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EDITORIAL

Slavik Tabakov and Peri§prawls

MPI Co-Editors

Welcome to the second Special Issue of Medical Physics International which is devoted to articles developed in the IOMP
History Prgect. The topics from this issue will be presented in the History Symposium at the 26N Annual Meeting
in San Antonio, Texas (July 2019). This results from the collaboration of the AAPM History Committee with the IOMP
History Project. Under the dirgon of the AAPM History Symposium Working Group future Symposia will include
presentatios from both the History project and other relevant presentations showing the developments in medical physics
and the place of our profession in contemporary heakhcar
The first Special Issue of the Journal Medical Physics International (MPI1 SI 1, May 284 8ver 5000 downloads. It can
be downloaded free dtttp://www.mpijournal.org/pdf/201-&I1-01/MP12018SI-01.pdf
The topics in the First Edition are:

1 X-ray Tubes DevelopmeniOMP History of Medical Physics (R. Behling) p.8

1 Film-Screen Radiography Receptor DevelopnieAtHistorical Perspective (P Sprawls) p.56

91 History of Medical Physice-Learning Introduction and First StepgDMP History of Medical Physics (S

Tabakov) p.82

This second Special Edition here adds more chapters to the History project.

After the official announcement of the History project in the MPI Journal (May 2017available at
www.mpijournal.org/pdf/201:01/MP201701-p068.pdf- the number of chapters in the project is growing. This could
result to more frequent Special Issues, which wikddte combined in volumes related to the specificgants of medical

physics and the delopment of the profession.

As stated before, the project chapters will be open ended in order to further expand in future with more methods and
equipment, showinghte contribution of thousands of medical physicists, the medical technology industry ramas va
organisations to the global healthcare progrésdacilitate the project progress we shall regularly present information about

the History project in the MRIournal and other publications. We welcome the contribution of colleagues from allespcieti
organisations and companies to join the History project in its various volumes.

We look forward to your contributions to the Project
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Fluoroscopic Technolog from 1895 to 2019

Drivers: Physics and Physiology

Balter, Stephen
ColumbiaUniversity, Departments of Radiology and Medicine, New York, NY, USA

Abstract: X-r ays were first observed when they causedacgealy pho
years, Xray tubes and their associated power supplies were unstathleften dangerous to use due tagaxs, exposed
high-voltage wiring, and ozone. The hazards were well known. Even so many early fluoroscopists lost their hands or live:
Nevertleless, by 1900, fluoroscopy became a routine medical tool. Medical radiggreplived as well but was slowed by
long exposure times and the difficulties of early"2@ntury photographic processing. By the 1940s, the technology had
reached the level athich the equipment required little attention, permitting the operators s filmost exclusively on the
medical tasks. Several key papers from this time period discuss noise effects, the effects of dark adaption on visu
perception, the need for brighteanages without excessive radiation, and begin to introduce cognitive dantorimage
diagnosis. The Xay image intensifier (ll) introduced into practice in the 1950s was a major step toward addressing these
problems. The Il also produced enough lighpermit photographic and cine recordings of its output. The Il itseléaetiia
factor of two improvement in quantum efficiency when the ZnCdS input screen was replaced by Csl in-18&0sid
Parallel developments in video technology enabled theogey@nt of video viewing as a replacement for direct optical
viewing. Photogrphic image subtraction was a key aspect of angiography. By 1980, analog and digital subtraction of
angiographic images was a key factor in the growth of interventional radidlogyovements in Xay tube technology
yielded greater outputs which faciliéat spectral shaping of the-tdy beams to better match the absorption properties of
lodine. This step simultaneously reduced patient irradiation and improved the visibilityti#stditled vessels. The image
intensifier itself began to be replaced byidatate detectors (FP) around 2000. The most common variant used, and still
uses a Csl input layer that is similar to that found in lls. Thus, the dosimetric characterisicERiseis similar to Ils. By
2010, the imaging hardware had become relatigtdple. Improved redlme image processing has enabled better coupling
of the information in the image to the observigmwhhilse ey
simultaneously reducing patient irradiation. The next decadeely lia see further advances in this direction.

Keyword® Fluoroscopy, interventional radiology, patient dose, image quality, image processing
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I. INTRODUCTION

The evolution of fluoroscopic technology has driven by clinical requirements, technological possibilities, and the
operationahecesities of realtime imaging. Fluoroscopic procedures are used to monitor the motion of clinical objects using
sequences of transitory images. Supplementary technologies are used to acquire and preserve a fraction of these images fc
later analysis. Mst fluoroscopic procedures use riale imaging while manipulating the patient, objects within the patient,
and the imaging geometry needed to optimally view these objects. This process exposes the patient to radiation risks.
Fluoroscopy frequently requs tle presence of operators close to the patient and results in their exposure to radiation risks
as well.

Fluoroscopy always requires that operators play a continuously active role while a procedure is in progress. The
operatords physts dnloowgliecdage roefqutiree mgati ent ds condition, ar
reattime operational inputs to the fluoroscope. This is fundamentally different than radiography, where images are usually
acquired using a predefined protocol and theresetiom any interaction between physician and patient during clinical
utilization of the images.

Key nonhardware concepts needed to understand the fluoroscopic environment include the physiology of human vision,
the presence of a noiskefining quantumsink in the imaging chain, and the use of image processing to improve the
conspicuity of clinically important structures. Many of the technological jumps that occurred in the past century are direct
responses to requirements imposed by these concepts.

II. EARLY DAYS (18951 1920)
Roentgenbés sequenc e’ and otherrearly souraes dutline hosthlsimilariigs end slifference between

fluoroscopy and acquisition. For exampl e: Ro eonyangecon & s f i r
piece of cardboard when his Crookes tube was powered. It was reported that he saw a transient image of his own hand on the
screen while manipulating an object with the beam on.

docurnent his observation.

Crookes tubes, their associated higiitage sources, and other relevant items, were available in many physics
|l aboratories around the world when Rontgends discovery
fluoroscy, were reported around the world within weeks. Given the number of reports in the following few months,
everything needed to produce fluoroscopic images must have been immediately at hand in many physics laboratories.
Medical X-ray imaging ensued in mamf these venues within weeks of the announcement. An anonymous research review
was published in Nature inJune 1896 |t starts with: AThe novelty of Prof.
off, and the field of research openedup by hiseotd i ons i s now mainly occupied by s
there was continued physicist interest i@y imaging. Figures 1 and 2 document two anonymous nineteenth century setups
with an inductioncoil as the highkvoltage source and a crgscoe as the fluoroscopic detector. The tube in Figure 1
appears to be a basic Crookds design. The tubes in Figl
features serve to increaseRay output and sharpen the image.

Figl:c18% Physicistso fl uor ¢ Fig2:1899 Radiography and Fluoroscopy.

The monocular cryptoscope is the only item that may This wubiquitous photo of
have been immediately available in a typical physics being radiographed while the standing individual
following Roentgends a n n simultaneously using cryptscope to fluoroscope his ow
investigator is using his own hand as a-tdsiect. There hand. This image could be either a posed picture or
were seveal published reports of hand injuries before the « fluoroscopist is using his hand as a QA tool while he adj
of 1896. Source- ANON the apparatus. . Note the supply of additio

X-ray tubes on the far wall. Souric&NON
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As shavn in Figures 1 and 2, many early radiation workers used fluoroscopy with human hands as test objects witt
catastrophic consequences. Among other 1896 reports is an extendeerfiost description of major tissue reactions on the
aut hor s hanOdtdberpubl i shed

X-rays outputs from gadischarge tubes are unstable. Roentgen described a tool for describing imaging characteristics o
the beam in his third papérlt is simply a sheet of platinum with an array of holes. Each hole is covered witteremtif
thickness of aluminum. The images of the tool provide the thickness of aluminum needed to match the transmission throu
the surrounding platinum. This tool is a variant of the Bunsen photometer used for measuring light intensities n the pre
electonic era The underlying physics of atomic nhumber dependent differential attenuation is the basis of many 20th anc
21st century test tools. Many other fluoroscopic test objects, and reference objects for characterizing patient images we
described in théterature before 1900.

Direct observation of the fluoroscopic screen involves directly converting a fraction of the energy carried -bgyan X
beam into visible light (fluorescemield). Image visualization requires enough light to activate either theahwisal
system or a photographic pl ate. In the weeks after rec
vast number of compounds for their fluoresegietd and reported calcium tungstate (CaWw) as the optimum in 4896
Ba[Pt(ON)4] produces green fluorescent light, and CaW produces blue light. Thedapited human eye is more sensitive
to green than blue. CawW became the phosphor of choice for radiographic intensifying screens. Fluoroscopic scree
eventually used greesmitting zinccadmiumsulphide (ZnCdS) as the phosphor of choice. Z@@s also used as the
input screen for the first few generations of image intensifiers, until it was replaced by Csl in the 1980s.

The same repoigoes on to say 0 Tfuerosbpinpappartatasnta the sarfeontchnnos be fover
estimated. It will give him an instant diagnosis of his case. The photographic method involves long exposure, in itself a
evil, followed by the slow development and drying of the plate, and, wordll,dha uncertainty of getting any result
whatever. The fluoroscope tells the st omys framtwithinrweeks ob E o
Roentgendés announcement unt il hi s assi datianmtl904£.|Bacasenaf e D
this, Edison totally stopped all work with-ikay s wi t h t he foll owi ng c oayanleem#tfraid f D
of them. o

In the nineteenth century mostrdy imaging was fluoroscopy using a hooded enclosure orcifeld gen fluoroscopic
screen as the image receptor. The hooded system is called a cryptoscope in this paper to distinguish this technology fr
other types of fluoroscopic systems.

Figures 3 and 4 1897 show fluoroscopy in use for customs inspectioese Bhfrom the same Scientific American
article®. The photograph in Figure 3, indicates that the working environment was illuminated.

Fig 3: 1897 baggage inspection. Sourcei Scientific Americari Permission Pending

Figure 4 is a drawing of an opendhoscopic screen used to search a woman for contraband in a darkened room. The X
ray components (box, tube, tubtand) are identical to those in Figure 3. Photography in the dark was simply not possible in
the 19th ceniry. This image has alsotakenamit own | i fe over the yeraay;pamleowegasl
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Fig 4: 1897 open fluoroscopic screen

Customs inspection detecting contraband. The woma
the right appears to be a badged customs offidé@s ifhage
was included in the artiel cited in Figure 3. It has bee
reproduced many t i me sray\parlor
gameso.

Sourcel Scientific Americari Permission Pending

Figure 5 contains a photograph of an early fluoroscopic examination. The source of this imagevenuolt must be
prior that of the almost identical French adverting postcard (Welcome Trust) -Fag s¢ystem seen in the images has
essentially the sanmemponents as the system shown in Figure 1. The 19th century equivalent of photoshop must have been
used to produce the O6originaldé photo on the |l eft.recthe f|
fluoroscopy and two leftlbows are seen (one on the screen) and one outside the boundary of the screen).

Fig 5: Pre 1900 Chst CARPENTIER  THE ROYAL
Fluoroscopy ' ;
a) Photograph with 9century
6photoshopd. AN
b) ¢ 1898 advertising postcari
Source -Welcome  Trust 1
permission pending

Fig 6: 1896 Complete Xray system.

The unshielded Xay tube is just right of center There is andttl sparigap voltmeter
mounted on the wall. The image receptor consists of a large fluoroscopic screen. £
cloth hood like the hood used photogrmphameras of the era isolates the operator fi
room light. Sourcé Siemens Healthineers.

Comgete X-ray sets were soon offered by major electrotechnical companies such as the Siemens set shown in (Fig 6).
There were many other firnggoviding X-ray equipment and supplies ¢ 1900. The surviving 1905 third edition catalog from
Friedlander is fascingiy. Beyond tubes, tubgtands, and generators this catalog provided instructions for btierfilm -
processing chemistry, and assorttefradiation protection materials. Examples of radiation PPE are shown in Figure 7.
The need for these devices waisven by reports of hand damage as early as %1886 the death of Clarence Daily
(Edi sondés adsistant) in 1904
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Fig 7: Radiation
Protection Devices

b) ¢ 1940. What the weltdressed
catalog No. 3. SourdgePublic Domain fluoroscopist might wear Soure&ANON

Electrotherapy equipment was commercially manufactured and distributed in the late 19th and early 20th centuries. The
devices used higholtage sources that could producegays in an increasqvariety of gaslischarge tubes. By the turn of
the century Mcintosh Battery & Optical Company a manufacturer of electrotherapy equipment, was able to supply
commercial Xray sets by adding a tube and cryptoscope to their existing product line. Higp®duces a 1915
advertisement from this company. Despite ttnage of an irradiated hand in the ad, this manufacturer was aware of the
dangers of wusing the operatords hand as a QA tool . Cort
century. Mclintosh offered a muitarget penetrometer with eathar get characteri zed as &éi n
allowed the tool to be used without needing a hand in the beam. A similar penetrometer (without the handle) was offered
the 1905 Fedlander catalog.

Fig 8: 1915 Fluoroscopic sel

Ih;hstast Portable X-Ray Ct
and an accesory QA tool

of its sixe on the market

Gives & heavy six-inch spark. Takesa ha
in ome second ce a chest i 20 seconds. Pine |

See text for the description. st High Priqueeey Sc Custey work- Wo

oc altemating curre

Weighs oaly 28 Ra.
Bt Our Spectal Introdactory Propasition
insares exact res. Deasity of No. | equ
sambers correspanding to Inches of flesh, Resding made w

or on & test pictare.  Saves plates, time and
burns. We are offering 500 of these regular $5.00 Fene-

Source- ORAU Health Physics Historica
Museumi permission pending

 over your plote when priming tube to pre. 7,
m”y or cover halfl of & plate and
B2t two Images o oee plate. =7

FREE! 350k Edition Electro-Therspeutical ¢

Casalog //_...

Mcintosh Battery O Optical Co. o2 e
21 W, Waihingien 51, Chlcags, B8

Early in the gadube era, it was stated that radiography added no valire fluoroscopic examination. There was likely
to be partially true because that required long radiographic exposure times (typically tens of minutes) often resulted ir
motion blur. Photographic processing of radiographs was also in its infancy. Watetiy many early fluoroscopists were
not content withbrief observations; this resulted in many instances of radiation injury of both patients and operators. A
decade or so later, betterrdy sources and improved radiographic receptors changed to #utiskioroscopy should be
only used for procedures ngigng the observation of motion. Figure 9 reproduces two 1910 cryptoscopic head
examination¥. Skull fluoroscopy was rare in this era. Figure 10, from the same textbook edition illustrates dotiomenta
using notes about or tracings of the fluoroscopi@aiges. Thi s textbook specifically
for documentation instead of fluoroscopy whenever possi
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The glass bowl suppon the gas Xay tube is an electrical insulator. Thera§ tube in the left image is contained in a gla
bowl that appears to have a partial lead shield similar to the shield offered in the Friedlander catalog (Fig 07). Note tt
exposed higtvoltage wirng. The right image shows an unshieldeda) tube. Sorce- Tousey 1910

Fig 10: 1910 Image documentatiorCaptions in original advises to use radiography instead of notes or sketches
on fluoroscopy for documentation. SourcEousey 1910

The need to have one or both hands free to manipulate the patient, adjusiatheoxtrols, and document the invag
findings resulted in mechanical fluoroscopic screen holders attached to some form of patient support. The evolution of
patient support mahanisms is a key part of fluoroscopy history from +3980. The critical elements were anatomically
positioning he patient for the procedure and giving the physician appropriate access to the patient during the procedure.
Figure 11 illustrates two sucéystems. From the dates of the pictures, themy<sources were gas tubes. Along with
radiation, exposed high volja wires and ozone production were real dangers. These goals had to be met for procedures that

were done in complete darkness. As time peeged systems incorporated improvements in both electrical and radiation
protection for patients and staff.

