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Learning Objectives

• Learn how CT has evolved from the 1970s to 
modern-day scanners. 

• Understand the major components of a CT 
scanner and how they work together. 

• Appreciate how advances in technology have 
directly enabled clinical impact. 
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What is Computed 
Tomography?



Published in 
German 1917





How do we get 
projection data?
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This is a 
sinogram, 

not a 
sonogram

Latin sinus “curve, fold, 
hollow, bay”

Greek gramma 
“something written or 
recorded



Hsieh, Jiang. Computed tomography: principles, design, artifacts, and recent 
advances. Vol. 114. SPIE press, 2003.
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Flavors of Computed 
Tomography



“The CT Handbook: Optimizing Protocols for Today’s feature-rich scanners” By Tim Szczykutowicz. Medical Physics Publishing 2020



“The CT Handbook: Optimizing Protocols for 
Today’s feature-rich scanners” By Tim 
Szczykutowicz. Medical Physics Publishing 2020



Bore sizes ~70-80 cm

Width of 
detector is 
~2-16 cm

Speed of 
this table 
~20-700 

mm/s

Table a.k.a. 
couch



“The CT Handbook: Optimizing Protocols for 
Today’s feature-rich scanners” By Tim 
Szczykutowicz. Medical Physics Publishing 2020



• Axial/sequential scan coverage
• The scan coverage is going to be equal to the beam collimation for each 

rotation’s worth of data. If multiple slabs are acquired, you just add up the 
collimation*number of slabs to get the total coverage. Note, the axial 
collimation may change from couch position to couch position. 
 The Ubiquitous 64/128 slice scanners of the past have a maximum collimation of ~4 cm, 

but not all vendors let you actually use that large of a collimation in axial mode.

Scan Coverage

Single rotation's worth of data covers a beam collimation’s worth of the 
patient

The entire scan may cover much more than the beam collimation as many 
axial scans are added together



• Axial/sequential Scan coverage continued
• As the beam collimation increases, more tissue is irradiated per couch 

position and fewer axial slabs are needed to scan a volume larger than the 
beam collimation

• In axial scanning, the volumetric coverage per rotation is equal to the 
beam collimation. So if you have a 16 cm collimation, you get 16 cm of 
volumetric coverage per rotation. 

Scan Coverage

More volume 
coverage per 
rotation with 

larger 
collimations



• Helical/spiral scan coverage
• This is more complicated than with axial scanning. 
 Pitch = (distance moved in 1 tube rotation)/(width of beam collimation)
 Per rotation, we irradiate a volume equal to the pitch*collimation + collimation
 Per rotation, we only move a distance equal to the pitch*collimation

Scan Coverage

Single rotation's worth of data covers pitch * beam collimation’s worth of 
the patient. So wider collimations and higher pitches give faster scanning. 



Low pitch 

high pitch 

1 turn, moves a little

Slow and precise  brain 
and MSK imaging

1 turn, moves a lot

Quick and sloppy (artifacts)  pediatric 
scanning and chest scanning



e.g. Pitch = 2:1, in 1 
rotation tube moves 
2x collimation width

Kalender, Willi A. Computed tomography: 
fundamentals, system technology, image 
quality, applications. John Wiley & Sons, 2011.

Pitch varies: ~0.1-3.2 in diagnostic CT



pitch
~[-0.1:1 0.3:1] [0.5:1 1:1] ~[1:1 1.5:1] ~[1.75:1 3.2:1]

Siemens Healthineers only 
(dual source scanners 
needed for this range)
Very fast peds and 
prospectively gated cardiac at 
3.1:1 pitch

Bread and butter for 
torso (chest, CTA 
CAP, abd/pelvis) 
scanning all vendors

Brain, MSK

Retrospectively 
gated cardiac, and 
respiratory gated 
CT



• Scan speed in axial scanning

Scan Speed

Total scan time = rotation time * number of slabs + time to move between slabs* (number of slabs -1)

Time per slab location
Time spent moving 

between slab locations

Scan time per image = rotation time * weighting factor

~1/2 for a short scan 
reconstruction and 1 for a 

reconstruction using all the 
projection data

Note, in reality, 
the couch 

positions overlap 
at iso-center, not 
at the detector 

plane



• Scan speed in helical scanning

Total scan time = rotation time 𝑥𝑥 scan length
pitch 𝑥𝑥 beam collimation

 

Scan time per image = rotation time * weighting factor

Scan Speed

~1/2 for a short 
scan 

reconstruction, 
increases as more 
out of plane data 

is used. Usually >1 
for routine non 
cardiac or high 
pitch scanning.

