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Outline of presentationOutline of presentation

•• Introduction to digital fluoroscopyIntroduction to digital fluoroscopy

•• Digital fluoroscopy componentsDigital fluoroscopy components

•• Analog and digital image characteristicsAnalog and digital image characteristics

•• Image digitization (quantization/sampling) Image digitization (quantization/sampling) 

•• Image processingImage processing

•• SummarySummary
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History of digital fluoroscopic imagingHistory of digital fluoroscopic imaging

•• ……. mid 1970’s……. mid 1970’s
–– Modified II/TV system with “fast” ADCModified II/TV system with “fast” ADC
–– Temporal and energy subtraction methodsTemporal and energy subtraction methods

•• ……. 1980’s……. 1980’s
–– Clinical DSA angiography systemsClinical DSA angiography systems
–– Qualitative and quantitative improvementsQualitative and quantitative improvements
–– Image processing advancesImage processing advances
–– Temporal and recursive filteringTemporal and recursive filtering

History of digital fluoroscopic imagingHistory of digital fluoroscopic imaging

•• ……. 1990’s……. 1990’s
–– Quantitative correction of image data Quantitative correction of image data 
–– Rotational fluoroscopic imagingRotational fluoroscopic imaging
–– MicroMicro--fluoroscopic imaging capabilitiesfluoroscopic imaging capabilities
–– CT fluoroscopy (using fanCT fluoroscopy (using fan--beam scanners)beam scanners)
–– ConeCone--beam CT reconstructionsbeam CT reconstructions

•• ……. 2000 ……. 2000 -- presentpresent
–– Introduction of realIntroduction of real--time flattime flat--panel detectorspanel detectors
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Why digital fluoroscopy / fluorography?Why digital fluoroscopy / fluorography?

•• Low dose fluoroscopic imaging Low dose fluoroscopic imaging 
(digital averaging, last frame hold)(digital averaging, last frame hold)

•• Pulsed fluoroscopy and variable frame ratePulsed fluoroscopy and variable frame rate

•• DSA and nonDSA and non--subtraction acquisition and displaysubtraction acquisition and display

•• Digital image processing and quantitationDigital image processing and quantitation

•• Image distribution and archiving, PACSImage distribution and archiving, PACS

•• Introduction to digital fluoroscopyIntroduction to digital fluoroscopy
•• Digital fluoroscopy componentsDigital fluoroscopy components
•• Analog and digital image characteristicsAnalog and digital image characteristics
•• Image digitization (quantization/sampling)Image digitization (quantization/sampling)
•• Image processingImage processing
•• SummarySummary
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Fluoroscopic Acquisition ComponentsFluoroscopic Acquisition Components

Side View: C arm SystemSide View: C arm System

TV MonitorTV Monitor

TV CameraTV Camera

Image Image 
IntensifierIntensifier

XX--ray Tuberay Tube

CollimatorCollimator

CC--ArmArm
ApparatusApparatus

PeripheralsPeripherals
Cine CameraCine Camera
Photospot CameraPhotospot Camera
Spot Film DeviceSpot Film Device
Digital PhotospotDigital Photospot
DSA SystemDSA System

XX--rays inrays in

Input phosphorInput phosphor Photocathode  (Photocathode  (-- ))
FocusingFocusing
electrodeselectrodes

OutputOutput
phosphorphosphor

Anode (+)Anode (+)

HousingHousing

EvacuatedEvacuated
InsertInsert

CsI inputCsI input
phosphorphosphor

SbCsSbCs33
photocathodephotocathode

~25,000 Volts ~25,000 Volts 
accelerationacceleration Light outLight out →→→→→→→→ RecorderRecorder

ZnCdSZnCdS:Ag:Ag
output phosphoroutput phosphor

ee--

ee--

Lens opticsLens optics
and mirrorand mirror
assemblyassembly

Electrons  Electrons  →→→→→→→→ LightLight

~5000 X amplification~5000 X amplification

ee--ee--
ee--
ee--

Image Intensifier Image Intensifier -- TV subsystemTV subsystem

GridGrid

Video or CCDVideo or CCD
camera to ADC camera to ADC 
to Digital Imageto Digital Image

ee--

ee--ee--
ee--
ee--

XX--rays rays →→→→→→→→ Light Light →→→→→→→→ ElectronsElectrons

ApertureAperture
(Iris)(Iris) TV cameraTV camera
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Structured Phosphor: Cesium Iodide  (CsI)Structured Phosphor: Cesium Iodide  (CsI)
Crystals grow in long columns that act as light pipesCrystals grow in long columns that act as light pipes

Light Pipe  (Optical Light Pipe  (Optical 
Fiber)Fiber)

LSFLSF

CsICsI

TV camera readout and output videoTV camera readout and output video
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TV camera specificationsTV camera specifications

•• Low resolution:Low resolution:
–– 525 line, interlaced, 30 Hz (RS525 line, interlaced, 30 Hz (RS--170)170)

•• High resolution:High resolution:
–– 1023 1023 -- 1049 line, interlaced, 30 Hz (RS1049 line, interlaced, 30 Hz (RS--343)343)

•• Highest resolutionHighest resolution
–– 2048 line systems2048 line systems

•• Progressive scan a must for short pulseProgressive scan a must for short pulse--width width 
digital applications digital applications 