Fig 11: Vertical Fluoroscopes

a) (1907) At he Kinescope all owed f
X-ray photography of patients standing, sitting,lyang with only one
devi ce.-®ieneosiHealtheneers

b) Lead screen cover over the-r&y tube indicatedin caption.
Sourcel Tousey 1910

As shown in Figure 12, fluoroscopic guided surgery using dudses and a heachounted cryptoscope was use fa
fluoroscopically guided surgery in WAN This is an early example of a fluoroscopically guided irgational procedure.
Cryptoscopes remained in military and civilian use through the 1940s for both medical amédioal purposes.
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Fig 12: Military
cryptoscopes

circa 1916 1944 US Navy Art Collection 1944 Europe

lll. DIRECT FLUOROSCOPIC SCREENS (19051960)

Thegag ube era ended in the -lanerXraygue and trarfsforndr driveh potvel Supplies h e
replacedgas tubes and inductieooil/staticgenerator higivoltage sources. The operational simpjicof these newer
components helped transition daily use of radiography and fluoroscopy from a focus on equipment technology to a focus «
radiation and imaging.

The transitions from gasubes and hantleld screens occurred in stages. Figure 13 is fromeAéns 1926 adverl
for a horizontal table. The fluoroscopic screen is above the table. The poles on the lefpaitdiéor the highvoltage
wiring. The raiographic tube holder (minus the tube its@ibbably it was a hefilament tube) is overhie table with its
fixed collimator. The tube is mounted in a legldss bowl which served both as a radiation barrier and an electrical
insulator. The fluoroscopitube is encased in a lighight enclosure under the table. This enclosure may orrmoahave had
lead shielding. There is exposed high voltage wiring over and under the table. Nevertheless, this apparatus was used
fluoroscopy in a completely dark roo

A comparable 1940 Picker table is shown in Figure 14. Protection against electramalshaith the introduction of
flexible insulated highvoltage cables. The enclosed table contributed to reducing the amount of scatter reaching the
operator. Equipmnt mounted specific radiation protection elements are missing.

Fig13: 1926 horizontal table

This Acme system includes an ostable radiographic tube (with collimator) and .
undertable fluoroscopic tube. The radiographic tube itself and its wiriaghat shown
in this image. The two poles on the {gfind side are insulators. In usgposed high
voltage wires ran from these points to theay tubes. The enclosure for the und
table fluoroscopic tube may have been provided to minimize stray &ghing
fluoroscopy.

Source- ACME advertisement in RADIOLOGY

Fig 14: 1940 R/Rable

Insulated highvoltage cables
replace open wiring. The -xay
tubes used for such syster
were typically shielded by leas
contained within a grounde
metal casing

Source - PICKER
advertisement in RADIOLOGY
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Figure 15 illustrates chest fluoroscopy in 1947. The original source of these images has been lost. Both appear to show the
same fluoroscope. By this time, the fluoroscesiceen may have had a legldss covering providing radiation protection to
the opeator. No collimation controls are immediately evident in either photo. If collimation was not available, the beam size
would have been large enough to fully illuminate the screen in any position.ubnesitopic screen is linked to the-Réy
tube assenip only in the vertical dimension. Thus, the vertical size of the beam need not have exceeded that of the screen.
However, on the righbhand image, the screen is free to slide in the horizontal directom hi s i mpl i es t ha
horizontal size was $stantially larger than that of the screen. This is undesirable. Eventually regulations required both
collimation and a visible unirradiated margin on all four sides of the image. The heavy lead glovenwioe lefthand was
used to palpate the patientder fluoroscopic control. It is also noted that the operator is not wearing any form of body
radiation protection. There appears to be a lead apron draped over the chair back irhthwl laftage. A grtion of the
scatter pr oduc e dcouldmpass threughphe unshiehled @re beovben thé bottom of the screen and the chair
and thus irradiate the operator. Later standards specified a fully protected zone for the operator to manage irradiat

Fig 15: 1947 Chest Fluoroscopy

See text for dscription

Source - ORAU Health Physics
Historical Museum 1  permission
pending

IV. THE OBSERVERO6GS EYE

The image on a fluoroscopic screen i ssbmainviaythe eyes. Aspettaiof wh e
visionintimately related to fluoroscopy are discussed in this section. TRevitking lightintensity range of the human eye
is needed to accommodate rady light levels in a cloudless desert and a subsequent moomigaé-ig 16). The
anatomical basis prading this range includes two types of photoreceptors in the retina. The cone cells are activated by high
light-intensity, the rod cells work at low ligiitensity. Additional information is provided by standard asand perception
textbooks!t: 12

Fig 16: Range of light intensities over which
the human eye can accommodate z 10,000 Snow in noon-day sun
7]
This range includes the effects of dark adaptation f, 100 White paper under
g ;Q average reading lamp
Adapted from Chamberlaiin 19423 it é 1
= Fluoroscopic Screen
3 receiving 35 mGy/min
—_F 0
= Threshold of Photopic eye
5 - 0001 Fluoroscopic Screen
7] : through patient abdomen
>
§ 000001 Threshold of Scotopic eye

The increase in sensitivity of the eye to dim tighcalled dark adaptation. This process takes tens of minutes as shown in
Figure 17. Note the break at the level where the cones have reached their maximum sensitivity, and the extension of
sensitivity ly several orders of magnitude where rod vision itates.
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Fig 17: Sketch of eye sensitivity as a function of darkdaptation

time. 3
(=
2o
The retina contains a mixture of visual cells called rods and cones. The %
are concentrated in the fovea, and rodswose the rest of the visual field. § Rods (scotopic)
£ 8-
s
Q
4 .
Cones (photopic)
-

1 1 T
10 20 30
Dark adaptation time (minutes)

Figure 18 $ from around 1955. Radiologists had to dark adapt for tens of minutes in order to optimally use their
fluoroscopic screens. The radiologists are wearing red goggles which allows adaptation in typieat dhatrination.
Radiographic film images coulcbhbe adequately read or interpreted while dark adapting. The goggles were removed after
going into the fluoroscopic room and switching off the lights. There are many available photographs showingstadiologi
using their fluoroscopes while wearing red glag. This is an impossibility because the screens emitted green light.

Fig 18: c¢ 1955 dark adaptation
with goggles

Fluoroscopic screens could only produce
limited luminance at acceptabledoserates.
Operators dark adapted for about 30 minutesdieio
to fluoroscope at these low light levels. Typical
they wore red goggles and avoided bright lig
during the adaptation time.

Sourcei ANON

Working with dark adapted eyes reducesdhwunt of radiation needed to form a perceivable imageutately, the X
ray tubes available in the fluoroscofsicreerera could not produce high desses for long periods of time without
sustaining irreversible thermal damage. Observers had taadagh in order to see anything of value. However, the césts o
increased sensitivity include decreased spatial and temporal resolution of the visual system (Fig 19).

Fig 19: Sketches of spatial and temporal resolution a
photopic and scotopic light levels

00

1
1

BRIGHT BRIGHT

Bright illumination levels enable foveal vision with tltenes
resulting in better spatial and temporal resolution. The pre
specification for minimum illuminance on diagnostic ima
monitors is intended to drive foveal vision.

Relative Sensitivity
10 00
Relative Sensitivity
10

1
3
1

1 100 1 10 100
Spatial Frequency (cycles per degree) Temporal Frequency (cycles per second)

V. RADIOGRAPHY BY PHOTOGRAPHY OF FLUOROSCOPIC SCREENS
The concept of photegphing a fluoroscopic screen was proposed before 1900. It was not practical then due to the limitec
light output of screens and the low sensitivity of early films. With better filchaptics, photofluorographic systems, used

for mass chest radiographywe i n common use from ¥he 19306s through t
Several of the surviving photographs (i.e. Fig. 10) indicate that sketching on top of the fluoroscopic screenand note
taking were in use. Several tools using direct irradiation oféitmeen system@spotfim-d e vi c e s, kymogr aph

changwerrseb)used up to the 19806s but are mostly beyond t
Rapid series imaging with a direct fluorescent screen was possible but not common. A 1950 system is shown in Figure 2

Basedon the sample coronary angiogram, this system opesateeleral frames per second. TheaX tube loading needed

to sustain this framerate, and patient dose resulting from photographing direct screens, were too high to permit many fram

this inhibitedgeneral acceptance of this technology.
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Fig 20: 1950 rapid sequence angiographic
system

Uses a fluorescent screen and a photographic car
This configuration was seldom used clinically. Along w
limited image quality, patient radiation doses weracst
certainly much higher than filracreen radiography

Source- Siemens Healthineers

VI. NOISE LIMITED IMAGING

The perception of key clinical objects in an image is influenced by image noise. In a fluoroscopic image, visual noise can
be groupednto two categories: The first is the noise produced by statistical variations in the numbeRagfptotons
converted mto light by the fluoroscopic screen (Quantum Noise). The second category is the combination of all other noise
sourcesintheimagingh ai n and t h-lraincsystern (System Nosse).Quamtum Noise is dependent on the local
X-ray dose. System nass independent of -xay dose but may be dependent on factors such as illumination level. The
amount of noise in an image changeswdbse only when Quantum Noise is dominant.

For fluoroscopiescreens, quantum noise is significant if not totally dontirsinpatient entrance dosates of tens of
milligray per minute. At any doseate. a device that amplifies illuminance of the obserdes r et i na si mply pr
image without affecting quantum noise. Quantum noise is increased ifténg doserate is reduced. Low dose fluoroscopy
may be far too (quantum) noisy for clinical use.

Higher doseates are required for direct fleascopy if the eye is not appropriately dark adapted. Under these
circumstances, additional-My energy is needed to promk enough light for the observer to see. In broad terms, good
screerfluoroscopy was performed at desses comparable to modern s, Maximum dose rates were likely to have
been physically restricted to a few hundred mGy/min by the constructioe &fttaly tubes of the era.

Information flow through a fluoroscopic imaging system has been represented by afahottingram sincée he 194006 s
15 Figure 21 introduces this model. The key concept is that radiographic and fluoroscopic images contdierinivige
from the quantum nature of therdy beam and modified at each step in the imaging chain. The ordinate is the number of
phaons per unit area. Several steps in the process are shown:

1) Xray photon flux at t he peanthousedttdrs skin (entrance exp
2) X-ray photon flux at the fluoroscopic screen (normalized to 1.0 for trajectories A and B)

3) Detected Xray photonsZ5% of incident)

4) Light conversion (1,000 useful light photons per detectedyphoton)

5) Useful light photons attheobsee r 6 s eye (set to 2.5 for trajectories

The smallest number of signal carriers in a trajectory is called the quairi. In the quantudimited trajectory (A), the
number of visualized photons is an order of magnitude higher thantetedé&ay photons, indicating that-bay quantum
noise will dominate. The number of visualized photons in the-pglar management &jectory (B) is the quantum sink and
is of concern. Since it is equal the number of detected photons on the same yrajeicidicates that visualized noise will
be higher than the native quantum noise. The equal light trajectory (C) delivers theusab®s of visualized photons as
trajectory A, but at the cost of 10 X the patient input dose. Much of the technical deeelopf image receptors in the
subsequent hatfentury was focused on maintaining the quantum sink at the detected photon level dhstisg@where in
the imaging hardware.
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Fig 21: Fluoro screen photorflux diagram

«OeC: Equal Obaerver Light

@A X-Ray Quantum Limited

A) QUANTUM LIMITED: The photonflux dersity at the eye is 10 X
the detected level. Entrance Exposure Rate (EER) = 50

«Onl: Poor Light Management

B) POOR LIGHT MANAGEMENT: The photoifiux density at tle eye
is equal to that at detection stage. Visible noise is due to a combinati
X-ray quantum noise and 6époor c¢
EER = 50.

Relative number of photons per unit area

C) EQUAL OBSERVER LIGHT (usig the same ratio of emitted t
visualized photons notddr B): Patient EER is increased by a factor of 1
Under these Conditions EER — 500 Patient Receplor Detected Emitied Visulized

Entrance Entramce Photoms Photoas Photons

St ur m and? dgimalgdmgrains are reproduced in Figure 22. Patient entrance dose is constanthi@eall
trajectories. Patient exit dose decreases fakénibeam projections. These change impact the downstream photon fluence
density. The loss of flux inside the eye is an additional stage to those shown in Fig 21. This diagram indicates that t
quanttm sink i s the o0bs e-detaitaueson theright ara related ko espatialosensitivity surve in Fig 19
with image noise as an additional driver. These experiments assumed a constant patient entrance exposure rate (left) N
the effet of increased image noise (due to lower output light)fin trajectory C compared to trajectories A andrBthe
right-hand drawing, the solid curves are experimental, and the dotted lines are corresponding theoretical predictions.

o

Fig 22: Effect of light level on contrast
detail measurements B

Photon Denisies in Fluoroscopy i

(A ) Chest; B i AP abdomen;
C- LAT abdomen)

17 Patient Entrancé identical for all three.

271 Patient Exit

31 Absorbed by Screen

47 Light emitted by Screen u

100~

PHOTONS /S0, MIL/SEC

PER CENT CONTRAST
[=]
1

571 Light enteringeye wh

61 Absorbed by Retina PSR S S S et
SIS - y OBJECT OIAMETER - MM

Source- Sturm & Morgan 194% Photon Densities Corresponding Experimental Contras

permission pending Detail Measurements,

VIl. IMAGE INTENSIFIER WITH ANALOG IMAGE HANDLING (1955 -1985)

Visibility of objects is influenced by brightness, contrast, object size, and visuab r®. Chamberl ainds
lecture®® provided major insights into the influence of the human visual system on fluoroscopic imaging and introduced the
first technic&requirements for fluoroscopic image intensification. The enormous operating ratigelafman eye (Fig 16)
is remarkable for any physical sensor . The eyeds abili
active elements (loMeve scotopic vision) compared to the cones (high light level photopic vision) (Fig 17r19p48
Rose described the sensitivity of the human eye on an absoluté®ddade s ummar i zed his finding
the eye over the bulk of its operatirange may be matched by an ideal picture pickup device having a storage time of 0.2
sce ond and a quantum efficiency of 5 percent at | ow |igh

Chamberlain estimated that the brightness of a fluoroscopic imalgm® lee increased by a factor of a thousand to enable

photopic vision. This paper inaded a 1940 patent drawing from GE of an image intensifier (Fig 23). Several patent
drawings from this timgeriod claim the image intensifier as a radiographic dewistead of for use as a fluoroscopic tool.

121



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medicay/§lbs 2, 2019

Fig 23: 1940 Image Intensifier Patient Dravng

This patent drawing illustrates all the essential elem
of an image intensifier except for minification (the outy
image is the same size as the input image.

Source- U.S. Patent 2,198,479
2,198,479

Inventor:
Irving, Landgmuir,

Coltmanodés 1948 paper O6FbvoEDbSCcOpU uset thehgneept8df anplification and g
minification into what became the typical design of the fluoroscopic image intensifier. He also introduced a consideration of
the effects of Xray quantum limits on the perception of lalwseimages. One importanuigot e fr om t hi s pape
fundamental limitation in image amplification, and that any system which does not make the fullest possible use of the
available Xray quanta incurs a deterioration of the image which cannot bectedrby subsequentamp f i cat i ono.

