the z-axis 
(patient axis).

Data  from  successive  slices  can  also  be  reformatted  to  generate 
other viewing modes; 3D shaded surface (Fig. 1-17), volume rendering, 
and maximum intensity projection (MIP) are a few examples. Each of 
these rendering techniques will be described in detail.

Figure 1-18A illustrates a small segment of eight voxels representing 
a large-volume data set for demonstration purposes. Each of the eight 
voxels is shown with its values displayed. A viewpoint is defined from 
where  imaginary rays are projected. To simplify the example, we can 
assume that each ray intersects two voxels, one behind the other.

Three-Dimensional Shaded Surface
For  a  surface  rendition,  the  user  selects  a  threshold  range  (see  Fig. 
1-18B). This allows the user to select only the tissue (e.g., bone) to be 
rendered.  The  voxels  with  Hounsfield  values  within  the  threshold 
range are set to the “on” state, whereas the rest of the voxels are set to 
the “off” state. Depending on the number of bits used for display, “on” 
and “off” voxels are assigned appropriate values. For an 8-bit display, 
“on” would be 256 and “off” would be 0.

The second step is to project rays through the entire volume. As the 
rays pass through the data, they stop when they identify the first “on” 
voxel. For that particular ray, this first “on” voxel is part of the surface; 
the other voxels are ignored. This is done for all the rays, and all of the 
“on” voxels are used  to create  the surface. For our example,  the “on” 
voxels that are part of the surface would be yellow in Figure 1-18C. As 
the name suggests, only a surface is displayed in this method; there are 

FIG 1-15 Liver scan. A, Wide window setting; some lesions are not readily visible. B, A more appropriate 
window setting improves the visibility of lesions. (Courtesy Dr. John R. Haaga.)

A B
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The obvious advantage of VR over 3D shaded-surface rendering is 
that it provides volume information. By using transparency, the opera-
tor can visualize information beyond the surface. For example, VR is 
the preferred viewing mode for stent evaluation, because stents can be 
made transparent to view the lumen of vessels. Other clinical examples 
include the ability to make plaque transparent for more accurate diag-
nosis of vessel stenosis.

Maximum Intensity Projection
Using maximum intensity projection (MIP) for visualization permits 
easy  viewing  of  vascular  structures  or  air-filled  cavities.13  Compared 
with  3D  or  volume  rendering  techniques,  MIP  is  a  relatively  simple 
method. Unlike 3D shaded-surface and VR displays, no preprocessing 
is required. The rays are cast throughout the volume, and depending 
on whether it is MIP or minimum intensity projection, maximum or 
minimum values along the rays are used in the final image display. On 
the basis of the 8-voxel example described earlier, Figure 1-21 shows 
the final pixel values for MIP and minimum intensity projection.

MIP is a preferred method for many CT angiography applications 
for  visualization  of  contrast-filled  vasculature.  MIP  enables  easy 
viewing of an entire vessel in one image. This is because voxels repre-
senting  the contrast-filled vessels are most  likely  to be  the ones with 
the  highest  values  along  the  ray  (assuming  no  bone  along  the  ray). 
Similarly, minimum intensity projection can be used to visualize air-
filled cavities.

IMAGE QUALITY
Quantitative Measurements
Several  quantitative  measurements  are  used  to  define  a  CT  system’s 
image quality: spatial resolution, contrast resolution, image noise, and 
temporal resolution. Image quality is also related to the radiation dose 
used to produce the image.

Spatial Resolution. Spatial resolution  is measured by the ability of 
a CT system to distinguish two small high-contrast objects located very 
close  to  each  other  under  noise-free  conditions.  Optimal  spatial 