IIII--TV digital systemsTV digital systems

•• Two decades+ of availabilityTwo decades+ of availability

•• Video signal is convenient for digitizationVideo signal is convenient for digitization

•• Low noise performance ofLow noise performance of II’sII’s: : ↑↑ SNRSNR

•• WellWell--developed capabilitiesdeveloped capabilities

–– IA, DSA, digital photospotIA, DSA, digital photospot

–– Rotational CTRotational CT

•• CCD camera implementationsCCD camera implementations

•• II is Big and bulky; image distortions prevalentII is Big and bulky; image distortions prevalent
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FlatFlat--panel Fluoroscopy / Fluorographypanel Fluoroscopy / Fluorography

•• Based upon TFT charge storage and Based upon TFT charge storage and 
readout technologyreadout technology

•• ThinThin--FilmFilm--Transistor arraysTransistor arrays
–– Proven with radiography applicationsProven with radiography applications
–– Just becoming available in fluoroscopyJust becoming available in fluoroscopy

•• CsI scintillator systems (indirect conversion)CsI scintillator systems (indirect conversion)
•• aa--Se systems (direct conversion)Se systems (direct conversion)

Photodetector: Photodetector: a a -- SiSi TFT active matrix arrayTFT active matrix array

ScintillatorScintillator

XX--rays to lightrays to light

Photodiode: Photodiode: 
Light to electronic signalLight to electronic signal

TFT: Storage and readoutTFT: Storage and readout

Amplifiers Amplifiers –– Signal outSignal out
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Dead
Zone

Amorphous SiliconAmorphous Silicon
TFT TFT active matrixactive matrix arrayarray

ThinThin--Film Film 
Transistor Transistor 

Storage Storage 
CapacitorCapacitor

Charge Charge 
Collector Collector 
ElectrodeElectrode

G1G1

G2G2

G3G3

Gate Gate 
switchesswitches

D2D2D1D1 D3D3

Data linesData lines
CR2CR2 CR3CR3CR1CR1

Charge Charge 
Amplifiers  Amplifiers  

Analog to Analog to 
Digital Digital 
ConvertersConverters

Amplifiers – Signal out

Fill Factor = Active area ÷ (Active area + Dead Zone)

Large pixels:  ~ 70%
Small pixels:  ~ 30 %

Active 
Area

Amorphous SiliconAmorphous Silicon
TFT TFT active matrixactive matrix arrayarray

G1G1

G2G2

G3G3

Expose to xExpose to x--raysrays

Store the chargeStore the charge

Active ReadoutActive Readout
Activate gatesActivate gates
Amplify chargeAmplify charge

Convert to DigitalConvert to Digital

Amplifiers – Signal out
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Cross section of detector:Cross section of detector:
aa--SiSi TFT/ CsI phosphorTFT/ CsI phosphor

GGSS DD

Adjacent gate lineAdjacent gate line

Storage capacitorStorage capacitor
TFTTFT

PhotodiodePhotodiode

SourceSource
GateGate
DrainDrain

Structured XStructured X--ray ray 
phosphor (CsI)phosphor (CsI)

XX--rayray

LightLight

++

ChargeCharge

XX--rays to light to electrons to electronic signal:rays to light to electrons to electronic signal:
Indirect digital detectorIndirect digital detector

Flat panel vs. Image IntensifierFlat panel vs. Image Intensifier

Field coverage / size advantage to flat panelField coverage / size advantage to flat panel Image distortion advantage to flat panelImage distortion advantage to flat panel

FlatFlat
panelpanel

IIII
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Maximum vertical framing

Maximum horizontal framing

Total over-framing Digital 
sampling 
matrix

Output 
phosphor 
image

Framing of digital matrix:Framing of digital matrix:
FOV vs. spatial resolution vs. xFOV vs. spatial resolution vs. x--ray utilizationray utilization

framingframing

4:3 aspect ratio4:3 aspect ratio

FOVFOV

23 cm nominal   23 cm nominal   
input diameterinput diameter

spatial resolutionspatial resolution

512 × 480 matrix512 × 480 matrix
1023 x 960 matrix1023 x 960 matrix

% recorded area% recorded area

(% digital area used)(% digital area used)

Maximum vertical Maximum vertical 
framingframing

22 cm22 cm 0.46 mm0.46 mm

1.09 lp / mm1.09 lp / mm

100 %100 %

(41%)(41%)

Maximum horizontal Maximum horizontal 
framingframing

19 cm19 cm 0.43 mm0.43 mm

1.16 lp / mm1.16 lp / mm

74%74%

(78%)(78%)

Maximum Maximum 
overframingoverframing**

15 cm 15 cm 0.33 mm0.33 mm

1.5 lp / mm1.5 lp / mm

61%61%

(100%)(100%)
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FlatFlat--panel fluoro detector:panel fluoro detector:
efficient use of xefficient use of x--ray detector / xray detector / x--ray fieldray field

Flat panel vs. Image IntensifierFlat panel vs. Image Intensifier

Gain / noise advantage to IIGain / noise advantage to II
FOV variability (FOV variability (magmag mode) and sampling advantage to IImode) and sampling advantage to II