Figures 24 and 25 reproduces Coltmanédés electronic ampl
light goggle) and a sketch of an image intensifier tube with minification. CliniealyXintensifiers inorporate electro
opticd minification (perhaps inspired by optical minification in photofluorographic chest systems), and electronic
amplification. Image minification greatly improves the output light collection efficiency from such a tube. Figure 26
diagams the conversion stag/in an image intensifier tube that uses both electronic amplification and minification gain.

Fig 24: 1948 Prototype Image Intensifier

This device has electronic gain but does not uti
minification (input and output are the sarsize) = 7
Source- Coltman 194871 permission pending Lo l

Fig 25: Image Input Phot Elect Output
. " . npu oto- ectron utpu
m?e_n.smej\r with Screen cathode Optics Screen
minification

~PHOTOELECTRIC SURFACE

‘_X |

)
\ _— ALUMINUM BACKEI
\ / e \ PHOGPHOR LAYE! X-Rays Light Electrons Electrons  Light
WeALENSES ‘MaIN LENS dim lowenergy highenergy bright
FLUORESCENT SCREEN
a) Schematic Source Coltman 1948 b) Conversion Stages

T permission pending

Image intensifiers produce a much brighter image than aoieopic screen fothe same Xay input dose rate. In
principle, the measurement is simply measuring the |ight
under the same irradiation conditions. Practical problems include thé definron o f 6 as ddrse em,daanrdd t he
of light meters in the 1960s. A standard based on the ratio of light out of the image intensifier divided bayhapxt
(Gx) was developed by the ICRU and published as NBS handbook 89 if.1P68 masurement of Gx waviewed in
detail by Holm and Mosely in 196% This paper reports measurements on a single image intensifier and discusses the
effects of Xray spectral differences on the measurements and changes in Gx over time attributed tatieteriahe input
layers of the tube.

Figure 26 schematically illustrates the measurement p
conversion factor. AnX ay beam having standard char act echamberisusasdtoi | | un
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measure exposumte in the entrance plane and in the center of the field. A light meter measures light outpgjt i(Ciiven

center of the output image. The Full FOV sketch indicates relative reference conditions. Neither meashesrgestwhen
thebeam is collimated within the full FOV. However, t he
More radiation is needed to produce the same light output. For an image intensifier: the radiation level scales with the rat
of the areas ofhe input and output screens (e.g. as the square of the ratio of input and output screen diameters). Lookir
ahead by four decades: In terms of radiation levels, zooming-paiteti detector uses more or less of its input surface
(similar to collimatingan Il). There is no need to adjust radiation levels with FOV because the brightness gain is independen
of FOV. (Compensating for perceived noise as a function of FP zoom is discussed below.)

Fig 26: Image intensifier Conversion Factor j~—— Full FO\
Gx = Light out / X-ray in. Gx is relative in this figure. ( ‘&ﬂcﬁ
a) Max FOVi Low radiation to achieve light level: Gx = 10 /=\Hollumate<
b) Beam collimated within max FOV Same radiation and light: Gx =10 i .

Zoomet

c) Image intensifier zoomed Higher dose rate needed to have the [ \
same light level: Gx5 ﬂﬂﬂﬂ
o $B19(

Co | t naaserfiom that amplification alone cannot be used to decrease irradiation is demonstrated with the use of
quantum flux diagram (Figure 27). This diagram adds an additional stage for light amplificative stages in Fig 21.
Trajectory A is for a flucoscopic screen and is identical to the quantum limited trajectory in Figure 21 (amplification factor
is 1.0). Trajectory B has the same input dose rate as A and a light amplification factor of 10Gragit to enable
photopic vision. For trajectory Ghe patient input dose rate is reduced by 100 to produce the same output light level as the
screen (A). Now, the quantum sink is two orders of magnitude lower, producing an image that is too noisgdbusé.

Fig 27: Image intensifier photonflux diagram LT p— pr—
E IL MO t —eeenee
See text H qual Light Outpu
& 10,000
3
<
3
2 100
a
%
& 1
Patient Receptor Detected Emitted Amplified Visualized
Entrance Surface Photons Photons Photons Photons

Coltman recommended constructing a system with aifigl input screen based on considerations of clinical-féld
view, and bulk of the system. Its length was determined byreteoptics and scales with the size of the inpuesn. He
stated: AThe entire tube together with its housi ngt, op
in place of the present fluoroscopic screen assembly on existing egglin t O . Figure 28 i 11 us
representative 1955 single moderich tube.

Fig 28: c 1955 50 | ma:
Note the optical relay lens which sent all availa
light from the Il to the monocular viewing optic used

the system

Source- Philips Healthcare

With image intensifiers, dark adaptation and dark fluoroscopic rooms were no longer required. Early image intensifier:
had brightness gains of a few hundred times that of the brightness of the input screen. To permit opeoatitad eoom
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light levels,as many of the | ight photons produced at the outopu
coupling was provided using optical periscopes. Figure 29 illustrates this in a 1956 Phiis mdbile image internifger
with monocular viewingA schematic drawing of the optical elements of this system is also shown.

Fig 29: 1956
Mobile Image
Intensifier

a) Source - Philips
Healthcare
b) Viewing - Photographed
2017

c) Monocular periscope
output

d) Sketch of optics

Another variant of a single channel system is shown in Fig 30. Figure 30 illustrates a c¢ 1955 table mounted gantry
equipped with monocular viewing, a photographic camera that could be placed into the single viewing channel. The
operator couldhot see thémages while filming. Its optics are shown schematically for fluoroscopy and fluorography.

Fig 30: 1956 Cine image
intensifier

Imaga
Inteasifier

a) single output channel for eithe
monocular periscope fluoroscopy or cin
fluorography

Source- Philips Healthare

b) Skech of optics in fluoro and cine mode

By the mid to late 1960s, direct fluoroscopic screens were increasingly replaced by image intensifiers. Figure 31
illustrates an imagetensified fluoroscope offered on the GE exhibit at the 1R6BIA (my photo). The table includes a
spotfilm-tower moungd image intensifier. Looking at the right side of the photo, a direct fluoroscopic screen version was
also offered for this system. Direct fluoroscopic screens remained in service throughoatltheni their use was locally
banned by local regulatoguthorities. New direct screen fluoroscopic systems, including models with cryptoscopes, are still
advertised on the internet. Direct screens may still be appropriate in regions where moneg iarst@&quipment service

availability is low.
-:nunz.&;:epgg”,,c \“ ',/'// m

Fig 31: Transition

a) 1966 RSNA: System offered wit
either an image intensifier or a fluoroscog
screen

b) 2013 System with a fluoroscop
screen offered for sale on the internet.

In 1966 Morgan refewed fluoroscopic imaging requirements in conjunction with the spatial and temporal performance of
the observeroés eye and Fogwed2kumimdriees hisificdimgs fot imagihgnadiked apject and a
relatively highlight level. Thisfigure demonstrates both the effects of retinal physiology on the visibility of large or small
objects and the influence of image noise (radiation dose) on minimum detectable contrast. The angle that an object subtends
on the retina depels on bothitsgie i n t he i mage and the observerds distanc
to suppress the noise conspicuity on more highly magnified images. A similar effect can occur when the large format
viewing monitors found in many edern systems prades secondary image magnification.
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Fig 32: 1966 Perception T ] | | ° =
10— - = 7]
. I N T e R I i ,
fiThreshold contrast plotted as a function of 'T_s' = T/ B 5 s //
spatial frequency recorded on an observer's re H =t t . 1 ﬁ s
for .2 o L ) | l ! 3 P
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Source Morgan 66% permission pending \ B [ | S
al ] | | ]j ' /zo 50 200
SPATIAL m&u:«cv.mum? VIEWING DISTANCE.cm.

Improved image intensifier photocathodes increased the brightness gain into-thedeand range. This yielded enough
light to replace the periscope with mirror optics. Figure 33 illustrawo typical mirroioptic systems. Even though most of
thelightp hot ons produced by the system did not enter the ot
X-ray quantum noise to an acceptable level without the need for excpasimet dose. As predicted by Morgéh noise
perception using sfems with two or more fieldsf-view, increasing magnification by selecting a smaller fifidiew
required an increase in radiation dose for equal noise perception. This, along wihdtiatad loss of minification gain in
the image intensifier leath doserate increases proportional to the ratio of the areas of the larger and smaller input FOVs.
The interactions of radiatiedose and noise perception as a function of FOV remain ianidxiday for perceptual reasons.

Fig 33: Mirror Viewing
a) ¢ 1%0 Note backup direc
fluoroscopic screen Source Philips

Healthcare
b) 1964 Note slot for spdiim
cassette Source - PICKER

advertisement in RADIOLOGY

c¢) Exit Pupil: Must be large enoug
to il luminate bo
eyes. Most of the light frorthe 1l does
not enter the eye.

Collimating the Xray beam to the clinical area of interest is an important radioproteasure for both patients and
staff. Collimation also impnees object visibility by reducing the scatter contribution to the image. The need for collimation
was recognized by 1905 (Fig 7, 9), but often not provided (Fig 10,15) The introduction of amallimage intensifiers
posed a second issue (Fig 33). Qodliors also had to irradiate the larger rectangular films used irfilspalevices.
Rectangular collimators were supplied to meet filming requirements. There will be irradiated but not imaged tre
patient when a square or rectangular collimataisisd to fully illuminate the input of a round image intensifier.

Figure 34 shows Dr. F. Mason Sones performing diagnostic cardiac angiography using a-t@b6irhage intensifier
equipped withcinefluorography and periscopic viewing. The imaging systers too bulky to place over the patient. Thus,
the imaging system, and operator, were in a pit below the patient table. A second individual handled the intravascul:
catheters without any abilitito see the fluoroscopic images. This system has a beartersfiiat permits viewing while
filming. It also includes a phototube that measures the light intensity in a defined portion of the image (measuriAg field).
schematic of the optics of functionaimilar later system is also shown. A later photographafc h a &épi t 6 | a
additional 5inch overtable image intensifier with mirror viewing optics
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Fig 34: Early Cardiac Il

a) The 1106 11 was
above the patient.(1955)

b) 1960 photo of a
over table Il withmirror optics added to thi
setup .

c) Schematic sketch of optic

(a-c) Source Philips Healthcare

d) corresponding optics sketch

As noted above, this lihch device includes a photo pickup which indicates that the fluorzssgptem included an
Automatic Brightness Control (ABC) circuit. Because such circuits work by controlling radiation output, the nomenclature
changed to Automat Dose Rate Control (ADRC). Photo pickups were incorporated into the optics used for muest of t
systems incorporating analog video chains. Further examples are shown in the sketches of image intensifier optics presentec
later in this paper.

Photo pickus measure the average | ight i ntensity .iXpayfactodse f i ne
are increased if the measured light level is too low and decreased if it is too high. The controlled elements were a
combination of kVp, mA, anfluoroscopic pulsevidth. The overall image became too bright if portions of the image in the
measuring field included | arge amounts of contrast mediu
which allowed the operator to turn offie ADRC just before administering contrast. Investigators researching video
densitometry in th&970s and 19808 ?obtained unusual results if they did not understand the relationship between ADRC
and contrast in the imaging field. Once images weréiziigl, ADRC control utilized analysis of appropriate areas of the
digital image. Controls codlnow account for collimator size and position, as well as using examination specific measuring
fields.

In many systems, the fluoroscopic ADRC sets system paeasrfer the next acquisition. If a different projection angle or
body part is involved, it ia good idea to fluoroscope for a second before starting an acquisition.

Multi-mode (zoom) image intensifiers contain sets of internal electrodes which foqistbelectrons collected from all
or a portion of the photocathode onto a fixed output screeng ur e 35) . This form of electr
required increase input radiation dose rates and could increase overalbhtgdst resolutionf ithe outputscreen or other
output elements are the resolution limiters. The minification ghen image intensifier is proportional to the ratio of the
areas of the input and output screens. To maintain constant brightness, the input dose rateimezesesdg as the square of
the diameter of the input screen.

Fig 35: ¢ 1975
a) %inch dwl field (6-9) image intensifier

b) Image intensifier factory
Vacuum pumping and outgassing stations are shc

Source- Philips Healthcare

Analog video was introduced in the 1960s. This development removed a major limitation on the podikooparator
relative to the patient (FIG 36). As a bonus, everyone in the room (including the patient) could see the fluoroscogdic images
also enal#d the development of remetentrol fluoroscopes with the image intensifier under the table (Figurd*&ing
the image receptor under the table results in havingtheaXxy t ube over the tabl e. The ir
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potentially incrased from backscatter fromtherXay beamés patient entrance part i
irradiation, most modern fluoroscopic systems place the image receptor above the patient.

Fig 36: Video Fluoroscopy
¢ 1975

a,b) Note both convemtnal
film/screen and fluorographi
acquisition devices

Source = Philips Healthcare

c) Sketch of optics wh beam
splitter for acquisition

Fig 37: ¢ 1978 Remote Control systems with
under- table image intensifiers.

Increased above table scatter intensity
may be a hazard.

a) Philips Healthcare
b) Siemens Healthineers
c) German Post Office

Fluoroscopic video systems usually used the broadcast video formats and standards of the countries where the syste
were installed. The European standard was 25 frames per second with 625 lines per frame. The corresponding United Ste
standard ws 30 fames per second with 525 lines per frame. Both systems used 2:1 interlaced video to reduce image flicke
These values were selected to use and synchronize with the cycle rate of public power distribution systems (50 Hz in Euroj
60 Hz in the USA)Higherline densities and higher frame rates were well known in this era but only occasionally found in
clinical systems.

The USA and European analog video systems were incompatible. Analog scan converters were developed to facilita
transborder moverant of br oadc ast video streams such as the Ol ymp
distributions representing the image onto a storage mesh while simultaneously the mesh was scanned using an electron b
in the other format. For visual reasomgithe did a single frame write saturate the mesh nor did a single frame read
discharge the mesh. The analog scan converter tube was adapted as an image integration and storage element in
fluoroscopy and Bscan ultrasonic imaging. Analog seaonveters wee eventually succeeded by digital counterparts.
Digital-scanconverters are currently used for a variety of medical andmmedtical applications. Image characteristics of
video-based systems are discussed later in this paper.

Even early image intesifier systems provided enough light to expose photographic film using acceptable patient dose
levels using doses per frame about ten times higher than fluoroscopy. To meet the greater image quality requirements
fluorography relative to fluoroscopy, thratiois still broadly valid in the digital world of 2019. The image intensifier is the
enabling technology for photituorography (photographing single or slow sequences of images directly from the image
intensifier) and cindluorography (photographytamotion picture frame rates). Fikscreen based spbims continued in
use for several decades for tasks such as gastrointestinal fluoroscopy. Cinefluorography (Cine) was rapidly adopted f
imaging rapidly moving structures such as the heart. Figuikud8ates a 23 cm (9 inch) image intensifier equipped with a
cine camera and baalkp mirror optics. This system also has a television camera.

127



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medicay/§lbs 2, 2019

Fig 38: ¢ 1970 Cine + video

Video and cine with a baekp mirror optic

Sourcei Philips Healthcare

Reliable analog video cameras suitable for routine hospital use were available by the late 1960s. These cameras
eliminated the need for even bagg optical viewing. Video viewing became a major enabler of fluoroscopically guided
angiography because videemor ed maj or constraints on the operatords po
Sonesd | ab after video was introduced a few years | ater
and manipulate the angiographic cagheadrectly. Others in the room can also see the fluoroscopic images as they work. A
similar ¢ 1980 cardiac catheterization laboratory is shown on the right. Tlag Beam path is vertical both systems.
Patients were rotated to achieve necessary clipicggctions. Note the patient cradle in the 1980 laboratory.

