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Detectors for CT

# 3

Two detector types have predominantly been set to use: 

Ionization chambers 
(mostly filled with Xenon 

under high pressure)

Prof. P. Coan

Scintillation detectors
In form of crystal (ex. CsI)

or ceramic material (ex. Gd-based)

high uniformity of detection sensitivity

long-term stability against radiation damage

quantum efficiency

Detectors for CT

# 4

Two detector types have predominantly been set to use: 

Prof. P. Coan

Recently, increased interest in photon counting detectors.

+ energy resolution possibilities, BUT still problems of stability and count rate limits

Ionization chambers 
(mostly filled with Xenon 

under high pressure)

Scintillation detectors
In form of crystal (ex. CsI)

or ceramic material (ex. Gd-based)
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Temporal response of 

detectors

# 5Prof. P. Coan

Decay characteristics of 

different detector materials 

after a short X-ray pulse

Short decay time and 

low afterglow are very 

importantDECAY

AFTERGLOW

For the high scan speeds 

reached today, Xenon det.    

no longer acceptable

TIME(ms)

Ultra-Fast Ceramics scintillators

Temporal response of 

detectors

# 6Prof. P. Coan

Decay characteristics of 

different detector materials 

after a short X-ray pulse

Short decay time and 

low afterglow are very 

important

They effect the 

spatial resolution

DECAY

AFTERGLOW

For the high scan speeds 

reached today, Xenon det.    

no longer acceptable

TIME(ms)



5/4/2020

4

# 7Prof. P. Coan

Detectors for CT: 

summarizing

“I. INTRODUCTION

IT IS well known that the detector module of a computed tomography (CT) scanner, as the first link in the chain of the

data acquisition and processing system, has great influence on image quality [1]. Important characteristics of a detector

system include high-quantum detection efficiency and short decay time of the signal. The detection efficiency for

incoming photons should be as near to 100% as possible to yield low noise and to limit radiation exposure. In addition, the

efficiency should ideally be independent of the photon energy and should not vary among single detector elements in the

detector array. Decay time strongly influences the achievable resolution of the complete system, a fact that is often

underestimated. Furthermore, a slow signal decay can lead to sickle artifacts [2] and thereby impair image quality. One of

the reasons that Xenon detectors have been used extensively in CT scanners is their relatively fast decay times. Other

important advantages are high uniformity of detection sensitivity and long-term stability against radiation damage (cf. the

discussion of basic detector properties in [1], [3], and [4]). However, the quantum efficiency of gas detectors is always

inferior to that of solid-state systems. Solid-state materials, on the other hand, often exhibit unwanted long decay times

and afterglow (e.g., CsI : Tl), or are susceptible to radiation damage (e.g., CdWO ). As one of the last CT manufacturers

that switched from highly optimized Xenon detectors to solid-state systems, Siemens recently introduced a new

scintillating ceramic material, “Ultra Fast Ceramics” (UFC) [5], [6], that is based on GdOS (gadolinium oxysulfide).

UFC has been termed as new by the manufacturer, because the production process (to achieve sufficiently homogeneous

sensitivity) as well as the various dopands (to control the temporal signal behavior) have been optimized for the use in

high-speed CT detector systems. In the past, other manufacturers introduced detector materials based on rare-earth doped

yttria-gadolinia [7] or gadolinium oxysulfides [8] ceramic scintillators around 1992. Excellent summaries of the physical

basics of ceramic scintillators can be found in [9] and [10]. The UFC material appears to overcome the above-mentioned

disadvantages of other solid-state materials as it shows decay times as short as Xenon ionization detector systems and can

be produced with high uniformity of detection efficiency [11]….”

From: “Direct Comparison of a Xenon and a Solid-State CT Detector System: Measurements 

Under Working Conditions.”

IEEE TRANSACTIONS ON MEDICAL 

IMAGING, VOL. 19, NO. 9, SEPTEMBER 2000

Authors:  Theobald Fuchs, Marc Kachelrieß, and

Willi A. Kalender

Refer to original paper for literature

Multi-row detectors

# 8Prof. P. Coan

The first two multi-row detectors were introduced to the market in 1998 

(for 4-slice scanners)

Paul Suetens “Fundamentals of Medical Imaging”

Single Row detectors Multiple Row detectors
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# 9Prof. P. Coan

Isotropically structured 16-row 4 slice 

detector arrays (GE LightSpeed)