For the same pitch, if we increase collimation, we 
reduce scan time

Pitch = 2:1 it takes 2 tube 
rotations to cover patient

Pitch = 2:1 it takes 1 tube 
rotation to cover patient

Note, in reality, 
the couch 

positions overlap 
at iso-center, not 
at the detector 

plane



Scan Speed: weighting factor

• What is the “weighting factor” I kept referring to?
– The data we collect in CT is redundant. The data we take at 0 degrees is the same as 180 

degrees, the data we take a 1 degree is the same as 181 degrees… and so on

= =



Scan Speed: weighting factor

• So to get data for 360 degrees, we only need to move the x-ray tube 180 
degrees

Data angle Where the tube is 
located to get this 
data

0 At 0 degrees

60 At 60 degrees

120 At 120 degrees

180 At 180 degrees

240 This data is the same as the data from 60 degrees

300 This data is the same as the data from 120 degrees

360 This data is the same as the data from 0 degrees



Scan Speed: weighting factor

• So to get data for 360 degrees, we only need to move the x-ray tube 180 
degrees

Data angle Where the tube is 
located to get this 
data

0 At 0 degrees

60 At 60 degrees

120 At 120 degrees

180 At 180 degrees

240 This data is the same as the data from 60 degrees

300 This data is the same as the data from 120 degrees

360 This data is the same as the data from 0 degrees

We need 
data for all 

these 
angles 

(and the 
angles in 
between) 
to get an 

image

All the 
needed 
data is 

collected 
using tube 
positions 

from 
0180

This explanation holds perfect for parallel rays, but we have a fan beam. So it 
turns out our weighting factor is a little bit greater than 0.5, it would be 
exactly 0.5 for parallel rays as shown here.



Filtration

Bowtie

Collimation

ConstantMoving

Added 
Filtration

Detector

Intrinsic 
del

Single 
energy 

bin

Multiple 
energy bins

Grouped dels

Blocking 
filter

Tube(s)

Beam off Beam on

Focal Spot Size

Single Energy

Constant mA Variable mA

Multi Energy 

Continuous Intermittent

Gantry

Stationary Rotation

Couch

Stationary Moving

Tilt

We have a lot of modes in CT when 
you consider we have a tube, optional 
filtration, a gantry, and a detector that 
all have different modes of 
operations. Lots of possible 
combinations we actually use 
clinically. 



• Scan modes “if you can imagine it, the scanner can probably 
do it…”
– Do a single rotation with patient in the same spot (axial/sequential)
– Do multiple rotations with patient in the same spot 

(CINE/Perfusion)
– Continuously scan with patient slowly moving through scanner 

(helical/spiral)
– Move the patient back and forth over ~8-12 cm continuously 

(Shuttle perfusion)
– Do a single rotation “on demand” via a foot pedal with a physician 

standing next to the scanner (CT fluoroscopy)

Diagnostic Radiolog y



Scan Modes OverviewCT scan modes

CT localizer 
radiograph

yes
no

yes
no

yes

no

Single slab Axial/Sequential 
or bolus tracking baseline 

image

CINE or CT 
Fluoroscopy mode 
or bolus tracking  

Helical/Spiral

yes

no

Helical/Spiral 
Shuttle Mode 

yes
no

Couch 
moves 

back and 
forth?

More than 1 
tube rotation 

of data 
collected?

Couch 
translating 

while tube is 
spinning?

Couch 
Stationary

?

Tube 
Stationary?

Exam is 
collecting 

gating 
signals?

no

yes Retrospectively 
gated 

Exam is 
triggered 
via gating 
signals?no

Multi-slab 
Axial/Sequential

yes

Prospectively 
gated

Single beat 
volumetric 

Prospectively gated
*exact # of rotations 
dependent on 
patient’s HR, typically 
1 rotation for stable 
HR
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History of Medical (diagnostic) 
Computed Tomography

Focus on Speed



EARLY 1970S Image from 1974. ‘shows a wedge-shaped 
zone of decreased attenuation in the right 
cerebellar hemisphere of a 60-year old man 
with sudden vertigo and inability to stand or 
walk 8 days prior to the examination”

80 pixels across image 
4.5 minute acquisition time (single slice) 

LATER 70S
160x160 matrix

Rubin, Geoffrey D. "Computed tomography: revolutionizing the practice of medicine for 
40 years." Radiology 273.2S (2014): S45-S74.