Among other things, the use of vid#oorography® as a substitute for film placed in front of the image intensifier
reopened the beam collimation question. An iris collimator that could mragdcular beam adjustable for both anatomic
interest and the sourte-receptor distance (SID) is an ideal first step. Systems with rectangular collimators could be set up
to fully irradiate the image intensifier (important for small FOVs), fullyereltde b eam wi t hin the |1 06:s
some balance. Regulatory limits allowed necessary-iorgdiation plus a small extra margin to accommodate mechanical
tolerances. The latest draft equipment standards recognize that this is no longer necdssdryesuire the beam to be
confined to within the active FOV.

Fig 39: Cardiac Video Viewing

X-ray system has a fixed vertical ax
in both images.

Patient Is rotated for different clinical views |
system b

Source- Philips Healthcare

Gantries vith one and two degrees of rotational freedom were introduced in the 1970s (Figure 40). Moving gantries were
safer for patents but needed new forms of staff scatter protection to replace that provided byRigtuKes located in a
shielded thle baseSimultaneously optimizing patient safety, physieftient access, and staff safety is still evolving.
There is an extensive literature on this topic. A small subset is referenced in thig"paper

Fig 40: Rotating X-ray gantries

Moving garries intoduced new concerns abo
operator irradiation

a) Scatter fields for system B

b) 1975 One rotational axi:
Source- Philips Healthcare

¢) 1995 Two rotational axis

Source- Siemens Healthineers

Most image intensifieassemblies used visiblei ght t o coupl e the output of the in
and/or cameras. Sketches of the optical handling systems (distributor) were shown in previous figures and continue in
Figures 41 and 42.
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Key elements irthe distributor shown irigures 41 and 42 include the photo pickup tube used by the ADRC, an optical
diaphragm, and beasplitters. In systems corresponding to Figure 40, the diaphragm was typically partially closed
(degrading system brightness gain) tocé enough Xay flux to limit fluoroscopic Xray quantum noise. Film cameras
physically require more light than video cameras or the eye. The ADRC was programmed to accommodate that net
resulting in lessoisy acquisition images. The beaplitter diveted about 10% of the Iig into the viewing channel during
photofluorography, allowing simultaneous viewing and image acquisition. The -féater was removed during
fluoroscopy, all available light was sent to the viewing channel, reducingyXdose rges to about 10% of
phobfluorographic levels.

Fig 41: Optical distributer with video and fluorographic cameras. = m—
Intengifler Intengifler
A 90%-10% beam splitter is used for fluorography which sends most of the = —
to the filmcamera and passes enough to operate the videsacame ~ 0 /cl 0 [==]
Gamers Serst {angrdn Gamera
The beam splittersi mechanically removed for fluoroscopy to send all avail: —_— b Qplen —_— b Sl
light to video camera and thus minimize doate. I l
Video Vidco
Camsra Cameg
A - Cine B - Fluoro

The aperture had an additional function when photofluorography was replaceuidofluorography (Figure 42).
Closng the aperture for fluorography reduces the effective brightness gain of the system. This results in a highe
x-ray dose rate for fluorography while maintaining a similar illumination level of the video chain foostwopy and
fluorography. Because ¢Hight level at the camera was similar for each mode, camera noise levels were similar.

Fig 42: Optical distributer with video-fluorography and _ =
optlcal ADRC Inteneifler - Inteneifler -
) _ S ) > pienur < rior
Optical aperture is closed for fluorography to minimize gmanoise. - -
This requires an increasddserate for fluorography
=5« —
Optical aperture is opened for fluoroscopy to minimize dase w"“l WNI
A - Cine B - Fluoro

The separate ADRC optical sensor was replaced by defining a ROI on the video imagamtidiked optical aperture
was retained focameras with limited dynamic range. The aperture could be removed once wide dynamic cameras becarr
available. Eventually the camera was placed in physical contact with the output of the image intensified 8figtray
and camera factors were set lejesting the operating mode of the system. In these configurations, camera noise is relatively
higher for fluoroscopy than for video fluorography.

Fig 43: Optical distributer with video-
fluorography and video ADRC

Optical aperture is opened for fluoropgo to
minimize doseate Optical aperture is closed fi
fluorography to minimize image noise. This requi
an increased dogate

The entire optical system can be eliminated o
video cameras with enough dynamiange became
available. The dosmte andpick-up camera operating
conditions ar e set by
operating mode (fluoroscopy or acquisition).

Source- Philips Healthcare

Film recording of image intensifier output images (fluorography) did not meet manrgim@wclinicd requirements until
the 1970s. For example: Small FOV image intensifiers cannot image large anatomical structures without panning the imag
Direct film-saeen systems (either spfilim devices or rapid film changers) were used and further developdzt ih960s.
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Figure 44 illustrates typical film changers used for angiography. The fluoroscopic tube and its image intensifier were often
separate assembly. Gnthe angiographic catheter was placed, the region of interest was moved to-tteafilger zoneirf

some systems, the fihlthanger mechanically replaced the imagensifier. Filmchangers had maximum frame rates of 6

per second, and very limited filmapacity (approx. 10 50 images). To complete a study with limited image capability,
film-changersincluded control elements that varied framerates during a single angiographic run. Typically, there was a
programmable time delay from the start of contrastlia injection until the first images; relatively rapid imaging during the
arterial phase of thetigdy (24 images per second) and slower imaging (approx. 1 image per second) during ttmtwash

and venous phases. Programmable frame timing saves radiatiaell as film. Variable acquisition frame rates are still
available on many ¢ 20102020 digitd angiographic systems. They are a valuable radiation management tool.

Fig 44: rapid film changer and controller

a) The AP changer is under the tablette left, the
lateral changer is away from the table. The im:
intensifier is in the center. Sepée Xray tubes are use
with each. Source 1974 St. Vincent Hospital, Worcestt
MA

b) Sanche®erez cassette changer control modi
Capable of programmingariable frame rates during
single acquisition run. SouréeRadiology Advertisemen
1964

Until the mid1970s, image intensifiers used the same Zn@H8sphor for the Xay detection as did the direct
fluoroscopic screen. ZnCdS was deployed as smal/l Cryste
efficiency in converting Xrays into visible light is proportional to the fraction ofry photons absorbed with active
crystals (stopping fract i odyenargydntotvikilde light (gosvergion facor). drcreasingt y  t
the stopping fraction of a scmeds accomplished by increasing the thickness of the sciideoker screens give light
photons more room to scatter before they encounter the detector layer (the photocathode in the case of an image intensifier).
Light scatter decreases image sharpnebs. Gest image intensifiers had a stopping power of abouPatient dose rates
were not very different for these two technologies under optimum conditions.

The introduction of Csl as a replacement input phosphor simultaneously reduced dose requirg@ients a factor of
two because of the higher-pdy stoppig power of Csl, greater packing density of the active phosphor and reduced optical
scattering in the screen because its structure is composed of crystals acting as light pipes. Figure 5 tilasditierences
between these two screens.

Fig 45:
Csl Input
Screen

30 a0 50 60
X-ray quantum encrgy (keV)

greavecthin

o ¥
i wiih oo

Figher Tmeagr Ressluthen, 1o 012 per 10063 Hope Strest. Smn’nnL

L L e

A - Physics B - Comparison of ZnCd9 C i Machlett Advertisement in Radiology
& Csl SourcePhilips
Healthcare

VIII . ANALOG VIDEO (1960-2000)

Every available analog videmamera échnology was employed at some time in fluoroscopic systems (Fig. 46). Major
species included the imagethicon and the vidicon. Orthicons were the usual broadekstision pickup tubes of the
1860S. Broadcast videstandards were developed arounddhe t hi condés bandwi dth and char a
integration at the detector which minimized motion blur of live video. The image tubes themselves, along with the array of
analog vacuum tubes in the cameraevbulky and required a great dealafgoing maintenance. The vidicon provided
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similar video outputs in a smaller package at the expense of increased image integration at the detector. The plumbicon i
form of vidicon, using leagxide in its detector, hich exhibited less lag.

Fig 46: Video Tubes and cameras

a) Anal og

video t ul
di ameter orthi

con to

b) Orthicon broadcast camera Sourd&BC

c) Orthicon Medical Camer:
Source Westinghousal in RADIOLOGY

A B C

Lag in a video tube prvided a benefit for fluoroscopic imaging before the era of digital video image processing. When
the lag was not excessive, the tube effectively temporally averagay ¥uantum noise producing a smoother image.
Surviving anecdotesrdm that era includehe report that orthicons were tested for lag before installation in broadcast
cameras. Some of these broadcast rejects provided better fluoroscopic visual performance than the accepted tubes becau
noise integration. Xay manufaturers were reportedbt adverti se these tubes as O0sel e

involved in the installation of a f | uor o s-lag pumbicons Yhet e m
radiologists using this system were quiteetps the visual noisie the images. Because this was before the era ofiral
image processing, the plumbicon was replaced with a higher imagg v i di con to meet t

requirements. Today, digital fluoroscopes artificially mgarce cameréag usingrecursive filtering in their image processing
software.

Analog broadcast video was transmitted using interlaced scans as a means of increasing the frame rate while constrain
bandwidth. This is beneficial because the increaseddextecases the impréas of flicker. Commercial motion pictures
achieved the same result by projecting the same frame twice before advancing the film. Video interlacing results in a tin
lag between the two fields comprising a video frame (e.g. 1/6Gefand for 30 fps). $ee anatomical structures (e.g. right
coronary artery at systole) move fast enough to cause |
interlaced video systems were available. While they performed well, aitie df standardizatiorlong with limited
compatible thirdparty hardware, made image transport extremely difficult.

Analog video sequences can be recorded using either analog videotape or analog video disk. Maintaining image quality
these devices waseky labor intensive. B the late 1970s, analog to digital saamverters were able to extract either a
single digital image or a sequence of digital images. These images were then locally stored digitally for processing and/
viewing. The availability ofelectronic images pxided the technical infrastructure needed for digital angiography and
digital subtraction angiography. The technical resources (networks, media, and displays) needed for digital archives were r
available in that era. Digital fluognaphic images were eerded on film for archiving using external laser or CRT based
cameras.

IX. IMAGE INTENSIFIERS WITH DIGITAL IMAGE HANDLING

and X-RAY BEAM SPECTRAL MANAGEMENT (1980 -2000)

Fluoroscopic image outputs moved from pure analog imaging chaihghbrids with a singl digital output for both
fluoroscopy and fluorography in the 1980s. This was initially accomplished by processing the analog video signal using a
analog to digital converter. Eventually a CCD camera replaced the analog video tpiokuplardware limiténs early in
this era constrained the output digital images to a nominal 512 x 512 pixel matrix with a maximum depth of 8 bits. Sucl
images are adequate if detail averaging in a single pixel is not excessive and the intensity thagentire image is
accommodated within the available bit depth. Analog videonverter box systems were replaced by digital cameras (e.g.
an array of digital sensor elements) with similar specifications. Technological advanced allowed greateizemtindsbit
depts., viile maintaining frame rates exceeding 30 fps.

By 1990, imaging chain design had reached the point wheray Xjuantum noise was the major noise source for
fluoroscopy. There was less than a factor of two available for reducingtpateiiation by impreing the image intensifier.
Radiation levels can be further reduced if radiological conspicuity of clinically important items, such as contrast media an
guide wires, could be increased.

One way of improving the conspicuity of higher Z elements is to miagi the fraction of XRay photons in the beam
with energies slightly above the K absorption edge of the material of interest. (e.g. iodine at 33.179 KeV). Filterang the be
by adding adyer of copper (0.1 1.0 mm) can accomplish this gdal*3 Figure 47 is a sketch of the effect of this filter for a
typical 70 KVp spectrum. Adding copper greatly reduces the fraction of the beam with energies below the iodine edge.
also decreasdbe total photon flux available to form the image. Increasing tleeatipg voltage to 80 KVp does not help
because most of the flux gain occurs at photon energies substantially higher than the iodine K edge. Reducing the KVP to
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and increasing the tubsurrent moves the photon spectral distribution closer to the Id¢lirdge while simultaneously
providing enough flux to meet imaging statistical requirements. This option became available in the 1990gayheies
were developed with enough lotigne power ratings to meet this requirement without damage (Figure #8)inEreased
anode cooling in this class of tubes is partially attributable to the replacementioédatig support for the anode assembly
with liquid bearings.

Fl 47 B ea | | (730 e V;'x' 60 kVp with 60 kVp with Copper
g 8000 ; s il B0 : 5 Copper Filter 8000 . 5 Filter and More Power
B
\

spectral daping o ool W B

4000 4000

See text

2000 2000

Dotted line is -
|Odine [ 20 40 60 80 0 20 0 60 o 0 20 a0 60 80
attenuation

AT 70 KV with and without Cu B 1 60,80 kV with Cu C 1 60 kV with increased mA

Fig 48: X-ray tube evolution

a) ¢ 1980 Primarily radiative cooling
Source Siemens Healthineers

b) ¢ 1990Conduction cooling via liquid metal bearings a
external heat exchang8ource Philips Healthcare

X. DIGITAL IMAGE PROCESSING (1980 -2010)

El ectronic processing of clinical radi ographic anmd f 1t
Horizons lecture at the RSNAprovides a snapshot of this watershEdj (49). The transition from analog to digital video
was much earlier than Cappébés forecast. It was driven b

processing atideo speeds (e.g. 30 fps) and the replacement of analogtuides withCCD cameras. Two major results
were reaitime processing of fluoroscopic imaging streams and Digital Subtraction Angiography (DSA)

Managing the characteristics of analog video imaggs challenging. In this era, temporal noise averaging was physically
achieved by selecting video pickup tubes and display monitors with appropriate characteristics. All processing affected the
entire image. Overall temporal resolution was determined dyittecframerate, a value usually linked to the local pewer
line frequency for broadcast compatibility and synchronization. As discussed above, greater temporal integration reduced the
appearance of quantum noise at the expense of increased motiomblge. brightness and contrast could be electronically
adjusted. Spatialesolution was strongly influenced by the scan pattern and number of available scan lines. None of these
factors could be easily changed to either enhance imaging appearance inedaldinautomatic contrast adjustments) or
optimize imaging to meet diéfing requirements of different procedures.