The number of the slices scanned simultaneously 

and their widths are defined by pre-patient 

collimation and post-patient electronic 

combination of signals from the detector arrays

Anti-scatter collimators

Multi-row detectors

# 10Kohl et al.

FIXED-ARRAY DETECTORS

AND

ADAPTATIVE-ARRAY 

DETECTORS
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Prof. P. Coan # 11
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central ray offset with respect to the center 

of rotation  sampling frequency doubles

Quarter detector offset 

How to improve the spatial resolution 

(i.e. sampling) – in plane

# 12

Sampling 

distance 

(at the center of 

rotation)

Misalignment of the detector by

¼ of the sampling distance in

one direction, after 180 degrees

same misalignment but in the

opposite direction
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Quarter detector offset Flying focal spot

central ray offset with respect to the center 

of rotation  sampling frequency doubles

Electromagnetic control of the focus pos. 

 fixed for 2 acquisitions2xsampling 
# 13

How to improve the spatial resolution 

(i.e. sampling) – in plane

Also in the other direction!

# 14Prof. P. Coan

Z-flying focal spot (ZFFS)

Two overlapping slices per detector

row can be acquired simultaneously

during one rotation

 Doubling of the sampling rate in

the z-direction
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How does the spatial 

resolution improved?

# 15Prof. P. Coan

Z-flying focal spot 

(ZFFS)

From SEQUENTIAL CT 

to SPIRAL CT

# 16Prof. P. Coan
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Evolution towards 

SPIRAL CT

# 17

Scan and step mode 

http://www.sprawls.org/resources/CTIMG/module.htmProf. P. Coan

2 basic requirements:

- The object to be scanned does not have to 

move during data acquisition

- The scan geometry must be perfectly planar

Otherwise…

- The dataset is fixed to a specific slice of tissue

# 18

Spiral/helical mode 

http://www.sprawls.org/resources/CTIMG/module.htmProf. P. Coan

The patient slowly and smoothly slides through the X-ray circle!

 It violates the 2 principle of 

standard sequential CT

 It constitutes a “sacrilege”

Evolution towards 

SPIRAL CT



5/4/2020

10

# 19

If the body is moved 10 mm during one rotation, and the beam 

width is 5 mm, the pitch will have a value of 2 

(for one detector line)

http://www.sprawls.org/resources/CTIMG/module.htmProf. P. Coan

Spiral CT

and multi-row detectors

# 20http://www.springerimages.comProf. P. Coan
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Comparison of 

processing steps 

between sequential 

CT and spiral CT

# 21Prof. P. Coan

Comparison of 

processing steps 

between sequential 

CT and spiral CT

# 22Prof. P. Coan

Z-interpolation: generates a 

consistent planar data set 

from the spiral data for an 

arbitrary image position
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# 23Prof. P. Coan

Different approaches are available for performing the Z-interpolation.

The principle difference relative to sequential CT and a significant advantage at the same

time is the inherent possibility of choosing image positions and reconstruction

increments freely and retrospectively. For the image reconstruction itself. The same

procedures are employed, i.e. usual convolution and backprojection.

z-interpolation

BASIC APPROACH FOR z-interpolation 

It consists in the linear interpolation between data 

measured for a given angular position just before 

and behind the desired table positions zR , i.e. at a 

distance d along the z-axis or 360º apart along the 

spiral trajectory, respectively.

# 24Prof. P. Coan

BASIC APPROACH FOR

z-interpolation 

The projection Pz (i, α) for projection angle α at a selected position zR is computed as

        ,,1, 1 iPwiPwiP jjz 

Where the interpolation weights (1-w) and w, respectively, are constant for all channels i

of a projection. 

 ,iPj
 represents the projection in the 

spiral data set measured in rotation j at 

position zj < zR , which was measured 

closest to the selected position zR with 

projection angle α.

 represents the respective  

projection at the angle α for the rotation j+1.

 ,1 iPj

 
d

zz
w

jR 
 Interpolation weight
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Flexibility in multislice

spiral CT

# 25

One spiral  scan (4 x 1.25 mm) 

can give different 

image characteristics

a) 4 mm section  high contrast

 low spat. resol.

b) 1.25 mm slice  low contrast

 high spat. resol.

c,d) 2.5 mm slice  good contrast

 good spat. resol.