II conversion gain:  ~5000:1II conversion gain:  ~5000:1

---- Electron acceleration flux gainElectron acceleration flux gain

---- Minification gainMinification gain
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Flat panel vs. Image Intensifier Flat panel vs. Image Intensifier 

•• Electronic noise limits flatElectronic noise limits flat--panel amplification panel amplification 
gain at fluoro levels (1gain at fluoro levels (1--5 5 µµR/frame)R/frame)

•• Pixel binning (2x2, 3x3) lowers noise; “Pixel binning (2x2, 3x3) lowers noise; “magmag--
mode” equivalent changes pixel bin sampling mode” equivalent changes pixel bin sampling 

•• Low noiseLow noise TFT’sTFT’s are being produced (low are being produced (low 
yield); variable gain technologies are neededyield); variable gain technologies are needed

•• Prediction:Prediction:
–– II’sII’s will likely go the way of the CRT…….will likely go the way of the CRT…….

Interventional system digital hardware architectureInterventional system digital hardware architecture

ADC
Array

Processor
Micro-

Processor

DAC

Video 
memory:
64 MB to 
512 MB

Analog 
signal

X-ray 
system

Local Image
Cache 

Patient
monitor

DICOM 
Interface

Peripheral
equipment

Image Workstation
Modality Interface

Arithmetic
Logic Unit

Display
Processor

Digital
Disk Array

PACS

HL-7
Interface

Modality WorklistModality Worklist

ImagesImages
(XA objects)(XA objects)

Patient / ImagesPatient / Images
reconciliationreconciliation

System information (kV, mA, etc)System information (kV, mA, etc)

Display calibrationDisplay calibration
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•• Introduction to digital fluoroscopyIntroduction to digital fluoroscopy
•• Digital fluoroscopy componentsDigital fluoroscopy components
•• Analog and digital image characteristicsAnalog and digital image characteristics
•• Image digitization (quantization/sampling)Image digitization (quantization/sampling)
•• Image processingImage processing
•• SummarySummary

Fluoroscopic Analog ImageFluoroscopic Analog Image

•• Continuous brightness variation Continuous brightness variation 
corresponding to differential xcorresponding to differential x--ray ray 
transmission of the objecttransmission of the object

Uniformly irradiated Uniformly irradiated 
II with lead diskII with lead disk
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Conventional raster scan: RSConventional raster scan: RS--170170
4:3 aspect ratio, 525 lines, 483 active4:3 aspect ratio, 525 lines, 483 active

Single horizontal video line

image 
height:

3

image width: 4

39 µsec

sync signals determine 
image location

0 mV

700 mV

-300 mV

voltage

33 msec

Digital Image RequirementsDigital Image Requirements

•• Contrast resolutionContrast resolution
–– Ability to differentiate subtle differences in Ability to differentiate subtle differences in 

xx--ray attenuation (integer numbers)ray attenuation (integer numbers)

•• Spatial ResolutionSpatial Resolution
–– Ability to discriminate and detect small objectsAbility to discriminate and detect small objects

(typically of high attenuation) (typically of high attenuation) 
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Digital Image MatrixDigital Image Matrix

Digitized video signal corresponding to horizontal line

23   68  145  190  238  244  249  150  38   31   30   35   43  159  232  241 239  182  131  33

Rows and columns define 
useful matrix size across 
active field of view.  For 
RS-170 standard, this 
corresponds to 
~480 x 480. 

Single horizontal video line

39 µsec
0 mV

700 mV

-300 mV

voltage

A better match now often available is 640x480 (VGA)A better match now often available is 640x480 (VGA)

Digital Acquisition ProcessDigital Acquisition Process

•• Conversion of continuous, analog signal Conversion of continuous, analog signal 
into discrete digital signalinto discrete digital signal

•• DigitizationDigitization
–– Sampling (temporal / spatial)Sampling (temporal / spatial)
–– Quantization (conversion to integer value)Quantization (conversion to integer value)
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Digital Image Characteristics Digital Image Characteristics 

•• AdvantagesAdvantages
–– Separation of acquisition and displaySeparation of acquisition and display
–– Image processing applicationsImage processing applications
–– Electronic display, distribution, archiveElectronic display, distribution, archive

•• Disadvantages: noise and data lossDisadvantages: noise and data loss
–– Quantization Quantization 
–– SamplingSampling
–– Electronic (shot)Electronic (shot)

Consequences of digitizationConsequences of digitization

•• Negative:Negative:
–– Loss of spatial resolutionLoss of spatial resolution

–– Loss of contrast fidelityLoss of contrast fidelity

–– Aliasing of high frequency signalsAliasing of high frequency signals

•• Positive:Positive:
–– Image processing and manipulationImage processing and manipulation

–– Electronic distribution, display and archiveElectronic distribution, display and archive

–– Quantitative data analysisQuantitative data analysis
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•• Introduction to digital fluoroscopyIntroduction to digital fluoroscopy
•• Digital fluoroscopy componentsDigital fluoroscopy components
•• Analog and digital image characteristicsAnalog and digital image characteristics
•• Image digitization (quantization/sampling)Image digitization (quantization/sampling)
•• Image processingImage processing
•• SummarySummary