Fig 49: 1980 forecast of electronic image f — e g MR e
handling in 2000 | |
s 4] |
In this view, image capture and image processing ar 0 Gt~ |
the analogdomain. Image storage is digital. Film h = o wrren |
. MY ANALSE -_—
disappeared. o | () = HAE
4 A ¢ 3 ; SRR .—.“?‘re:“
.. . P . XeRAY oo Rlc e
Sourcei Capg*i permissbn pending '::‘E‘:;n ] ) | [] = 5
INTONL I EER . Af-'l:"l( l

X-AkY R T T e
iTom i = | At
T

B. AMALOC STORL 15 COMPUTIR CONTRSGALS,
3. SISPUAYTS LOCATED 1N AMPRSPALATE Ad0nS,

XI. DIGITAL SUBTRACTION ANGIOGRAPHY (DSA) i (19802019)

Photographic subtraction was used in the mechanicalcfiamger era to document blood flow. An image vleteh before
contrastmedia reached the region of interest is selected as the fasdgative version of this image is produced in the
darkroom. The single negative mask was then physically registered with subsequent images to produce the subtracted image
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Unsharp masking involved placing a spacing sheet of glass between the masktanéh@abe. Mask blur is determined by

the thickness of the spacer. This tedious procedure was seldom used to subtract more than a few of the images acqu
during a studyElectronic subtraction in redilme or nearealtime was developed and deployesi sbon as the enabling
analog and technologies permittéd*®. Fig 50 provides system schematics of subtraction radiography and subtraction
fluoroscopy. Much of the work igerformed in the analog domain because the technology of this time did not dufiport
digital equipment. Figure 51 illustrates some of the hardware used for two early digital subtraction systems. The subtract
images were in video format and eithecarded as video or photographed from a CRT display. Maintaining image quality
for fluoroscopes that use image intensifiers and perform analog image processing is difficult because of instabilities ar
image noise added by these elements. The introducfifully digital image processors enabled useful functions such as
better registratin of live and mask images, and remdpping (partial subtraction that provided enough anatomical reference
to facilitate device movement). DSA, including its sub modesdiapecame, and remains, a cornerstone of FGI.
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Fig 50: 1980 Hybrid Subtraction L8
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See text

Source- Ergurf®i permission pending
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a) Note the size of the electronics cabinet needed to hous
early ‘image processor. Souiic&iemens Healthineers

Fig 51: 1980 DSA Hardware

b) Controls used for a firgeneration clilcal DSA system. The
image processor for this device also filled a-Bifle electronics
cabine.

Subtraction angiography (e.g. DSA) removes fixed information found in both the mask and live image from the resultant
All X -ray images contain stochastjuantum noise with the poitd-point noise intensity proportional to the square root of
the local sjnal intensity. Other noise sources may be present with different spatial distributions. Random noise does nc
subtract but adds and produces more nimighe difference image than in either initial image. The final step in DSA is to
greatly increase theontrast of the display to improve visibility of blood vessels or other moving structures. This also
increases the visibility of image noise. The taitgetoise ratio can only be increased by increasing radiation dose. Thus,
DSA requires about an order afore radiation per frame than unsubtracted imaging of the same object. Unnecessary
irradiation is minimized if Xray quantum noise is the dominant mog®urce in an image. This can be evaluated if the noise
in the subtracted image differs from place tacp (e.g. near and far from subtracted bone). This appearance is called a
noiseprint*®* and can serve as a quick quality test using clinical DSA images

DSAusingCQas the contrast agent (availabl e s irerecerded whde al 9 8
CO; gas injection displaces blood. The optimum technique uses a higher KvP to reduce unwanted photoelectric attenuati
inthepatemt 6s ti ssues, and image stitching to produdl®@vina c oI
theCQbubbl e through the patientdéds arteries over ti me.

XIl. IMAGE PROCESSING, DISPLAY, AND STORAGE (199071 2010)

Digital video eliminates many dhe constraints inherent in powerline synchronized analog video. Working back from the
display towardiie i magi ng har dwar e: Di splays are not constrain
Images are interpolated and scaled to transfiienacquisition version into the matrix size used for display. These images
are refreshed in the displayt a r ate wel |l above the eyeb6s critical fl
shown multiple times until replaced by a new imageaddition to decoupling acquisition and display rates, this provides the
functionality for pulsed fluarscopy and acquisition (¥ay production during a fraction of the available frame time).

Frames can also be combined in an arbitrary manner. DSA imagesging is inherent, including technologies that were
impossible with analog video such as frame layrfe pixel shifts to compensate for unwanted anatomical motion during a
run. Noise reduction is obtained by recursive filtering: A fraction of the puevimage is added to the newly acquired data.
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Noise reduction increases as the number of previous #@mpsscontribute. The downside is that the remnants of the older
images produce ghosts and blur of moving objects. This effect is programmable dredocanrfigured at tableside to match
the immediate clinical imaging requirement. Compare this with atlgehis balance by changing vidéabe technologies

in the analog era.

Images can be visually sharpened using a variety of processes such as unskaug. fais technique combines sharp
and blurred versions of the same image. A similar process ocdine iigtina by interactions at a neural level. The results of
the process can be seen as Mach bands outlining the edges of recorded or visualizzdHebgegain, the magnitude of
the effect in the digital domain can be configured at tableside.

The rehtionship between the-kKy intensity illuminating a detector pixel and the brightness of that pixel on a display is
defined by an arbitrary loelp-tabdle. A simple example is the windelevel controls found on CT scanners as well as
fluoroscopes. Differenlook-up-tables are applied to different imaging tasks, and each table can be immediately tuned as
needed.

Viewing monitors are a nefrivial link in the fluoroscopic imaging chain. Monitors used for primary radiographic and
mammographic diagnosis are dable with builtin quality control tools. Current fluoroscopic systems often include an
injected or stored digital SMPTE test pattéri®bjects are qpvided to assess spati@solution, grayscale performance, as
well as system generated artifacts. Ufeg 52 illustrates this test including examples of white and black clipping.
Fluoroscopic monitors are expected to simultaneously show both the 5%(inldbk 0% black block) and the 95% block
(in the 100% white block) when viewed under clinical workgidgoratory light levels.

Fig 52: SMPTE Test Pattern

a) Black clipping
b) Full rangei Expected with normal
room light.

¢) White clipping

Original Souce- ANON

As described by Morgan in 1968 the ability to perceive an objeiricludes the effects such as the angle subtended by
the object on the observerés retina. I ncr e a dficatiog madénie an gt
an image intensifier, digitally magnifying an image, or simply using a largeitar) may affect its perceptibility. In some
cases, reacting to larger images can improve operator radiation protection. Some interventional fluorosaupists us
conventional (19060) monitors tend to | elanmeries. Wieersame bperatgsat i e
often stand erect when performing the same cases using |
seethe target vessels. The posture change reduces their irradiation simply because it movesatgemfaw om t he pa
scatter field.

Fig 53: Effect of monitor size on operator
posture.

a) 190: The operator
better see the amties during a cine run.

b) 600: The magnified
stand away from #h patient.

Digital medical images are among the largest files (both individually and in total) in healthcare. In the context of this
review, digital image can be stored within the fluoroscope or in an external archive such as a PACSramsgert is via
networks or media. The deployment of digital images was, and continues to be, facilitated by the evolving DICOM standard.
A review of this area is beydrthe space limitations of this paper.

Figure 54 provides a glimpse back into the titaois era. These images were taken in the interventional cardiology
laboratory of Lenox Hill Hospital in New York City. Cine media included film, analog videotape, eaedlas digital CD
formats.
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Fig 54: ¢ 2000 Transition from analog to digital image maagement

a) Cine film processor an b) Cine film viewer. The boxes it ¢ ) One

darkroom. the background are part of the dai physician Images are on film, CD, an
image transfer between the lab and analog videotape.

off-site archive. Each box contains !

rolls of cinefilm. Image storage an  Source for all Balteri Lenox Hill
retrieval was on a 2iour cycle. Hospital, New York

XIll. EXAMINATION CONFIGURATION

Fl uoroscopic procedures usually include the operatoré
priori information about the specific patient o6thel@®di c a
provide a selection of preonfigured examination and patient specific technical sets. Many of theopfigured Xray
productionand image processing factors can be overridden by operators to suit their immediate imaging needs while
procedue is in progress. At present, highd fluoroscopes may be set to any of several thousand distinct configurations.
Each configuration potentig differs from the others in its radiation management behavior, its image processing
characteristics, and usuaih both domains.

XIV. SOLID-STATE FLUOROSCOPIC IMAGE RECEPTORS (2000-2019)

The image intensifier tubes themselves began to be replaced bystatdiddetectors starting ¢ 208%P®. Solid state
detectors (flat panels or FP) were commercially available 8028oth indirect (Xray to light to electronic signal) and
direct (X-ray directly to electronic signal) technologies were known. (Figure 55)

Fig 55: Indirect and Direct Flat Panel Detectors
Indirect FP Direct FP
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The same Cstcirtillator is used in latenodel image intensifiers and indirect FPS. Input dose rates for fluoroscopy and
fluorography are similar in both domains. However electronic noise levels are somewhat higher in a FPS and amplified wit
digital magnification. his does not occur in an Il using elecioptical zoom. Thus, fluoroscopic dose rates are usually to be
a bit higher in FPS compared to latedel image intensifiers. Dose rates needed to meet the imaging requirements of
fluorography are sufficiently higthatthey are independent of technology. Radiation savings attributable to FPS are due to
better radiation management in newer designs

The need for video frame rates (e.g. 30 fps) resulted in the use of indirect technology for the first geneFRion of
detectors. This technology continues to be found in most FP detectors produced in 2019. The radiation detection element t
is continuous sheet of Csl, essentially identicalnndto t
physical size was 20 x 20 cm. Light from the Csl was detected by an array of 1000 x 1000 photodiodes/amplifiers. Th
nominal pixel size of this device was a bit under 0.2 x 0.2 mm. Space is needed in the photodiode array for amplifiers ar
readout elecobnics. Thus, the active surface of a single photodiode only filled about 70% of the nominal pixel-size. X
photons interacting in other areas contributed to the signal due to light diffusion in the Csl layer. Figure 56 illustrate:
hardware elements aidirect FP detectors
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Fig 56: Indirect Flat Panel
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FPs reduce or eliminate several inherent imagensifier artibicts. These include vingetting (images dimmer in the
periphery relative to the center), pincushitiatortion (result of projecting a curved input screen onto a flat output screen).
S-distortion (electrema gnet i ¢ fi el d i nf | u é,ardd dynamic tatge limitatiohs el ect r on oy

Three separate actions occur when the field of view of @#lael system is changed: 1) Irradiation is limited to a subset
of the pixels in the detectoi2) Detector pixels may be binned to comply with bandwidthtlimit i ons of t he det
channel, and 3) The output image is scaled by an external image processor to fit the properties of the image display. The
spatial resolution of a FP varies Wwimagnification mode in a fundamentally different way than foinaage intensifier. In
an 11, the limiting resolution element is the output screen or video camera. Changing the FOV in an Il projects a larger or
smaller portion of the input screen onto ftiiseed size output system. In the Il, resolution increases saherwith the
diameter of the input FOV. However, in a FP, a greater or lesser number of fixed size pixels are irradiated when the FOV is
changed. The inherent resolution of the detector el&ms unaffected by changes in FOV.

Spatial resolution of a FBystem is affected by two additional factors: In large format FPs, the total number of pixels
exceeds the fluoroscopeds i mage matri x scezhe outpBtimatexifas ar e
large FOVs. (typically, 2 x 2 into 1 X). Binning is removed when the FOV is small enough to fit the output matrix. The
resultant spatial resolution has a step increase at the FOV where binning is no longer applied. A seconanies, use of
binning is to accommodate very fast video framat es (e. g. 60 fps) within the band
When this occurs a step in spatial resolution is expected when the frame rate is reduced.

Because noise perceptibjlis increased with increasing magnification projected okotho bser ver 6 s eye, i
to increase radiation dose as magnification is increased. Essentially, visual noise limitation requires that the saraé number
photons are used to form a pbirrespective of its size. As discussed above, image inEmsystems require an increase in
radiation dose rate proportional to the ratio of the square of the FOV with-imtagsifier magnification to account for the
physical loss of minificatiorgain when a smaller FOV is selected. Ignoring any bundlimgurdling transition, changing
the zoom on a FPS with a corresponding secondary magni fi
by a deliberately programmed increase in pattse rate. It was empirically found that increasing fluoroscdpse rate
inversely proportional to the linear size of the active FOV produced satisfactory clinical results for both fluoroscopy and
acquisition modes.

XV. DIGITAL IMAGE PROCESSING (2010 -2019

Fluoroscopic XRay tubes and image receptors have not clthimgany fundamental manner in the past decade. Increased
image processing power has had a substantial impact on both clinical conspicuity and radiation use in the same time interval.

The jobof the image acquisition elements of the fluoroscopic systetm deliver technically adequate images to the
systemds digital i mage processor . These images are then
terminology, these imaget ages are called O6for pr scussesl bdlow,gpieserdatich imédded r  p
usually undergo ncfinear transformations, that are configured based on presumed clinical content. Many fluoroscopes
delivered after 2010 have enough conapional resources to provide different algorithms in differegians of the same
image. These algorithms rely orpdori knowledge of the examination in progress. Such information is currently supplied
by the operator ds ssetlAduturte fluoroscope migatimpreve aefactiona yiarmlysis optleet i ent 6 s
current and historical images.

Figure 76 sketches information flow in 1966 and 2016 fluoroscopes. In both erags Mteract with a patient to produce
a modulated beam which isen detected and converted into a visible image projectechirao t 0 b s e rbraia sy$tem. e y e
The characteristics of the 1966 image were fixed by a combination of imaging hardware and operating conditions (e.g. kVp,
mAs). In 2016, the Xay source has ddional controls that affect images (e.g. variable framerate, shaped Xay
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spectrum). Also, controllable image processors and displays are in the information flow line between the imaging system ai
the observer.

Fig 57: ;" r f;.{;
Fluoroscopic ~' ~* s Pre- Image ‘ ﬁ
A" A S . A rocessor R f Source
Information Flow lm —— / i SR ¢l <J !
a) Morgan (1966)i “ \ G
permission pending *‘ ) .
Spatial Temporal Spati \\
) . X patial Lookup .
b) based on Lendi \ oNaise [y Naise D) Ty tbirables {osetes | >
(2018) % % %

Global temporal averaging is an inherent characteristic of analog video tubes. As discussed above, changing tube tyy
altered both noise characteristics and motion blur. Thedatdg in newer camera types increased the appearance of noise,
including X-ray quantum noise. Image processors can supply temporal averaging using the recursive filtering algorithm
Figure 58 illustrates the effects of adding recursive filtering. Thanaligmages were acquired using pulsed fluoroscopy
with short pulsse. There is minimum motion blur of the rapidly moving guidewire in the original images (it is in a different
position in each image). The number of older images contributing to the cumage increases with increased recursion.
This results in ghostingf previous guidewire positions (arrow).

Fig 58: Global Temporal Recursive Filtering

a) No recursion

b) Low recursion

¢) High recursion

Visual noise decreases and ghosts of moving obj
increase with increased recursion

Source Siemens Healthineg- Lendil

Many algorithms can be used to modify the global appearance of the images for the purpose of increasing th
perceptibility of clinically importaninformation. Four of these are sketched in Figure 59.

Fig 59: Image processing
algorithm components

a) Single frame smoothing

In this example, a simple gaussi
blur has been used to process the Fic
hand image shown in Fig 58

b) Temporal (Multi frame)
smoothing discussed in text above

¢) Automatic motion compensatior

d) Multi-parameter irage
enhancement

b-d) Sourcei Philips Healthcare
Jans

Image processors are now fast enough to apply different algorithms in different parts of the same image, and in differe
but corresponding parts of an image sequence. Ffuiustrates singldrame local processing. The image processor has
identifiedthe small contrast filled artery in the image on the left. On the right, the original pixel data is unchanged near the

vessel and pixel averaging is applied to smooth tekdraund appearance.

Fig 60: 2018 Single Frame Local

processing

a,b) Clinical Inage. Less spatial averaging
applied near the artery. Source: Philips Healthc
- Jans

c) Lastimagehold of a portion of a daily
fluoroscopic QA phantom. Less spatial eaging
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near lead markers and guide wires, more A B C
uniform areas of the image. Souic€olumbia

Figure 61 is a photographic simulation of miitime local processing. The local focus in this simulation is a vertical
section of the right aqonary artery. Noise was separately added to three replicas of the same initial image before combining
them.”