Prof. P. Coan

Various display forms

# 26Prof. P. Coan
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CT: a powerful 3D imaging tool

# 27Prof. P. Coan

# 28Prof. P. Coan

In standard CT, you cannot know 

if a variation in CT values is due 

to a change in Z or 

  



 








 ZE,  CT values vary with E, Z or 

Possible ambiguities

in image interpretation 

and, thus, in diagnosis

 ZE,

CT: ambiguity in 

image interpretation
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# 29McCollough et al. Radiology, 276 (3), 2015Prof. P. Coan

# 30

1973

McCollough et al. Radiology, 2015Prof. P. Coan
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GOAL:

- Information on material composition in the tissues

- To generate material selective images

- Removing the ambiguities of standard CT

HOW:

- By profiting of the

energy dependence of the X-ray attenuation

- A selected slice is measured with 2 different spectra

(i.e. different kVp , different filtration) with minimum 

overlap

 Different technical and data 

processing approaches but always 

the same goal

# 31

CT evolution: 

DUAL ENERGY CT… SPECTRAL CT

11. Conditions for CT acquisitions

Prof. P. Coan # 32
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Conditions for acquisition

• SAMPLING STEP

• Determined the resolution of the image              "aliasing"

• Related to the spatial resolution of the detector

• NUMBER OF PROJECTIONS “strikes artifacts"

• NOISE

• related to the number of photons “image noise"

Prof. P. Coan

• CT IMAGE ARTIFACTS

RING ARTIFACTS

BEAM HARDENING

# 33

UNDERSAMPLING

Prof. P. Coan # 34

16 reconstructions of an ellipse

are shown for different values of

K, the number of projections, and

N, the number of rays in each

projection.

In each case the reconstructions

were windowed to emphasize the

distortions.

(Courtesy of Carl Crawford of the

General Electric Medical Systems

Division in Milwaukee, WI.)

K (number of angular projections)

N
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ALIASING

# 35Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004

Too large an interval between

projections (undersampling) 

misregistration by the computer of

information relating to sharp edges and

small objects.

View aliasing: where fine stripes

appear to be radiating from the edge of,

but at a distance from, a dense

structure.

Stripes appearing close to the structure

are more likely to be caused by

undersampling within a projection,

which is known as ray aliasing.

Prof. P. Coan

r

q

The effect of noise

SNR = 40 dB SNR = 20 dB

Courtesy F. Peyrin # 36
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Ring artifacts

Cause: dishomogenities of the detector (faulty, miscalibrated detectors)

Prof. P. Coan Courtesy F. Peyrin

Optics Express 14(25):12071-5

Reconstructed CT slice Example of sinogram – ring artifacts

# 37

Wrong definition of the 

center of rotation (CoR)

Wrong rotation axis

Shift + Shift -Original

Prof. P. Coan # 38

Correct position Displaced 1 pixel 

to the left
Displaced 1 pixel 

to the right

Example 1

Example 2

Vo et al. Optics Express, 22(16), 19078 (2014)
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# 39Prof. P. Coan Vo et al. Optics Express, 22(16), 19078 (2014)

Wrong definition of the 

center of rotation (CoR)

Estimated [0; 2π] sinogram and its Fourier transform in three cases: (b) and (e) Correct alignment; 

(c) and (f) 5 pixels misalignment; (d) and (g) 10 pixels misalignment.

(a) Modification of 

Shepp-Logan phantom

0°

π

2π

 Beam hardening

Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004

As the beam passes through an

object, it becomes “harder,” that is to

say its mean energy increases,

because the low energy photons are

absorbed more rapidly than the higher-

energy photons

Polyenergetic X-ray beam

# 40
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Saturation or beam 

hardening

Saturation

TR saturée ReconstructionOriginal

Beam hardening

(real data)

Prof. P. Coan Courtesy F. Peyrin # 41

Photon starvation

Prof. P. Coan

Barrett & Keat, Radiographics, 24, 2004

# 42
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Beam hardening

Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004

Manufacturers minimize beam hardening by using:

 Filtration (a flat piece of attenuating, usually metallic material to “pre-harden” the beam 

by filtering out the lower-energy components before it passes through the patient)

 Calibration correction (detectors calibrated with compensation tailored for the 

beam hardening effects of different parts of the patient: ex. figure 3)

 Software correction (iterative algorithms)

# 43

Photon starvation

Prof. P. Coan

Barrett & Keat, Radiographics, 24, 2004

Manufacturers minimize beam hardening by using:

Automatic tube current modulation
This allows sufficient photons to pass through the

widest parts of the patient without unnecessary

dose to the narrower parts

Calibration correction 
software correction smooths the attenuation 

profile in areas of high attenuation before 

the image is reconstructed

# 44
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Partial volume

Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004 # 45

Prof. P. Coan
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SAMPLING IN CT

Prof. P. Coan http://web.eecs.umich.edu/~dnoll/BME516_04/ct1.pdf

ρ is u (frequency in 

the Fourier space) in 

the lecture slides

SAMPLING IN CT

Prof. P. Coan http://web.eecs.umich.edu/~dnoll/BME516_04/ct1.pdf
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