AcquisitionAcquisition ProcessingProcessing

Fluoro unitFluoro unit

Peripheral Peripheral 
componentscomponents

Analog to Analog to 
digital digital 

conversionconversion

Digital to Digital to 
analog analog 

conversionconversion

DisplayDisplay

Computer Computer 
hardware hardware 

and and 
software software 

algorithmsalgorithms

ADCADC DACDAC

Storage / ArchiveStorage / Archive

SoftcopySoftcopy

CRT orCRT or

FlatPanelFlatPanel

RAIDRAID--5 5 
online online 



1818

Analog to Digital Conversion:Analog to Digital Conversion:
DigitizationDigitization

•• SamplingSampling:  measuring the analog signal at :  measuring the analog signal at 
discrete time intervalsdiscrete time intervals

–– @ 2x frequency of video bandwidth@ 2x frequency of video bandwidth

•• QuantizationQuantization:  converting the amplitude of :  converting the amplitude of 
the sampled signal into a digital numberthe sampled signal into a digital number

–– Determined by the number of ADC bitsDetermined by the number of ADC bits

SamplingSampling

•• Signal averaging within detector element (del) Signal averaging within detector element (del) 
area = area = ∆∆x x ×× ∆∆yy

•• Cutoff sampling frequency = 1 / Cutoff sampling frequency = 1 / ∆∆xx

•• Nyquist frequency = 1 Nyquist frequency = 1 / 2/ 2∆∆xx

•• Minimum resolvable object size (mm) Minimum resolvable object size (mm) 
= 1 / (2 = 1 / (2 ×× Nyquist frequency)Nyquist frequency)
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infinite bits, 3 samples / lineinfinite bits, 3 samples / line

InputInput

Sampling pointsSampling points

infinite bits, 7 samples / lineinfinite bits, 7 samples / line

InputInput

Sampling pointsSampling points

Sampling apertureSampling aperture

Sampling apertureSampling aperture

relative errorrelative error

relative errorrelative error

Sampling: discrete spatial measurementSampling: discrete spatial measurement

SamplingSampling
pitchpitch

SamplingSampling
apertureaperture MTF of sampling apertureMTF of sampling aperture

MTF of pixel (sampling) aperture

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6
Frequency (lp/mm)

M
od

ul
at

io
n

Cutoff frequency = 1 /Cutoff frequency = 1 / ∆∆xx

200 µµµµm1000 µµµµm

Nyquist frequency = 1/2Nyquist frequency = 1/2∆∆∆∆∆∆∆∆x,  when pitch = aperturex,  when pitch = aperture

Resolution and digital samplingResolution and digital sampling
DetectorDetector
Element,Element,

“DEL”“DEL”
500 µµµµm
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Phase EffectsPhase Effects
Input signal Input signal equalequal to Nyquist frequencyto Nyquist frequency

in phasein phase 180° phase shift180° phase shift

pixel matrixpixel matrix

sampled output signalsampled output signal

good signal modulationgood signal modulation no signal modulationno signal modulation

Bar patternBar pattern

Aliasing:  Insufficient samplingAliasing:  Insufficient sampling

Low frequency

High frequency

> 2 samples/ cycle

< 2 samples/ cycleAssigned (aliased) frequency

Pixel Sampling
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Aliasing effects:Aliasing effects:
Input signal frequency, Input signal frequency, ff > Nyquist frequency,> Nyquist frequency, ffNN

input f = 1.5 fN

output f = 0.5 fN

input f = 2.0 fN

output f = 1.0 fN

Higher frequency overlapping sidebands 
reflect about fNto lower spatial frequencies

0

Frequency

am
pl

itu
de

-fN

Input signal frequency spectrum, fin

Sampling BW

Input signal BW

fN fS 2fS

AliasingAliasing
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How important is aliasing?How important is aliasing?
•• Most objects have relatively low contrastMost objects have relatively low contrast

•• High frequency noise lowers DQE(f) in the clinically High frequency noise lowers DQE(f) in the clinically 
useful frequency rangeuseful frequency range

•• Clinical impact is probably minimal, except with Clinical impact is probably minimal, except with 
stationary antistationary anti--scatter grids and subscatter grids and sub--sampled imagessampled images

•• Image size reduction can cause aliasingImage size reduction can cause aliasing
–– Subsampling Subsampling retains high frequencies, violating Nyquist limitretains high frequencies, violating Nyquist limit

Resolution and image blurResolution and image blur

•• Sources of blurSources of blur
–– Light spread in phosphorLight spread in phosphor
–– Geometric blurring: magnification / focal spotGeometric blurring: magnification / focal spot
–– Pixel aperture of detector and displayPixel aperture of detector and display

•• Goal: match detector element size with Goal: match detector element size with 
anticipated spread to optimize sampling anticipated spread to optimize sampling 
processprocess
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12 cm12 cm
12

 c
m

12
 c

m

1k x 1k: 120 1k x 1k: 120 µµm m 
~4 lp/mm~4 lp/mm

FOV and digital samplingFOV and digital sampling

24 cm24 cm

24
 c

m
24

 c
m

1k x 1k : 240 1k x 1k : 240 µµm m 
~2 lp/mm~2 lp/mm

2 k x 2k: 120 2 k x 2k: 120 µµm m 
~4 lp/mm~4 lp/mm

Sampling and spatial resolutionSampling and spatial resolution

1000 samples1000 samples 500 samples500 samples 250 samples250 samples 125 samples125 samples
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2 bits (4 discrete levels) and infinite sampling2 bits (4 discrete levels) and infinite sampling