Fig 61: Multi- Frame (temporal) Local Processing

Simulation

a) Single image

b) Three replicas summed without motion

c) Replicas summed with sinaied motion.

d) Replicas summed except for the region near the vertical RCA seg
single image data used here

Note the ghostng in summed areas in ¢ and
note the increased noise near the RCA in d

The importance of prior and retine control offluoroscopic image processing will continue to grow. The operator is a
key node in managing automatic image analysis and processing as well as in other aspects of controlling and optimizing the
settings andise of the entire fluoroscopic system. (Fig.62)e starting point is the pgrocedure transfer of patient current
and historical data, procedural intent, operator preference, and other factors.

Conditions can and will change during a procedure. Thé iga® continuously optimize both image acqtiisi and
image processing parameters when these changes occur. Some (e.g. substitifingo@ife as a contrast medium) should
be detectable by automatic image analysis. Others (e.g. replacing a stegtapiic guidewire with a Platinum plated
versbn) may not be recognizable by the image processor. The challenge is to maintain optimization without unnecessarily
distracting operators and their assistants from essential patient care.

Fig 62: A-priori, automated, and operator controlled image procesing
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a) Image processing and analysis uses both ¢ b) The operator is a key node in many fluoro control loops.
knowledge and feedback from the observeBased on
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XVI. COMMENT

Radiologic imaging procedures needed to achieve a clinicl sfmuld beperformed in a manner that optimizes the
balance between potential clinical benefits and all risks (not just minimize radi&tiBljoroscopic optimization differs
from most other modalities in that achieving patient benefits imposes ridistlo patiats and staff.

Information flow can broadly be segmented into acquisition, processing, display, and utilization (Figure 63). Each of these
domains should be optimized by itself and with consideration of the other domains. Equipment qualiy has
tradi ti onally focused on acpgpuoscséessiongd Thmapesni babwéenytloé
domains provides the opportunity to develop better testing tools for the imaging hardware and its configuration. Potentially,
a digital test image (SMPTE is one simple example) could be inserted into the image processor and separately test the
processingdi spl ay portion of the system. Metrics describing t
such use arender devalpment®. Image quality evaluations might eventually include stemn and longerm clinical
outcomes from large numbers of procedures.
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Fig 63. Information Flow
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Fluoroscopic technology has progressed over the past 125 years. In the first decade, the operator needed a consider
body of physical and technical knowledge in order to adjust the system to for it to work at all. In thecewtstiecade, the
operatob s main challenge is to supply the system with ne
fluoroscope can selfptimize to meet immediate clinical needs. A consequence of this requirement is that equipment
desgners, service personnedpplications specialists, and medical physicists must be aware of the specific imaging
requirements needed to meet different clinical needs. Achieving and maintaining an appropriate level of clinica
understanding is one of theajor tasks for continuousiynproving imaging in the Zicentury.
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THE SCIENTIFIC AND TECHNOLOGICAL DEVELOPMENTS
IN MAMMOGRAPHY

A CONTINUING QUEST FOR VISIBILITY

Sprawls, Perry
Emory University, Department of Radiology and Imaging Sciences, Atlanta, USA
Sprawls Educational Foundatidmtfp://www.sprawls.org

Abstracs The human breast, unlike most other anatomical regions of the body, is composed of normal and
pathologic tissues with very small differences in physit density as a source of contrast for-xay imaging. This low
physical contrast cannot be adequately imaged with conventional radiographic methods. Small calcifications, a
physical sign associated with some cancers, are also not visible because of themab blurring within the
radiographic process. Effective mamrography, breast radiographyrequires an imaging procedure with high contrast
sensitivity to visualize the soft tissue structures and low blurring to enhance visibility of calcifications. The
development of this capability has been an ongoing effort forwer a half century. Along with developments for
increased visibility within the breast there has been progress in optimizing image quality with respect to radiation
dose to patients and improvimg the efficiency of the total mammography process. Transitiong from conventional
radiography to mammography required innovations and developments in two specific areas, theray beamspectrum
and the imaging receptor An Xx-ray spectrum that was more @timum for mammography used specific anode
materials, molybdenum and rhodium and filters of the same elements. The two major requirements for the image
receptor that required years of ongoing development were a wide latitude/dynamic range to capture andsplay
contrast, and very low blurring to provide visibility of the small calcifications. After the initial development of
mammography using industrial radiographic film exposed directly with the xradiation, intensifying screens specific
for mammography were developed. This was along with developments of film ariin processing to be used with the
intensifying screens. This development transitioned through several phases including the transition from calcium
tungstate to rare earth screen materials andfilm requiring viewing conditions different from conventional
radiography. X-ray tubes with small focal spots were in the dedicated systems developed specifically for
mammography. This included a very small focal spot used with geometric magnification tecrease the effective
receptor blur and provide the highestvisibility of detail of any medical imaging procedure to enhance the visibility of
the small calcifications. The approaches to and methods for+ghaping or compressing the breast during the imaging
procedure evolved over time. In general, ta first half-century of developments in mammography, the subject of this
article, used film as a receptor component, archive medium, and display. The development of digital imaging
technology provides solutions to some of the challenges in mammographytteology andprocedures and brings that
phase of mammography technology to a conclusion.

KeyWOI’d§ Mammography, breast cancer, image quality, xay spectrum, film.
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[. INTRODUCTION

Mammography radiography of the breasis a major medical procedure for detecting, diagnosing, and manakéng t
treatment of cancer and other breast pathologies. What might appear to be a relatively-sipnplesedure is in reality a
complex process that has faced many challenges in its devetbver the years. Mammography has a significant and
interesing history that has been well researched and documented by others. These authors have focused on diverse topics
that define the continuing development of mammography including: clinicdicappns, professional practice and
accreditation, extensive ditg assurance activities, political and regulatory requirements, issues in public media, and the
highly-significant contributions in the fields ghysicsand developments itechnology. Our specific interest here is on the
physics and technology. Mudd this history has been published and is included in the bibliography and addendum at the
conclusion of this article and will not be duplicated here. Those articles on the history pratedsive references to
publications reporting the research andelepments that have resulted in the continuing evolution of mammography. In
this article our focus is more on the fAwhyod rather t he
mammography, looking from a physics and technology perspeciivés is consistent with the experience of the author,
who as a physicist has been involved in the development and clinical applications of mammography for most of its active
history.

This focus can almost be summarized in one phrasejuést for visidity. The purpose of a mammography procedure is
to provide physicians with the ability to see, or visualize, the internal anatomical structures and potential signgy pathol
especially ancer, within a breast. Here is the challenge. The breasteunliist of the other regions of human body, is
composed of soft tissue with very small differences in physical density that are the source of contrast for imaging. Also, a
significant signs b s ome br east cancers ar e vae heyorwd e lvibibiliti ofidetailo 6 ¢
capability of most medical imaging methods.

To meet these challenges an effective mammographic procedure must hagerttight sensitivityo visualize he soft
tissues, including cancers, and extremiely blurring for imaging the small calcifications. There is also the goal of
minimizing radiation exposure and dose to the patient but with the recognition of the conflicting relationship between image
qudity and radiation exposure.

A major advancement was the traimit from using conventional-say equipment to the development addicated
machines specific for mammography.

It was these requirements that defined the continuing development of maapmpgechnology and physics applications
that we will now explore

We begin with an overview of the mammography process in Figure 1.

Mammography

Image
i Science
- &
Technology
Physical&Contrast Visual Contrast
Anatomical Detail Detail

Signs of Disease

Figure 1. Mammography is based on the application of science, especially physics, and continuing devéhoatientdogy, to provide highuality
visualization of the intéor of the human breast anatomical structures and signs of disease within a breast.

II. THE EVOLVING ELEMENT S OF MAMMOGRAPHY
PHYSICS AND TECHNOL OGY

Mammography is a radiographic procedure. RBgdiphy has been used for imaging most anatomical regions of the
human body following Roentgenédés discovery and extensive
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introduction of barium and iodine contrast media, could be imaged witkliation. The breast was an exception. There
were efforts to danammography with the available radiographic methods but with limited clinical results. What were
needed were modifications of virtually every component of the radiographic system to iemadpleg with both high
contrast sensitivity and very low blurring Figure 2 shows the elements of a mammographic system that have been
researched and developed in the continuing evolution of mammography.

The two major elements in mammography taia very different compared to general radiography for all other pfarts
the body, are the-ray beam spectrurand thereceptor and image displayit is the continuing research and development to
improve and optimize these two components of the mammibygrsystem that form much of the history that we will now
explore.

The Evolving Elements of Mammography Systems

Anode
KV & MAS Focal Spot

— Filter
. Collimation

‘ Compression

Spectrum

Receptor Display & Viewing

Sprawts

Figure 2. The elements of the mammaography system that have evolved over the years in the effort to provide betterrvisithlizétio breast.

The evolution of mammography into &hly-effective method for diagnosing and reducing deaths from braasecis
not just the development of equipment. It was a collaborative effort including extensive clinical research, development c
methods and procedures, demonstration of its effeatiss and value, promotion within the medical profession, and major
educational efforts. I't is these combined efforts by F
Mammogr aphyo and provi ded t hlepméntsinmdnantograpmy. f or t he contir

lll. THE EGAN METHOD

Dr. Egan joined the faculty dEmory University in Atlanta in 1965oming from the M.D. Anderson Cancer Center in
Houston where he began his pioneering work in mammography while he was in his residency tréinirg. at Emory
where the author of this article, along with severdieotphysicists, were his collaborators in research, continuing
development, and clinical applications of innovations in mammography. Tlealled Egan Method included the
developmenbf an xray imaging system specific for mammography along with theldpre@nt of imaging procedures and
techniques. These, along with extensive descriptions of the clinical characteristics and diagnosis of breastecancer
described in textbooks hetaored both for physicians and technologists shown in Figure 3.

Section 19:
MAMMOGRAPHY AND
BREAST DISEASES

ROBERT L EGAN

Figure 3. Two of the books by Egan describing the clinical and technical procedures in mammography.
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It was these books along with courses by Egan that were a major factor in establishingpgnaphy as a major and
valuable medical procedure.
We will now consiler the imaging technology and process developed by Egan and collaborating physicists and use it as a
reference for the continuing evolution and advances of mammography.
The mammographgystem can be considered as three major elements that have evolvéldeoyears in the quest of
increased visibility and image quality. These are:
1 Geometry, Spatial Relationships, and Configuration of the Breast
1 The X-Ray Spectrum, Contrast Sensitivégd Radiation Dose

1 Image Receptor, Processing, and Viewing

IV. GEOMETRY, SPATIAL RELATIONSHIP S, AND CONFIGURATION OF THE BREAST

This has been one of the major factors that have evolved in the continuing development of mammography technology,
especially with the move from the use of conventional radiograpdgdacatednmammograhy systems. The development
of dedicated mammograplsystems addressed all of the elements listed above with the goal of improving image quality and
capability for positioning and obtaining views in clinical procedures.

In The Beginning

The geometry angdositing in the Egan method is shown in Figure 4.

[

Figure 4. The positioning developed by Egan provided three anatomical views considered ncessary to properly visualizadqaitential cancers

within the breast as shown here in his textbook.

The Egan method illustrated here was using modified aaiomal xray equipment. The relatively longray tube to
receptor distance reduced focal spot blurring to enhance the visibility of calcifications. What is prominent hereyespeciall
from a more reent perspective, is there is no compression of theshrerhat develops later.

The Evolution of Breast Compression

The natural shape of the neonfined breast as illustrated in Figure 5 presents a challenge to maximum image quality in
several ways.

Cardboard Cassette
Industrial Film

Figure 5. An early mammography receptor conﬁsisting of industrial type radiographic film in a cardboard cassette with a lead bedkirggoattered
radiation from the support. Also illustrating the wide range of breast thickness to be imagsglotograpiby the author.
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The variation in thickness from the chest wall to the nipple creates a wide range of exposures to the receptor that c
extend beyond the latitude/dynamic range of film and result in reduced contrast as will be discussed later

Adequate vigalization of micro calcifications requires the total blurring to be limited to approximately 0.15 mm.
Exposure times in mammography can be several seconds, very long compared to most other radiographic procedur
Almost any patient motioduring the expsure can be detrimental to image quality.

Physical compression and stabilization of the breast was developed to improve image quality both with respect to contre
and reduced blurring. The general evolution of compression is illustrakégdure 6.

Evolution of Breast Compression
1960 1970 1980

7

( k

Cones

Flat Plate
lllustrations by Gary T. Barnes, Ph.D.

No Compression

Figure 6. The three major phases of imaging geometry and breast compression.

A continuing challenge to breast compression, especially very firm compression, is discomfort to the patient. In,the 1960
when conventional xay tubes with tungen anodes were usdtie xradiation was generally more penetratthgnwith the
later molybdenm anode and filters. When usitige directly exposetilm developed folindustrialradiographythe latitude
or dynanic range issue appeared to be less abalpm so compression was not considered necessary for adequate quality.
After tha, and as xay systems were developed specific for mammograpbgne type ofcompressionand breast
stabilization was included byé¢ xray beam cone and sometimes witht eoimponents in contact with the breast.
The introduction and continuing development of flat plate compression illustrated in Figure 7 was a major contribution tc
image quality in several ways.

Breast thickness Scale
AEC sensor locations

Uniform thickness up to chestwall

Figure 7. Featueeassociated with flat plate breast coegsion devices that contribute to improved image quality are identified in this illustration
provided by the author.

The stabilization of the breast that eliminated most patient motion reduceqabteatial source of blurring and enhanced
visibility of calcifications. However, the major contribution is theshaping of the breast into a more uniform thickness
spread over a slightly larger area. The uniform thickness reduced the rangayoéxmsure to the receptor and loss of
contrast because offil latitude limitations. The spreading of the breast tissue, especially in the thicker regions, reduced the
overlapping of objects and structures that could potentially interfere with visualiz&tlia.was especially significant for
imaging the tissuesp to the chest wall.
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There are several other features in the development of the compression system that aided the technologist in producing
high-quality images. One was the measurement and digltye compressed breast thickness that was a major facto
selecting optimum technique factors. Also, the diagram on the compression plate guided the selection of the appropriate
automatic exposure control (AEC) sensor location for each specific ppt@redureThe sensors were located below the
receptorso that they did not interfere with the image. By selecting which sensor location to use the technologist determined
the area in the breast that would result in the desired film density.

The evoltion of breast compression is a significant elementerhiktory of mammography. It has focused on modifying
the anatomical environment of the breast for optimum imagihgspite of its contribution to higguality imaging, the
compression technique a source of discomfort and pain to patients. Theeagdl continues.

V. THE X-RAY SPECTRUM, CONTRAST SENSITIVITY AND RADIATION DOSE

The production of a visible image depends onvertthakintoabi | i
visible contrast within an image. Phyaiccontrast is the difference iphysical densityamong the tissues and body
structures with some contribution from differences in atomic number (Z). The bones within the body were the first to be
imaged (beginning with Mr sehigiRphsioat cgrerastbbsetweknatime adgicium & tha hoses and f
the soft tissues in the body. It was soon discovered that the chest could be imaged becausaetis@tyoair within the
lungs providd an excellent background for the more dense bones, #finid signs of disease within the lungs. With the
development of contrast agents containing barium and iodine with their desirable atomic numbeay fattenuation, the
scope of imaging, both diography and fluoroscopy, was expanded to include Viytadl regions and systems of the body,
except for the breast.

The Challenge of Breast Imaging

X-ray imaging of the breadtmammograph§y faced many challenges and required many years of research and
development to reach its full potential. The major faigdhatthe breast is composed of soft tissues with small differences
in density and physical contrast both among the normal anatomical structures and abnormal tissues, especially cancers. The
visualization of these requires a procedure with higbatrast sendivity than more conventional radiographic procedures.