Zimmerman, R. A., Bilaniuk, L. T., Gennarelli, T., Bruce, D., Dolinskas, C., & Uzzell, B. (1978). 
Cranial computed tomography in diagnosis and management of acute head trauma. American 
Journal of Roentgenology, 131(1), 27-34.



View angle 1, 
detector position 1-2 

View angle 1, detector 
position (1-N)-N 

…
View angle 2, 

detector position 1-2 

First clinical CT scanner (EMI circa 1971) had 160 detector positions, 1 degree angle 
increments, 3x13 mm detector elements, 180 degree rotation, FOV 23.5 cm



END OF THE 70S
EMI 5000 model scanner

320x320 pixels

18 second scan time

Typically 16-18 ‘cuts” per 
patient every 1 cm were 
acquired 

Schaner, E. G., Chang, A. E., Doppman, J. L., Conkle, D. M., Flye, M. W., & Rosenberg, S. A. (1978). Comparison of 
computed and conventional whole lung tomography in detecting pulmonary nodules: a prospective radiologic-pathologic 
study. American Journal of Roentgenology, 131(1), 51-54.



3rd generation 
scanner

1st generation 
scanner

BY THE END OF THE 70S, DATA ACQUISITION 
WAS RADICALLY DIFFERENT



1980S

Cohen, R. A., Kaufman, R. A., Myers, P. A., & Towbin, R. B. (1986). Cranial computed 
tomography in the abused child with head injury. American journal of 
roentgenology, 146(1), 97-102.

4.8 seconds per slab!

Kunstlinger, Francis, et al. "Computed tomography of 
hepatocellular carcinoma." American Journal of 
Roentgenology 134.3 (1980): 431-437.



3rd generation 
scanner (~4 slice)

3rd generation 
scanner (~64 slice)

Fan angle 
direction

Fan angle 
direction



3rd generation 
scanner (~4 slice)

3rd generation 
scanner (~64 slice)

Total scan time = rotation time 𝑥𝑥 scan length
pitch 𝑥𝑥 beam collimation

Fan angle 
direction

Fan angle 
direction

Cone angle 
direction

Cone angle 
direction



70S AND 80S, WE LEARNED A LOT



Hsieh, Jiang. Computed tomography: 
principles, design, artifacts, and recent 
advances. Vol. 114. SPIE press, 2003.

Scan time 
per slice

We can get 320 
slices in ~0.25 
seconds, that is 
0.0008 s per 
image!



• By 1990 we had a “gantry that could spin without stopping to 
“rewind”

http://rsna2013.rsna.org/files/1678/SCHLEIFRING_CTApplications.pdf

Images from first CT scanner with 
spiral/helical mode (Siemens 

Somatom-Plus)

Fishman, Elliot K., et al. "Spiral CT of the pancreas with multiplanar display." AJR. American 
journal of roentgenology 159.6 (1992): 1209-1215.

http://rsna2013.rsna.org/files/1678/SCHLEIFRING_CTApplications.pdf


• In 1998 we had 4 slice CT scanners

Hsieh, Jiang. Computed tomography: principles, design, artifacts, and recent 
advances. Vol. 114. SPIE press, 2003.

Single slice Single slice 9 slices



# of 
Slices

Year
1970  1975  1980  1985  1990  1995  2000  2005  2010  

2 
4 

16
 

  4
0 

   
64

   
 2

56
 

32
0 

 
 

EMI MARK 1

Mahesh, M. (2002). The AAPM/RSNA physics tutorial for residents: search 
for isotropic resolution in CT from conventional through multiple-row 
detector. Radiographics, 22(4), 949-962.



• Faster scanning helps
– Capture an entire organ with the same contrast 

dynamics (i.e. perfusion images without 
shuttle, cardiac imaging without gating, chest 
or abdomen CTA’s of an organ group)

– The imaging of pediatrics who may not be 
capable of staying still for long periods 

– Reduce cardiac motion artifacts
– Reduce respiratory motion artifacts
– Reduce swallowing/peristalsis motion artifacts

• Scan times for patient throughput 
consideration are not really an issue in CT
– In your typical 20 minute slot, the scanner is 

usually only acquiring data for ~10 seconds…

History/Motivation for fast scanning



• Faster scanning helps
– Things in our bodies that move
– Patients that cannot help from moving

History/Motivation for fast scanning













1.4 sec 
breath hold

1.0 sec 
breath hold

Scan speed: 46 mm/s Scan speed: 283 mm/s

Scan range: 288 mm Scan range: 288 mm

This scan was repeated

Total scan time: 1.02 sTotal Scan time: 6.26 s

2 cm (i.e. 16 slice) CT scanner Premium (i.e., wide axial) CT scanner



Anatomy and Physiology 2016 Rice University



30 seconds

Plot: Bae, Kyongtae T. "Intravenous contrast medium administration and 
scan timing at CT: considerations and approaches." Radiology 256.1 
(2010): 32-61.