00

11

22

33

input signal rampinput signal ramp quantized outputquantized output

3 bits (8 discrete levels) and infinite sampling3 bits (8 discrete levels) and infinite sampling

00
11
22
33
44
55
66
77

input signal rampinput signal ramp quantized outputquantized output

Quantization: conversion to digital numberQuantization: conversion to digital number

relative errorrelative error

relative errorrelative error

3 bit Analog to 3 bit Analog to 
Digital ConverterDigital Converter

Successive 
fractional 
voltage at each 
comparator 8 discrete output values

+
-7 V

8

+
-6 V

8

+
-5 V

8

+
-4 V

8

+
-3 V

8

+
-2 V

8

+
-V

8

Video
input

Reference
voltage, V

MSB

LSB

Digital
Output

Comparators

710 mV710 mV350 mV350 mV

Priority
Encoder
Logic

R

R

R

R

R

R

R

00

11

11
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QuantizationQuantization

•• Threshold to next level is ½ step sizeThreshold to next level is ½ step size

•• Larger # bits provide better accuracyLarger # bits provide better accuracy

•• Quantization noise causes “contouring”Quantization noise causes “contouring”

•• Typical bit depths:Typical bit depths:
–– Fluoroscopy: 8 bitsFluoroscopy: 8 bits
–– Angiography: 10 Angiography: 10 –– 12 bits12 bits
–– CR / DR:       10 CR / DR:       10 –– 14 bits14 bits

Quantization EffectsQuantization Effects

8 bits8 bits 4 bits4 bits 3 bits3 bits 2 bits2 bits

“Contouring” is a problem in areas slowly varying in contrast.“Contouring” is a problem in areas slowly varying in contrast.
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Dynamic range considerationsDynamic range considerations

•• Maximum usable signal determined by:Maximum usable signal determined by:
–– Saturation of detector (TV camera)Saturation of detector (TV camera)
–– Light aperture (determine entrance exposure)Light aperture (determine entrance exposure)
–– Analog to digital converter (ADC)Analog to digital converter (ADC)

•• Minimum usable signal determined by:Minimum usable signal determined by:
–– Number of bits in ADCNumber of bits in ADC
–– Quantum noiseQuantum noise
–– System noiseSystem noise
–– ElectronicsElectronics

bitsbits graylevelsgraylevels
8              2568              256

10           102410           1024
12           409612           4096
14         1638414         16384

Resolution and Image SizeResolution and Image Size

•• 2 bytes / pixel uncompressed for digital fluoro2 bytes / pixel uncompressed for digital fluoro

•• 512  512  x   x   512 512 matrixmatrix (1/2 MB/image, 15 MB/s*)(1/2 MB/image, 15 MB/s*)

•• 1024 1024 x x 1024 1024 matrix matrix ( 1 MB/image,  30 MB/s*)( 1 MB/image,  30 MB/s*)

•• 2048 2048 x x 2048 2048 matrix  matrix  (4 MB/image, 120 MB/s*)(4 MB/image, 120 MB/s*)
–– *At 30 frame/s acquisition rate*At 30 frame/s acquisition rate

•• Overall storage requirement / Interventional Overall storage requirement / Interventional 
Angiography study:  200 to 1000 MBAngiography study:  200 to 1000 MB
–– Image compression; selected key imagesImage compression; selected key images
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Digital Image DisplayDigital Image Display

•• Digital to Analog Converter (DAC)Digital to Analog Converter (DAC)

•• Estimate of original analog signal amplitudeEstimate of original analog signal amplitude

•• Image fidelity determined byImage fidelity determined by
–– Frequency response (bandwidth)Frequency response (bandwidth)
–– Number of converter bits (usually 8 or 10 bits)Number of converter bits (usually 8 or 10 bits)
–– Image refresh rate (# updates / sec)Image refresh rate (# updates / sec)

Digital to Analog Converter:  DACDigital to Analog Converter:  DAC
Reference voltage =710 mVReference voltage =710 mV

Ref / 2Ref / 2

Ref / 4Ref / 4

Ref / 8Ref / 8

Ref / 16Ref / 16

Ref / 32Ref / 32

Ref / 64Ref / 64

Ref / 128Ref / 128

Ref / 256Ref / 256

Voltage Voltage 
adderadder

Voltage Voltage 
outout

LSBLSB

MSBMSB

Transistor (switch)Transistor (switch)

DigitalDigital
inputinput

sourcesource gategate draindrain

video video 
synchronization synchronization 

electronicselectronics00

00

00

00

11

11

11

11

355 mV355 mV

178 mV178 mV

89 mV89 mV

44 mV44 mV

22 mV22 mV

11 mV11 mV

6 mV6 mV

3 mV3 mV

432 mV432 mV
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00
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Image bitImage bit
planesplanes

Bit depthBit depth

0
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MSBMSB

LSBLSB

xx

yy

00 255255
darkdark brightbright

digital number digital number 
appearance:appearance:

Linear DACLinear DAC

Image Image 
representationrepresentation

Numerical Numerical 
representationrepresentation

Display adjustmentsDisplay adjustments

•• LUT:  Look up tableLUT:  Look up table
–– Dynamic conversion of digital data through a Dynamic conversion of digital data through a 

translation tabletranslation table

–– NonNon--destructive variation of image brightness and destructive variation of image brightness and 
contrastcontrast

–– Reduced display dynamic range requires Reduced display dynamic range requires 
compression of image range data (to 8 bits)compression of image range data (to 8 bits)
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Display of digital dataDisplay of digital data

255255

8 bit output

255255

8 bit output 
display range

00

WLWL WWWW

12 bit input

Look-up-table 
(LUT)

00

40954095 00

LogarithmicLogarithmic
transformtransform

ExponentialExponential
transformtransform

LinearLinear
transformtransform

20482048

Grayscale ProcessingGrayscale Processing

•• LookLook--upup--table Transformationtable Transformation
–– Window (contrast, c) and level (brightness, b)Window (contrast, c) and level (brightness, b)

IIoutout (x,y) = c (x,y) = c ×× IIinin (x,y) + b(x,y) + b

•• Histogram equalizationHistogram equalization
–– Redistribution of grayscale frequencies over Redistribution of grayscale frequencies over 

the full output rangethe full output range
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Window Width / Window LevelWindow Width / Window Level

Contrast ResolutionContrast Resolution

•• Fluoroscopic SpeedFluoroscopic Speed
–– Dependent on lightDependent on light--limiting aperture (flimiting aperture (f--stop)stop)
–– Variable for digital flatVariable for digital flat--panel detectors panel detectors 
–– ? secondary quantum sink at higher frequencies? secondary quantum sink at higher frequencies

•• Electronic noiseElectronic noise
–– shot noise, dark noise, fixed pattern noiseshot noise, dark noise, fixed pattern noise

•• Structured noiseStructured noise
–– Anatomy, overlying objectsAnatomy, overlying objects

•• “Useful” dynamic range“Useful” dynamic range
–– minimum detectable contrast with additive noiseminimum detectable contrast with additive noise
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Low Contrast ResolutionLow Contrast Resolution

1 mR1 mR 0.1 mR0.1 mR 0.01 mR0.01 mR

Temporal Temporal 
AveragingAveraging
4 frames4 frames

No Temporal No Temporal 
AveragingAveraging

Image subtraction low contrast phantomImage subtraction low contrast phantom

Noise SourcesNoise Sources

•• Digital acquisition:  Digital acquisition:  SNRSNR--limitedlimited detectiondetection
–– quantum mottle and secondary quantum sinkquantum mottle and secondary quantum sink
–– fixed pattern (equipment) structured noisefixed pattern (equipment) structured noise
–– electronic and shot noiseelectronic and shot noise
–– digitization:  sampling and quantization noisedigitization:  sampling and quantization noise
–– anatomic (patient) noiseanatomic (patient) noise

•• Imaging system should always function in Imaging system should always function in 
xx--ray ray quantumquantum--limited limited rangerange

–– With II/TV, gain is sufficientWith II/TV, gain is sufficient
–– With flatWith flat--panel, electronic noise is limiting factorpanel, electronic noise is limiting factor
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•• Introduction to digital fluoroscopyIntroduction to digital fluoroscopy
•• Digital fluoroscopy componentsDigital fluoroscopy components
•• Analog and digital image characteristicsAnalog and digital image characteristics
•• Image digitization (quantization/sampling)Image digitization (quantization/sampling)
•• Image processingImage processing
•• SummarySummary

Image ProcessingImage Processing

•• Reduce radiation dose through image averagingReduce radiation dose through image averaging

•• Enhance conspicuity of clinical informationEnhance conspicuity of clinical information

•• Provide quantitative capabilitiesProvide quantitative capabilities

•• Optimize image display on monitorsOptimize image display on monitors
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Image Processing OperationsImage Processing Operations

•• PointPoint
–– Pixel to pixel manipulationPixel to pixel manipulation

•• LocalLocal
–– Small pixel area to pixel manipulationSmall pixel area to pixel manipulation

•• GlobalGlobal
–– Large pixel area to pixel manipulationLarge pixel area to pixel manipulation

Temporal AveragingTemporal Averaging

IIoutout(x,y) = N (x,y) = N ΣΣ IIii(x,y)(x,y)

•• Reduces noise Reduces noise 
fluctuations by N fluctuations by N 0.50.5

•• Increases SNRIncreases SNR

•• Decreases temporal Decreases temporal 
resolution resolution 
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Image Subtraction (DSA)Image Subtraction (DSA)

•• Pixel by pixel operation:Pixel by pixel operation:

IIoutout((ii) ) (x,y) = (x,y) = IImm(x,y) (x,y) –– IIii(x,y) + offset(x,y) + offset

•• Time dependent log difference signalTime dependent log difference signal

•• Window / level contrast enhancementWindow / level contrast enhancement

Logarithmic amplificationLogarithmic amplification
•• Linearizes exponential xLinearizes exponential x--ray attenuationray attenuation

•• Difference signal is independent of incident xDifference signal is independent of incident x--ray fluxray flux
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Linear to Log LUT
10 bit to 8 bit
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Digital Subtraction AngiographyDigital Subtraction Angiography