FIG 1-16 Multiplanar reformatting of CT images of the cervical spine. 
A, Multiplanar reformatted images acquired with a slice thickness of 
2.5 mm, showing stair-stepping artifacts. B and C, Multiplanar reformat-
ted images acquired with slice thickness of 0.5 mm (isotropic resolu-
tion). (Images courtesy Dr. Jay Cinnamon.)
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FIG 1-17 Shaded-surface view of coronary arteries presented as a 
“soap bubble” view. Such views permit better visualization of the 
overall paths, but as with any reconstructions, meticulously executed 
algorithms are essential to prevent artifacts. (Courtesy Philips Medical 
Systems.)
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FIG 1-18 A, Sample of 8-voxel data set with displayed CT number values. B, User-defined threshold of CT 
number values for tissue definition. C, Shaded voxels represent defined tissue surface (shaded-surface 
display). (Courtesy Shalabh Chandra, Philips Medical Systems.)
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FIG 1-19 Sample of 8-voxel data set with representative opacity values 
assigned to various CT number ranges. (Courtesy Shalabh Chandra, 
Philips Medical Systems.)
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FIG 1-20 Image results for volume-rendered image of Figure 1-19. 
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be  stated  in  terms  of  the  number  of  lines  that  are  still  discernible, 
packed  together  in  a  given  distance.  Thus  one  would  speak  of  the 
number of lines per centimeter that could be visualized in the image. 
Describing the spatial resolution in terms of lines per centimeter is said 
to describe the resolution in the frequency domain. The frequency in 
this case is the parameter lines per centimeter. A profile across the line 
image  yields  the  line  response  curve,  which  is  similar  to  the  point 
response  curve. Again,  one  can  speak  of  FWHM  and  the  analysis  is 
similar to that done with the point source. Obviously the two response 
curves are related.

Performing  a  mathematical  operation,  the  Fourier  transform,  on 
these  response curves yields  the MTF. The physical  interpretation of 
the MTF is that it defines the relative fidelity of the image compared 
with the actual object.

Another  description  of  the  MTF  is  shown  in  Figure  1-23.  The 
rectangular profile represents the density profile of an object composed 
of dense lines. The density profile of the reconstructed image is shown 
as rectangles with rounded corners. As the lines become closer together, 
the region between lines fills in because of the overlap of the response 
functions.

The ratio of the height of the rectangles to the height of the valley 
between lines becomes smaller as the lines become closer in the recon-
structed  image,  but  obviously  the  ratio  is  fixed  in  the  object.  This 
change or decrease  in  ratio  is  seen as a decrease  in contrast and  is a 
manifestation of the decreasing ability of the system to resolve small 
objects (or small separation of objects). The MTF is basically the value 
of this ratio in the image divided by the value of the ratio in the object. 
As the frequency increases (i.e., more lines per centimeter) the ability 
of the system to reproduce the lines and valleys accurately is decreased 
and the fidelity also therefore decreases.

resolution  is  required  for  evaluating  high-contrast  areas  of  anatomy 
(e.g., inner ear, orbits, sinuses, bone) in general because of their com-
plicated shapes.

Spatial  resolution  can  be  specified  by  spatial  frequencies,  which 
indicate how efficiently  the CT scanner represents different  frequen-
cies.  Modulation  transfer  function  (MTF)  describes  this  property. A 
2D Fourier transform of the point spread function taken with a very 
thin wire provides MTF values. These concepts are described next.

Consider  the  image  of  a  point  source  that  can  be  obtained  by 
placing a thin wire on end in water or plastic and then scanning across 
the wire. Ideally the resulting image should be a uniform background 
with a bright dot denoting the position of the wire. In fact the image 
does  demonstrate  the  bright  dot  but  with  a  fading  periphery  rather 
than an absolutely sharp edge. A profile across the image (i.e., a plot 
of  the  picture  density  along  a  line  passing  through  the  point  source 
center)  produces  a  bell-shaped  distribution  called  the  point response 
distribution. The height of  this curve represents  the maximum value 
of the density, and the width represents the uncertainty in the measure-
ment of the exact boundaries of the wire.

Full width at half-maximum (FWHM) is the width of the curve at 
the point where the attenuation values are 50% of the peak value (Fig. 
1-22).  The  smaller  the  FWHM,  the  better  the  resolution.  One  can 
appreciate this fact by noting that a large FWHM reflects a larger fading 
periphery, which means a poorer reproduction of the actual object.

Another method of examining spatial resolution is to consider line 
images. This is similar to examining point images, but the scan would 
be done parallel to a wire in a medium rather than across the axis. If 
a  series of  lines of different  spacing or different  sizes were used,  the 
ability  to  distinguish  separate  lines  in  an  image  would  measure  the 
spatial resolution. With very fine lines a measure of the resolution can 

FIG 1-21 Full width at half-maximum (FWHM) demonstrated for a point source. A, Solid body in uniform 
medium. B, Profile across the image demonstrates the fading periphery of the image of the solid body. The 
rectangular profile represents an ideal response with perfectly sharp edges. 
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FIG 1-22 A, Maximum intensity projection of a sample voxel in which only maximum values are displayed. 
B, Minimum intensity projection in which only minimum values are displayed. 
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