Scan Coverage: Kidney perfusion applications for wide axial coverage

10 cm

The ubiquitous 64/128 slice scanners of 
today with ~4 cm of coverage cannot image 

the entire kidneys in at a single couch 
position

Wide axial coverage perfusion 
scan of the kidneys

CTA/perfusion images courtesy GE 
Healthcare



Bottom plot: Rubin, Geoffrey D. "Computed tomography: revolutionizing the practice of medicine for 40 
years." Radiology 273.2S (2014): S45-S74.



time

CT 
number

Hennedige, Tiffany, and Sudhakar Kundapur Venkatesh. "Imaging of hepatocellular carcinoma: diagnosis, staging and treatment 
monitoring." Cancer Imaging 12.3 (2012): 530.
Schima, Wolfgang, et al. "Quadruple-phase MDCT of the liver in patients with suspected hepatocellular carcinoma: effect of contrast 
material flow rate." American Journal of Roentgenology 186.6 (2006): 1571-1579.

Scan speed: The need and benefits of  fast scanning

HCC staging, you need 
precise imaging of 
contrast enhancement at 
various phases to make a 
diagnosis 



This may not seem fast, but consider we commonly use a 
RFOV  of 25 cm and 512 voxels, that’s a voxel size of 0.48 
mm. In 1 second @ 70 mm/s…we will see blurring



4.5 second gantry 
rotation, 10 mm slice

1990

0.33 second gantry 
rotation, 0.5 mm slice

2004

Left image: Hurlock, Gregory S., Hiroshi Higashino, and Teruhito Mochizuki. "History 
of cardiac computed tomography: single to 320-detector row multislice computed 
tomography." The international journal of cardiovascular imaging 25.1 (2009): 31-42.
Right: https://www.auntminnie.com/index.aspx?sec=sup&sub=xra&pag=dis&ItemID=74628 

https://www.auntminnie.com/index.aspx?sec=sup&sub=xra&pag=dis&ItemID=74628


20041998 2002

Hurlock, Gregory S., Hiroshi Higashino, and Teruhito Mochizuki. "History of cardiac 
computed tomography: single to 320-detector row multislice computed tomography." 
The international journal of cardiovascular imaging 25.1 (2009): 31-42.



Benz, Dominik C., et al. "Minimized Radiation and Contrast Agent Exposure for Coronary Computed 
Tomography Angiography: First Clinical Experience on a Latest Generation 256-slice Scanner." Academic 
radiology 23.8 (2016): 1008-1014.

16 cm coverage scanner, 1 
heart beat gated image, 0.27 

second rotation

Prospective gating, 4 cm beam 
collimation

The 
artifacts 
appear 
every 4 

cm…

20142004



average heart rate of 70 bpm

varied from a minimum of 51 to a 
maximum of 79 during the exam 

3 irregular heart beats during the 
prospective cardiac acquisition



Choi, S.I., George, R.T., Schuleri, K.H. et al. Int 
J Cardiovasc Imaging (2009) 25(Suppl 1): 23. 
doi:10.1007/s10554-009-9443-4



Limited coverage Wide axial coverage

Right Images: Image from “Neuro and acute stroke imaging 
with dynamic volume CT” by Richard Mather Toshiba Medical 
Systems whitepaper 2008



Flohr, T. G., Leng, S., Yu, L., Allmendinger, T., Bruder, H., Petersilka, M., ... & McCollough, C. H. 
(2009). Dual‐source spiral CT with pitch up to 3.2 and 75 ms temporal resolution: image 
reconstruction and assessment of image quality. Medical physics, 36(12), 5641-5653.



Flohr, T. G., Leng, S., Yu, L., Allmendinger, T., Bruder, H., Petersilka, M., ... & McCollough, C. H. 
(2009). Dual‐source spiral CT with pitch up to 3.2 and 75 ms temporal resolution: image 
reconstruction and assessment of image quality. Medical physics, 36(12), 5641-5653.