•• Temporal subtraction sequenceTemporal subtraction sequence
–– First implemented mid 1970’sFirst implemented mid 1970’s

•• Eliminate static anatomyEliminate static anatomy
–– Increase conspicuityIncrease conspicuity

•• Isolate and enhance contrastIsolate and enhance contrast
–– Lower contrast “load”Lower contrast “load”
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Subtraction
Image

Contrast Image

Contrast agent

Mask

Digital
Fluoro

TimeTime--dependent subtraction (DSA)dependent subtraction (DSA)

SubtractedSubtracted
imagesimages
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DSA examplesDSA examples

DSA image manipulation / quantitationDSA image manipulation / quantitation

•• Pixel shifting Pixel shifting 
(correct for (correct for 
misregistration)misregistration)

•• Add anatomy Add anatomy 
(visualize (visualize 
landmarks)landmarks)

•• Measurements / Measurements / 
densitometrydensitometry
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Cavg

C(t)

time

Cmax

time

+

-

Image weighting coefficients, ki

Average ROI signal in image i.

ki = C(t) - Cavg 

Image sequence and ROIImage sequence and ROI

Matched FiltrationMatched Filtration

Matched FiltrationMatched Filtration

k1 × I1(x,y)

+

Single averaged output image 

High SNR at ROI position

Scaling factor ki

k2 × I2(x,y)

k3 × I3(x,y)

k4 × I4(x,y)

k5 × I5(x,y)

k6 × I6(x,y)
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Image comparisonsImage comparisons

ContrastContrast
ImageImage

Mask subtractMask subtract
ImageImage

Matched filterMatched filter
ImageImage

Selective dyeSelective dye
ImageImage

Recursive filtrationRecursive filtration
•• Digital image buffer adds a fraction, k, of the incoming Digital image buffer adds a fraction, k, of the incoming 

image to the previous output image; temporal averaging image to the previous output image; temporal averaging 
with exponentially decreasing signalwith exponentially decreasing signal

IIoutout(n) = k (n) = k IIinin(n) + (1(n) + (1--k) k) IIinin(n(n--1) + (11) + (1--k)k)22 kk IIinin(n(n--2) +….2) +….

+ + 

ImageImage
MemoryMemory
Buffer Buffer 

IIinin(x,y)(x,y) ×× kk

IIoutout(x,y)(x,y)

×× (1(1--kk)) feedbackfeedback
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Image Processing OperationsImage Processing Operations

•• PointPoint
–– Pixel to pixel manipulationPixel to pixel manipulation

•• LocalLocal
–– Small pixel area to pixel manipulationSmall pixel area to pixel manipulation

•• GlobalGlobal
–– Large pixel area to pixel manipulationLarge pixel area to pixel manipulation

Spatial FiltrationSpatial Filtration

•• Low pass (smoothing)Low pass (smoothing)

•• High pass (edges)High pass (edges)

•• Bandpass Bandpass (edge enhancement)(edge enhancement)

•• “Real“Real--time” filtration uses special hardware time” filtration uses special hardware 
and filter kernels of small spatial extentand filter kernels of small spatial extent
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ConvolutionConvolution

•• Pixel by pixel multiplication and addition Pixel by pixel multiplication and addition 
of filter kernel with image:of filter kernel with image:

I x g i I x iout in
i N

N

( ) ( ) ( )
( )/

( )/

= +
=− −

−

∑
1 2

1 2

I x g I x g I x g I xout in in in( ) ( ) ( ) ( ) ( ) ( ) ( )= − × − + × + × +1 1 0 1 1

I x g x I xout in( ) ( ) * ( )=

Point sampling aperture:Point sampling aperture:
frequency responsefrequency response

LSFLSF

height: height: 
1/ 1/ ∆∆∆∆∆∆∆∆xx

width: width: ∆∆∆∆∆∆∆∆ x ~ 0x ~ 0
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Finite sampling aperture:Finite sampling aperture:
frequency responsefrequency response

Single element LSFSingle element LSF
width: width: ∆∆∆∆∆∆∆∆xx

height: height: 
1/ 1/ ∆∆∆∆∆∆∆∆xx
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Filter kernelsFilter kernels

Frequency responseFrequency response
1 and 3 element equal weight kernel1 and 3 element equal weight kernel
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1 element1 element

3 element3 element

Single element LSFSingle element LSF
width: width: ∆∆∆∆∆∆∆∆x x 

height: height: 
1/ 1/ ∆∆∆∆∆∆∆∆xx

Three element LSFThree element LSF
width: 3 width: 3 ∆∆∆∆∆∆∆∆xx

height: height: 
1/(31/(3∆∆∆∆∆∆∆∆x)x)

MTFMTF
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Low pass filtration Low pass filtration –– smoothing smoothing 

•• Convolve “normalized” filter kernel with imageConvolve “normalized” filter kernel with image

•• Reduces high frequency signalsReduces high frequency signals

•• Reduces noise variationsReduces noise variations

•• Reduces resolutionReduces resolution

2D Low pass filter kernel2D Low pass filter kernel

1 10 10

1 10 10

1 10 10

1 10 10

1 1 1 10 10 10

1 1 1 10 10 10

1 1 1

1 1 1

1 1 1
**

1 1 4 7 10 10

1 1 4 7 10 10

1 1 4 7 10 10

1 1 4 7 10 10

1 1 4 7 10 10

1 1 4 7 10 10

Input Output

Profile beforeProfile before Profile afterProfile after

1 1 10

1 1 10

1 1 10

1 1 10

•• Convolve “normalized” filter kernel with imageConvolve “normalized” filter kernel with image