The physics of xay image formation was well established with the known dependencyayf attenuation, specifically
the photoelectric effect, and the formation of contrast among low atoombersoft tissues inversely related to photon
energies. An xay spectrum with low photon energies would be required to produce adequate contrast and visibility among
the soft tissues, both normal and pathologic tissues including cancer. Thereswakeafator that the lower photon
energies were less penetrating through the total breast and resulted in increased exposure and dose to the breast. Both
these factors, image contrast and dose, also depended on the thickness and density of.thEhiresst to be a major
challenge to be addressed throughout much of the development of mammography with two questions:

A What is the optimum spectrum for imaging a specific breast size?

A How to produce an-xay beam with that spectrum?
The Optimum ay Spectrum

That question began to be answered by Gajewski, H & H Reiss, K. Physical fundamentals and technique in soft tissue
diagnosis. Der Radiologe. 14. 438. (1974)With their innovative research and results shown in Figure 8.
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Figure 8. A quality nmber representing the ratio of contrast to dose displayed over a range of photon energies.

These experiments conducted with varying thicknesses of water simulating a range of breast sizes with measureme
over a spectrum up to 60 keV demonstrated séVactors that were to guide the developments in mammography for many
years to come. Perhaps the most significant was optimum photon energy for specific breast sizes and that it increased w
size. Also, as breast size increased,rét® of quality toexposure decreasewvith scattered radiation becoming a more
significant factor.

This demonstrated that for the expected range of breast sizes, especially when compressed, of 2.5 mm to 7.5mm,
optimum photon energy was in the range of 20 keV to 30 Réié.challenge was how to produceay spectra to fulfill
these requirements. A reasonable assumption is thatanmachine that produces a mesmergy spectrum that could be
adjusted with respect to br eaststemhHoweken, ¢hat s yeato ik deavadopesl.i t y v

In principle, the xray spectrum should be adjusted todmimumfor each patient in relation to breast thickness and
density.For many years the anode and filter materials were determined by the design stnettoom of the equipment and
could not be changed by the operator, leaving KV as the adjustable technique factor.

Tungsten and Minimum Filtration

In the beginning xay tubes with tungsten anodes were available and used for all medical imaging procet@ihees
imaging system developed by Egan and his physics team consisted of conventional tungsterrayddees with the
added filter removed leaving only inherent tube window material.

X-ray tubes withberyllium windows were becoming available and duge mammographyBeryllium has an atomic
number of 4 and a relatively low density.§5 g/cm3 minimizing its xray attenuation, especially for the lowamergy
photons. In some applications beryllium window tubes were used without additional filtratievitbwconcern for high
exposures to the breast. The ultimate advantage of beryllium windi@s was permitting other types of filters to be added
that were more appropriate for breast imaging, as described later.

At this time mammography was performedth film as the receptor exposed directly withradiation without
intensifying screen® minimize blur This required a relatively highbay exposure. In addition to producing radiation over
a long exposure time, up to 6 seconds, a major requiremetitef modified equipment was the capability of providing low,
adjustable, and accurate K\élues over the range of 22 kV to 34 k V.

In addition to modifying the xay tubes with respect to filtration the generators or power supplies require some changes
in design. For effective mammography they were required to operate at lower KV valués tbamventional radiography
and with good accuracy and produce high tube currents, MA, over a relatively long exposuheitiahexperiments have
used modifiction of some existing Xay equipment used for radiography (50 to 120 kV), grounding oreddithe high
voltage generator, thus producing half of the kV range (25 to 60 kV), using the existing kV regulation of the generator.
Typical Egan technique fact®for a medium size breast was 28 kV, 300 mA, 6 seconds (1800 mAs), and a FRD of 36 in.
Fgure 9 shows physicists i n Egan ah peffamaoce afthe-naygeneratorsE mo r

being developed for mammography.
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Figure 9. Phyisists using a bank of resistors in a tank of insulating oil as an electrical load taewa@iperformance ofray generators being
developed for mammography

The Significance of KV on Procedure Optimization: Image Quality and Radiation Dose

Conventimal radiography equipment, especially with modifications as described, played a role bilisléata
mammography as a valuable medical procedure. However, limitations were realized. One of these was the necessity to have
accurate and precisely controll&/ values in the general range from 24 kV to 34 kV. The KV value was to become the
major agdustable technique factor by the technologists in relationship to the thickness and density of individual patient
breasts. Differences in KV values as little ak\2were significant in optimizing a procedure with respect to quality and
dose.

The inclusdn of generators/power supplies that could meet these KV requirements was one of the major features of the
dedicatedmammography systems to be developed. Alsosomézy and evaluating KV accuracy became a required quality
assurance function performed imgdical physicists.

The Impact of Molybdenum: Anode and Filters

Molybdenum is a metal with a high melting point and an atomic number (Z) of 42. It is thénetiotb of these two
characteristics, especially the atomic number that has matjdsdenum a major element in mammography both asragy x
tube anode material andray beam filter. When used together they spectrum shown in Figure 10 is produced.
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Figure 10. The xay spectrum produced with the combination of a molybdenumeasadi filter.

The significant characteristic of molybdenum with its atomic number (Z) of 42 is that the anode produces characteristic x
ray peaks at 17.6 keV and.I%eV anda filter attenuation K edge at 20 keV as shoitmwas with this introduction tt
characteristic radiationand not bremsstrahlung, became a major component of mammography.

It is the combination of the molybdenum anode and filter that producesranspectrum within a relatively narrow
range of energies near 20 keV that makesptimum with respect to image contrast and radiation dose to patients,
especially for smaller breasts as indicated in Figure 8.

The molybdenum anode and filter was, and curds, to be the foundation ofray breast imaging. Some developments
describedater shifted the spectrum to slightly higher energies that were more optimized for larger and denser breasts.

Moving Up to Rhodium

It was recognized that the molybdeniinmolybdenum(anode and filter) akd mo-mg|l y 06 spectr um, w h
for smaller breasts, was not optimum for all. A solution was provided by the element rhodium. It has some of the samr
metallic properties as molybdenum, including a high meltingtpdHowever, its atomic numbé€r) of 45, compared to 42
for molybdenum, shifts both the characteristic radiation and teddé energies up to higher values. This is optimum for
larger and denser breasts. This spectrum is shown in Figure 11.
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Figurell. The spectrum produced witrhodium anode and filter.

The advantage of rhodium over molybdenum was higher photon energy and a more penetagtingaxn. This had the
effect of reducing doses to patients and potentially better visualizationgthreame denser breast tissuesisTiwas

developed and applied in two phases, the filter and the anode.

A rhodium filter is a relatively simple small metal object that can be added as an alternative filter to the many systems

with molybdenum anodes.

It cdhen be used with the molybdenwanode tubes to increase penetration by passing the

bremsstrahlundpetween the energies of 20 keV and 23.22 keV, the differences between the two K edges.

In 1992 General Electric introduced a dual trackax tubewith a mdybdenum anode tragckmolybdenumfilter, a
rhodium anode trackand a rhodium filter. The operator could select the function to produce either the spectrum shown in
Figures 10 or 11, depending on the characteristics of the breast being imaged.

VI. DR. CHARLE S MARIE GROS, SENOLOGY, AND THE SENOGRAPH

Dr. Charles Marie Gros was a physician and physicist serving as Professor of Medicine from1B950 and Head of
the Department of Radiotherapy and Radiology at University of Strasbourg, France. In 19@3tdrk amultidisciplinary
medicalspecialty for the care of breast diseases and established th®&eategy In his landmark publication by that title

he defined senology (the study
branch of knavledge concerned with the mamma and the breast.

of

t he

br easte)e ka sl ao gmesadl ¢

In 1975 he founded the Société Internationale de Sénologie (SIS) and published the first Journal on Breast

DiseasesSenologia

He developed the first equipment exclusyvéédicated to breast imaging acwmllaborated with the Compagnie Générale de
Radiologie (CGR), in developing and promotion of the mammography equipment called the Senograph shown in Figure 12.

150



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medicay/§lbs 2, 2019

International
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in France
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Figure 12. The contributions by Dr. Gros included the foioneof a society and journal and the development of the first dedicated breast imaging system,
the Senograph.

VIl. THE TRANSITION TO DE DICATED MAMMOGRAPHY SYSTEMS

In 1965 the Senograph developed thgl the efforts of Dr. Gros in collaboration withC o mp aGgnérake de
Radi ol ogie (CGR)0 became the first dedicated breast i m
the anode and filter.

It is reported that by 1970 CGR had salgproximately 2000 Senographs throughout the world. lGésreral Electric
purchased CGR and continued with Senography as the brand name for its dedicated breast imaging systems.

Other manufactures developed dedicated systems. These include the Mainfim@remens, MicroDose by Philips,
and several brands byolbgic. Each of these could have included some special features but also the common feature:
optimizing them for breast imaging including:

Low and Adjustable KV

Molybdenum Anode and Filters

Gridswith Low Attenuating Interspaces at the Low Photon Energies
Dual Small Focal Spots

Ability to Rotate for Different Anatomical Views

Breast Compression and Positioning Capability

Automatic Exposure Control Selectable by Operator

To To To o o Do Do

Before the transition to digital, the receptors were not provided by the equipmentaotares but by the major film
industry including: Kodak, DuPont, Fuji, and Agfa. With the exception of xerography as described later, there were twc
major receptor coponents,film and intensifying screensEach of these progressed through extensive dpments
contributing to improved image quality and controlling radiation dose to patients.

VIIl. THE EVOLUTION OF FIL M AS A MAMMOGRAPHY R ECEPTOR

The special image quality gairements for mammography, especially high contrast sensitivity and visibility of, detai
could not be provided with conventional radiography receptors. Receptors specific for mammography have been develop
and have evolved throughout history. Therm saveral desirable receptor characteristics that have motivated and guided the
continuing innovations and development over the years.

Contrast Sensitivity and Dynamic Range

The transfer of relatively low physical contrast (differences in tissue depsitigsible contrast in images is one of the
major challenges in mammography. This &etmined by the contrast sensitivity of the imaging system. The first step in
meeting this is through the optimizeeray spectrum that has been described. Whenntisihle xray image from the
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breast is delivered to the image receptor there contobe several factors that determine the contrast that will be visible in
the final image.

A related factor is the range ofray exposure to the receptor over whichtcast will be produced. This characteristic is
the latitude for film and dynamic rangdor digital receptors. There is generally a conflict between high visual contrast and
latitude. This has resulted in the design of film specific for mammographyhamectessity of special viewing conditions to
be used by physicians.

Film with Direct Xxray Exposure

When mammography was being developed general radiography for all other parts of the body was being conducted with
film exposed in cassettes with intensifgiscreens. This was not satisfactory for mammography for two major reasons. The
blurring from the intensifying screens did not provide the adequate visualization of the small calcifications, and the film
latitude (dynamic range) could not produce theessary contrast over the wide range of receptor exposure caused by the
variation in brast thickness. These two limitations were overcome by using film exposed without intensifying screens. The
first mammographic receptors developed by Egan were fijposed directly by the-radiation without intensifying screens
as illustrated in Figur. The preparation of the film for imaging is shown in Figure 13.

- BxWim
nnalen

X-ray
Exposure Holder

ompany
» mobaAk COmEANY
Lol i ke b T

=

Figure 13. Industrial type film being inserted into a cardboard holder to be useecaptar for mammography.

A specific type of film selected by Egan was Kodak Typelddignedor industrial radiography It had finegrain, high
density, and a thick emulsion. The thick emulsion required longer processing times than conventionaptadifign of
the time. This was provided with either modified film processors or manual prgessshown in figure 15. The manual
processing was recommended for maximum image quality.

Future developments in film and intensifying screen technologtolélge replacement of directly exposed industrial film
with intensifying screeffilm combinationsdesigned specifically for mammography. This occurred in two major phases and
the film characteristics for each are compared in Figure 14.

4.0—
3.5— Final Film
Design
3.0—
P
225— First Film
[ Developed for Use with
o Intensifying Screens
2.0 (1970s)
8
81,5 Density
2 Set-Point Direct X-ray
1.0 Exposure
Industrial Film
0.5
I I | I I I I
Relative Exposure
(Log Scale) Srawts

Figure 14.Characteristic (H & D) curves of the three major phases of film used for mammography.
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This illustraton compares the features of each type beginning with the directly exposed film. A major difference betweer
films exposed with >adiation and light is @it with light exposure there is a limited maximum optical density that can be
achieved resulting irhe shoulder on the characteristic curve. With the dirgety»exposed films to obtain the wide latitude
required long chemical development times and rahouhand processing. With some of the image contrast recorded in the
high-density or dark regionsfdahe film special bright lights were required for viewing. These two characteristics are
illustrated in Figure 15.

Red “Safelight”
[= oalellg

Figure 15. The manual processingmdmmography film and Dr. Egan viewingthehgle nsi t y ar eas with a Irsiyyght #fh:

Automatic film processors were used for general radiography but were not adequate for processing the industrial type fil
used in mammography. his film had a thicker emulsion and required longer times in the developer solution to convert all
of the exposed grains to opaque optical density. The film was not sensitive to the red region of the light spectrum and tl
darkroom could be illuminatedtvih a red fAsafelighto to provide visibilit
and skl to work with the many variables associated with the process.

This was the beginning of the necessity to view mammography images with a bright ligiédoet the extended density
(opagueness) into the darker range to provide the wide latitude/dyremgie, especially needed because of the variation in
breast thickness as illustrated i n Fi gur das&nissuelydars latere c e
with the design of the film for mammography that had extended latitud¢hiatmore dense (opaque) regions as illustrated
in Figure 14 for the final film design.

Direct X-ray Exposed Film Summary

The directlyexposed industrialype film as a receptor for mammography was a major factor in the development and
evolution of modernmammography. The ability to produce images with high visibility of detail (calcifications) and
adequate contrast over a wide exposure range made effetitiical mammography possible, especially with the Egan
Technigue. One of the several challengas that the manual processing of the film required considerable effort.

The characteristic that was the major concern and driving force for the devetbpinather receptors was the highay
exposure required to form images when the film was expasedlyl by the xradiation.

This motivated the development of intensifying screditm combinations for mammographyhis generally occurred in
two phase relating to developments of intensifying screens for all radiographic procedures. Films witlic speci
characteristics to be used with each type of intensifying screen were developed. It is the film within the receptor the
determines the contrast chaexgstics of an image and the contrast sensitivity of the imaging procedure. Before
considering th intensifying screens we follow the evolution of film characteristics, and impact on visibility using the
illustration in Figure 14.

Film Used With Interif/ing Screens

A general characteristic of film exposed with light, compared to direal/>exposurgis a lower limit to the maximum
optical density, or opaqueness that can be achieved. This has an impact on image contrast and especially the rang
exposure (latitude or dynamic range) over which adequate contrast and visibility can be developajdr fAator relating
to variations in breast thickness was described previously.

The receptors for mammography with intensifying screens used one sdregrthian the two screens used for most other
radiographic applications. This was to reduce imagering as will be discussed later. The film had an emulsion on one
side of the film base and was used with a single intensifying screen. However, tamfilsion was thicker for the purpose
of producing an optical density comparable to films with eroaksion each side. The thicker emulsions generally required
longer times for the chemical development to reach completion and special automatic predéssxtended processing
times were sometimes used.
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The contrast characteristics of these earlier magraphy films were not extensively different from film for other
radiographic procedures. The films were exposed to produce approximately same ramggtiesdas other radiographs
and viewed under similar conditions.