Actually imaging the 
entire body- head to feet 70s

Rubin, Geoffrey D. "Computed 
tomography: revolutionizing 
the practice of medicine for 40 
years." Radiology 273.2S 
(2014): S45-S74.



Actually imaging the 
entire body- head to feet

So my patient has X, 
what does it look like on 

CT?

70s

70-80sRubin, Geoffrey D. "Computed 
tomography: revolutionizing 
the practice of medicine for 40 
years." Radiology 273.2S 
(2014): S45-S74.

Kunstlinger, Francis, et al. 
"Computed tomography of 
hepatocellular 
carcinoma." American 
Journal of 
Roentgenology 134.3 
(1980): 431-437.



Actually imaging the 
entire body- head to feet

So my patient has X, 
what does it look like on 

CT?

Imaging blood vessels

70s

70-80s

00s

Rubin, Geoffrey D. "Computed 
tomography: revolutionizing 
the practice of medicine for 40 
years." Radiology 273.2S 
(2014): S45-S74.

Kunstlinger, Francis, et al. 
"Computed tomography of 
hepatocellular 
carcinoma." American 
Journal of 
Roentgenology 134.3 
(1980): 431-437.

“The CT Handbook: Optimizing Protocols for 
Today’s feature-rich scanners” By Tim 
Szczykutowicz. Medical Physics Publishing 2020



Actually imaging the 
entire body- head to feet

So my patient has X, 
what does it look like on 

CT?

Imaging blood vessels

Imaging the heart

70s

70-80s

00s

00s

Rubin, Geoffrey D. "Computed 
tomography: revolutionizing 
the practice of medicine for 40 
years." Radiology 273.2S 
(2014): S45-S74.

Kunstlinger, Francis, et al. 
"Computed tomography of 
hepatocellular 
carcinoma." American 
Journal of 
Roentgenology 134.3 
(1980): 431-437.

“The CT Handbook: Optimizing Protocols for 
Today’s feature-rich scanners” By Tim 
Szczykutowicz. Medical Physics Publishing 2020

Hurlock, Gregory S., Hiroshi Higashino, and Teruhito 
Mochizuki. "History of cardiac computed tomography: single 
to 320-detector row multislice computed tomography." The 
international journal of cardiovascular imaging 25.1 (2009): 
31-42.



Actually imaging the 
entire body- head to feet

So my patient has X, 
what does it look like on 

CT?

Imaging blood vessels

Imaging the heart

More than just CT 
number?

70s

70-80s

00s

00s

teens

Rubin, Geoffrey D. "Computed 
tomography: revolutionizing 
the practice of medicine for 40 
years." Radiology 273.2S 
(2014): S45-S74.

Kunstlinger, Francis, et al. 
"Computed tomography of 
hepatocellular 
carcinoma." American 
Journal of 
Roentgenology 134.3 
(1980): 431-437.

“The CT Handbook: Optimizing Protocols for 
Today’s feature-rich scanners” By Tim 
Szczykutowicz. Medical Physics Publishing 2020

Hurlock, Gregory S., Hiroshi Higashino, and Teruhito 
Mochizuki. "History of cardiac computed tomography: single 
to 320-detector row multislice computed tomography." The 
international journal of cardiovascular imaging 25.1 (2009): 
31-42.

Johnson, Thorsten RC, Bernhard Krauss, Martin Sedlmair, 
Michael Grasruck, Herbert Bruder, Dominik Morhard, Christian 
Fink et al. "Material differentiation by dual energy CT: initial 
experience." European radiology 17, no. 6 (2007): 1510-1517.



Thanks!

Feel free to contact me at 
tszczykutowicz@uwhealth.org



Centrifugal forces: 
0.5 s T ~9g, 
0.4 s ~14 g, 
0.3 s T 25 g, 
0.2 s T 55 g

90
s-

te
en

s

Pelc, N. J. (2014). Recent and future directions in CT imaging. Annals of 
biomedical engineering, 42(2), 260-268.
https://www.dkfz.de/en/roentgenbildgebung/ct/ct_conference_contributions/X-
Ray-Sources-in-Diagnostic-CT_MarcKachelriess.pdf?m=1559538828

Bigger, faster, more powerful

https://www.dkfz.de/en/roentgenbildgebung/ct/ct_conference_contributions/X-Ray-Sources-in-Diagnostic-CT_MarcKachelriess.pdf?m=1559538828
https://www.dkfz.de/en/roentgenbildgebung/ct/ct_conference_contributions/X-Ray-Sources-in-Diagnostic-CT_MarcKachelriess.pdf?m=1559538828
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