÷÷ 99
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Variable weight lowVariable weight low--pass filter kernelpass filter kernel

Frequency responseFrequency response
variable weight kernelvariable weight kernel
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Units of 1/Units of 1/∆∆∆∆∆∆∆∆xx

Variable weight kernelVariable weight kernel

width: width: 
∆∆∆∆∆∆∆∆xx height:height:

0.6 / 0.6 / ∆∆∆∆∆∆∆∆xx

0.2 / 0.2 / ∆∆∆∆∆∆∆∆xx

++

Break into parts:Break into parts:

Combined responseCombined response

High pass filtrationHigh pass filtration

•• Low pass filtered signal subtracted from Low pass filtered signal subtracted from 
original signaloriginal signal

•• High frequencies (edges) remain in imageHigh frequencies (edges) remain in image

•• Noise is increasedNoise is increased
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HighHigh--pass filter kernelpass filter kernel

Frequency responseFrequency response
highhigh--pass filterpass filter
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DifferenceDifference
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-- ++
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HighpassHighpass LSFLSF

2D high pass filter kernel2D high pass filter kernel
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Input Output

Profile beforeProfile before Profile afterProfile after
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••Convolve “normalized” filter kernel with imageConvolve “normalized” filter kernel with image
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Example filtered imagesExample filtered images

UnfilteredUnfiltered Edge enhancedEdge enhanced SmoothedSmoothed

Image Processing OperationsImage Processing Operations

•• PointPoint
–– Pixel to pixel manipulationPixel to pixel manipulation

•• LocalLocal
–– Small pixel area to pixel manipulationSmall pixel area to pixel manipulation

•• GlobalGlobal
–– Large pixel area to pixel manipulationLarge pixel area to pixel manipulation
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Global Image ProcessingGlobal Image Processing

•• Frequency domain processingFrequency domain processing
–– Fourier transform of kernel and imageFourier transform of kernel and image
–– Convolution Convolution →→ MMultiplicationultiplication
–– More efficient for convolution kernels > 9x9More efficient for convolution kernels > 9x9

•• Inverse filtering (deconvolution)Inverse filtering (deconvolution)
–– e.g., veiling glare, scatter correctionse.g., veiling glare, scatter corrections

•• Image translation, rotation and warpingImage translation, rotation and warping
–– Correction of misregistration artifacts, pincushion Correction of misregistration artifacts, pincushion 

distortion, vignetting, nondistortion, vignetting, non--uniform detector responseuniform detector response

Inverse filteringInverse filtering
•• 2D 2D –– FT methods:FT methods:

–– Measure PSFMeasure PSF
–– Generate FT of inverse filterGenerate FT of inverse filter
–– Multiply by 2DMultiply by 2D--FT of imageFT of image
–– ReRe--inverse transforminverse transform

XX--ray scatter PSF and inverse filter:ray scatter PSF and inverse filter:
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Quantitative AlgorithmsQuantitative Algorithms

•• Stenosis sizing: length, area, densitometryStenosis sizing: length, area, densitometry

•• Distance measurementsDistance measurements

•• Density Density –– time curve analysistime curve analysis

•• Perfusion Perfusion –– functional studiesfunctional studies

•• Relative flow and volumetric assessmentRelative flow and volumetric assessment

•• Vessel trackingVessel tracking

•• CT with coneCT with cone--beam reconstructionbeam reconstruction

Limits to QuantitationLimits to Quantitation

•• NonNon--linear / nonlinear / non--stationary degradationsstationary degradations
–– Beam HardeningBeam Hardening
–– ScatterScatter
–– Veiling GlareVeiling Glare
–– NonNon--uniform bolus / diffusionuniform bolus / diffusion

•• Geometric effectsGeometric effects
–– Pincushion distortionPincushion distortion
–– Vignetting Vignetting 
–– Rotational accuracy (CT)Rotational accuracy (CT)
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SummarySummary

•• Digital imaging is an Digital imaging is an essentialessential part of part of 
fluoroscopic and angiographic systemsfluoroscopic and angiographic systems

•• Limitations and advantages of fluoro digital Limitations and advantages of fluoro digital 
acquisition and processing must be acquisition and processing must be 
understood for maximum utilizationunderstood for maximum utilization

•• DICOM standards are a must for the DICOM standards are a must for the 
integration of digital fluoroscopy in the clinical integration of digital fluoroscopy in the clinical 
environment and PACSenvironment and PACS

SummarySummary

•• Fluoroscopic / Fluoroscopic / Fluorographic Fluorographic 
image processing can provide image processing can provide 

–– Significant improvement of image qualitySignificant improvement of image quality
–– Reduced dose (radiation and contrast)Reduced dose (radiation and contrast)
–– Enhanced image detailsEnhanced image details
–– DSA, DSA, roadmappingroadmapping, quantitative densitometry , quantitative densitometry 
–– Functional imaging, coneFunctional imaging, cone--beam beam fluorofluoro CTCT
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