The third and final phase of fikbhased mammography receptors resulted from innovations in both the intensifying
screens, to be described later, and the film described now. The contrastefistics associated with these three phases are
compared in Figure 14 and will be used here eeaence.

A continuing objective in film design was to provide necessary image contrast over a wide range of exposure to the
receptor-that is, wider ldatude or dynamic range. With radiographic film one factor that limits latitude is the maximum
opticd density that can be produced. The specific characteristic that contributed to the wider useful latitude is the film
emulsion design that can producehegoptical densities, or so calléd &0 .

To benefit from this film design required two changeractice. First, the images needed to be exposed to a higher
average optical density to fall within the wider latitude. The automatic exposure caatalalibrated for a density set
point of approximately 1.7 compared to approximately 1.2 for tHeeeéilm types as illustrated in Figure 14. This was the
film density that resulted from exposing a phantom test object of uniform thickness repreaantingrage breast. The
second factor was that the denser or darker images required differeneaiad @pwing conditions.

Mammography Film Viewing

The viewing conditions for mammograms recorded on the two film types are compared in Figure 16.

Mammography Film Viewing
Conventional High-Density Film

-

Viewbox Luminance
3500 nits

Figure 16. Comparison of the viewing conditions for the two general types of mammaographic films.

For years the mammography film used with intensifying screens produced approximately the same optical density images
as other radiographs and was viewed uride same conditions illustrated above. However, with the development of film
producing images with gater optical density (opagueness) the conventional viewing conditions were not adequate. The
human visual process could not see all of the contralstlatails in the darker images, and especially with surrounding glare
and bright viewing rooms.

This wasovercome with viewing conditions specific for mammography with three features. This included brighter
illuminators (view boxes), masking around thea#inimages while viewing, and darker rooms. The specifications, as
required by some accrediting and riagary organizations, are shown in Figure 16.

The Chemical Processing of Film for Mammography

The chemical processing and development of films for magnaphy had special requirements. For some types of film
this was extended development times to achieeeeased density and contrast. However, the trend was to design
mammography films that could be processed along with other radiographic films magistgrocessors that were the
standard at the time. A major challenge was that film development wasngcah (not physical) process and subject to
many variables including type and quality of the chemistry, replenishment as it was used, and solp&catiesn Even in
an automatic processor it was potentially an unstable and varying process. Wdthiwagithe level of development that
determined how many of the exposed silver halide grains (the invisible latent image) were converted to Véiiplie des
final image. This affected both the sensitivity and contrast characteristics of the receptw concern with under
developed film was both a loss of contrast and the requirement of higher exposure. Variation in development levels
(consistacy) could contribute to exposure errors and the necessity of repeating examinations.

Quality Control (QC) procedures specific for mammography film processors became a recommendation and requirement
in many countries. These were often under the direcfionedical physicists.
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IX. XEROMAMMOGRAPHY

The xerography process, frothe Greek, xeros "dry" and graphia, "writing" was developed and used extensively in
equipment for making copies of documents and images. Unlike other methods, inpluadtiographic film, it does not use
ifwet o chemicals but a compl et el y dsicyroceds ascused forsraranographypsr o
illustrated in Figure 19.

The Xerox Process for Mammography
Selenium Receptor
Electric Apply
Charge
X
B &
2
B #&
e e
Uniform Electrostatic Transferred
Surface Charge Image from
(Preparation (Invisible) Selenium to Paper
Sprawls

Figure 19. The three major steps in the formation of a Xerox mammogram

The active component of the receptor is a layer or plate of selenium, an electrical semiconductor, enclagegrood |
cassette for imaging.

Preparation
In the first step within the processor the plate is cleaned from previous use and an etbetrgmbpplied to the surface. It
is then reinserted into the lightproof cassette and ready for imaging.

Exposureand Image Formation
When exposed to-radiation the selenium plate becomes conductive and disthatgeach location jproportionto the
exposure. This forms an invisible image in the form of a variable electrical charge on the surface of the plate.

Processing and Image Development
The cassette is inserted into the processor where the selenium plate with the eleatgesilscéprayed with a firgrain
bl ue powder or fAtonerod. The powder col |l eetnsdformsavesible h poi
image. Itis then pressed onto a sheet of paper transferring the image. With some additiessihgraod sealing it is
expelled from the processor as a permanent printed image.

Characteristics of Electrostatic Images
It was the nique way that electrostatic images, as different from chemical photographic images, are formed that provided
several adantages for mammography. A major characteristic is that the attraction of the blue powder toner is most
prominent at local transitiors gradients in the electrical charge and less dependent on the actual charge value throughout
the larger image area.hib produced images with two very valuable characteristics for mammography.

Edge Enhancement and Wide Latitude
A major challenge in besst imaginchasbeen the large variation in breast thickness and density that could extend exposure
beyond the latituderalynamic range of film as described early. Another challenge is the need to image very small
calcifications and anatomical detail. &hnique characteristics of electrostatic imaging in the xeroradiography process
provided solutions to both of these deabes as illustrated in Figure 20.

155



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medicay$lbs 2, 2019

: LW T e
Figure 20. Images of a breast illustrating some of the advantages in technical brochuredplogp i&trex.

The edgeenhancement characteristic contributes to increased visualization of detail and small objects because they are
more in the form of closely spaced edges or boundaries than being large areas.

Xerox for mammography was commerciallyroduced in 191 and became a desirable alternative to direstfyosed
film, both because of image characteristics and less radiation exposure compared teedipesty film. The images were
especially appealing to physicians because of enhancedityisitfianatanical structures and the radiation dose was less
than with directly exposed film. 1n 1985 black liquid toner was introduced but this did not contribute to the significant
continuation of Xerox mammography.

As receptors with intensifying scre LoDose, MIinR, etc.) were developed and becoming widely used in the late 1970s
their image quality characteristics and significantly lower radiation dose requirements contributed to the decline of
xeromammaography with commercial production ending in9198

X. THE INTRODUCTION AND EVOLUTION OF INTENSI FYING SCREENS

Mammograms produced with film as the receptor and exposed directlyduation had good quality. The good contrast
characteristics and low blurring was a major factor establishing mammograpthigady valuable procedure for diagnosing
breast cancer. However, a major concern was the high exposure required to form images. This was a motivation to develop
receptors with intensifying screens. Fgoreen combinations, either in cassettes or ripidchangers were the receptors

used in virtually all radiographic procedures. Eventhesol | ed fAdetail 6 screens producec
image the small calcifications. The standard design ofsidneen receptors used a film with #mausion on both sides of
the film base Asandwichedo between two intensifying scre

limited visibility of detail (including calcifications) and making them not appropriate for mammograptse were 1. The

thickness of the screens necessary to providgyxattenuation; 2. light crossover through the film base between the two
emulsions; and 3.some possible space between the film and screen surfaces because of problemsongdnfitoraict. It

was necessary to address each of these factors in the design and application of intensifying screens for mammography. The
characteristics of intensifying screen receptors for mammography are compared to those for general radiography in Figure
21.
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Figure 21. Comparison of intensifying screen receptors for mammography to general radiography.

The delay in using intensifying screens for mammography was the inherent blurring that limited visibility of calcifications
and related anatomical detaillhe two specific design features to address this was using a thinner screen and only one
screen combined with a film that had emulsion on one
intensifying screens with the emulsion on both sidethefilm. Placing a film into a mammography cassette is shown in
Figure 22.

Film-Screen Cassette for Mammography

Intensifying Film

Screen Sprawte

Figure 22, Inserting film into a single screen mammography cassette. This was in a darkroom so there was a notcharideatffinthe upper right
corner when viewing themukion side.

While the development and transition to intensifying screens for mammography was motivated by the need to reduc
radiation dose, the resulting exposure requirements would continue to be much higher than general radiography.
mammographythere are two major factors that determine radiation dose to the breast, and both are in conflict with
requirements for high image quality. One is theayx beam spectrum that should be optimized to balance dose with
requirements for high contrast senstiiy as described previously. The other is the exposure required by the receptor to
form an appropriate image where increased exposure is required to reduce both blurring and visual noise.

Receptor Sensitivity (Speed) and Exposure Requirements
Transiton from directly exposed film to Xerox mammography and then to intensifying screens provided a reduction in the
exposure required to form images. However, the reduction in exposure and dose continued to be limited by image quality
requirements, especialtiie effects of blurring and visual noise. The thin intensifying screen used with a single emulsion
film resulted in an equivalent blur value of approximately 0.15 mm compared to values of around 0.5 mm for general
radiography receptors. While this low bielue enhanced visibility of detail, specifically small calcifications, it also
contributed to increased noise. That is because blurring has the effect of integrating photons within an area and reducing
noise. This results in receptor sensitivity (negdexposure) values of approximately 15 mR for mammography compared
to 0.32 mR for a typical 200 speed general radiography receptor.
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The receptor sensitivity values shown in Figure 21 are the input exposures required by receptors to produce a specific
reference film density, generally one unit above the base plus fog density. It can be considered as an approximation of the
average receptor exposure to form an image.

Because reduction in dose was the major motivation for developing intensifying stweenammography this was
emphasized in the early brand names including LoDose by DuPont aAd MirKodak.

In 1972 DuPont introduced the LoDose receptor that consisted of a thin calcium tungstate screen used with a single
emulsion film enclosed inaftbble vacuum bag so that the earthés atmospher
contact. To prepare for each image the technologist would insert the film into the bag with the intensifying screen and then
use a manual vacuum to produce thepression.

In 1976 the rigid cassette was introduced which contained one screen and used with single emulsion film. This included the
DuPont LoDose2 continuing to use calcium tungstate and the KodakRsystem using a gadolinium oxysulfide screen. It
wasat this time that intensifying screens for radiography were transitioning from calcium tungstate that had been used for
years to a variety of the rasarth phosphors including gadolinium oxysulfide. Receptors with generally similar
characteristics we provided by several other manufactures.

The evolution from calcium tungstate to the several-eanth intensifying screens was a major advancement for general
radiography. A contributing factor was the difference in atomic numbers (Z) between calpgstate and the rare earths.

With the lower atomic numbers andd€ige energies the rare earths provided highay»absorption rates within theray

spectrum used for general radiography and screen thickness could be reduced. Along with sonedass@i@ments

the exposure to produce images was reduced. The transition to rare earth screens for mammography provided some
reduction in exposure and dose but mammography remains a relatively high exposure procedure as will be discussed more
below.

XI. VISUALIZING CALCIFICATIONS

Calcifications are one of the significant signs of some breast cancers. It is not just the presence of caleifi@atijons
are benigrbut the size, shape, configuration, and distribution that must be evaluated to diagnoseGaloifations
within the breast are generally divided as eithecro or micro with 0.5 mm being a dividing point. It is thaicro
calcifications with dimensions less than 0.5 mm that are generally associated with cancer.

Test Objects and Phantoms féisualizing Calcificatios

Test objects or phantoms to evaluate the visualization of the small calcifications played a major role in both the
development of mammography methods and the continuing quality assurance procedures conducted by medical physicists
Two of the earliest deeloped by Egan is shown in Figure.23

Egan Phantoms

A Simulated
Cancer Calcifications

Figure 23. Phantoms developed by Egan to evaluate the contrast characteristics of a cancer and visibility of smadinsaicificeast tissue.

The phantom was a section of breastugs&nd cancer from surgery and embedded in a plastic block. Simulate
calcifications with a range of sizes were added within marked circular areas. The image quality and visualization was
evaluated by counting thaimber of calcifications visible with tharcular area.

Over the years as mammography was being developed a variety of phantoms and test patterns were created and usec
These included a design that was the standard for the accreditation of mammogrgiibg facthe American College of
Radidogy (ACR) and various quality assurance procedures. A diagram and image is showmar2Big
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Testing for Visibility of Calcifications
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Figure 24. Diagram and image of the breast phantom that became a standard for evaluating mammography equipment performance.

The phantom was used to evakigfeneral contrast sensitivity with the larger circular objects that varied in thickness
(physicalc ont rast) and visibility of detail and calcificatioc
marked. Each cluster contains afitations of specific sizes as shown. Image quality is evaluated by determining the
highestnumbered cluster in which the calcifications can be seen. This gives a measure of the smallest calcifications that cz
be seen.

Blurring and Visibility of Dedil and Calcifications

As with all imaging methods, it is the blurring within the imaging predbat reduces and limits the visibility of small
objects and detail. Effective mammography requires the ability to see the physical details, such dsstiapearof these
micro calcifications. Therefore, mammography systems must be designed angdperproduce the least amount of
blurring of any medical imaging process.

A gener al assumption or #fArul e of (tomicandbjectte heyisibkdesntae ichagbe y
the dimension of the blur should not exceed the dimessibthe object. This is generally demonstrated in mammography.
The effective blur values of typical mammography systems are in the range of 0.15 mm o @dch is the approximate
size of the smallest micro calcifications that can be visualized. grabrof the medical imaging methods, mammography
is the one that requires the least blurring of all.

It is this requirement for very low blurring that haselmeone of the challenges and major objectives in the development,
design, and operation of mammaghy systems over the coursétghistory.

Mammography System Composite Blur

The blur in a mammogram is the composite blur from the three major soureegptor, focal spot, and motion. The
source that produces the largest blugémerally the one that limits visibility and image quality. Because there are other
factors associated with each source of blur, including focal spot heat capacity anchyhattenuation by receptors, there
are limits to reducing these blur sourcesvemy small values. In general, an optimized mammography procedure, with
respect to blurring, is when the blur from the individual sources are about equal, unless oneectutdat more without
compromises. Each of these has been addressed in thagodgeelopment of mammography.

The contribution of blur from each of the sources depends on the geometry or spatial relationships of components of tl
imaging sgtem as illugsated in Figure 25
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Figure 25. The effect enfthetecept@a and fodalespoteon theobhur fronfitkose tveosaurices.) bet we

The effect of blur on image quality and visibility of detail depends on the dimension of the blur ions#igtito the
dimension of an object. The geometric magnification within the imaging process is a factor in this relationship. Blur from
the different sources is either magnified or minimized by the geometry as they relate to the location of thedbi@zetts
to be imaged. Therefore, it is most appropriate to consider the dimensions of the blur at the location of the object. This
relationshiphas been a major factor in the development of mammography over the years.

Effect of Breast and Objecbtation on Blurring and Visibility of Calcifications
The geometric configuration or spatial relationship of the focal spot, receptor, and bre@asteformographic procedure
has been a major factar image quality and has evolved along with other develaqs. The effect of breast location on
i mage quality is best quantified usi lugtratedlng-igtd 850 This scald e , r
developed and published by the author (Sprawls) shows the location of the objectrizgjad,ithe breast, as a proportional
di stance between the receptor and the focal supeo to. f  fiTlh.e0 Os
the focal spot. Using this scale the value of the blur at the location of the object,itwdiezetly relates to the size of the
object, (calcifications, etc.) is a linear function of objecation as shown in Figure 25 his appliesd both focal spot and
receptor blurring.
Receptor Blur
The necessity for reduced blurring was thejor factor for selecting directly-pay exposed film rather than intensifying
screens in the early development of mammography. Intensifying screeesused in general radiography at that time but
their inherent blur, and when used with doubiBulsion film and some light crossover, were not adequate for
mammography.
The development of intensifying screens specific for mammography in the 1970s waj@raevolution because it
provided for a significant reduction in radiation dose to the patient. Tha&dsaof intensifying screens for mammography
is compared to general radiography were compared in Figure 21.

Xll. X-RAY TUBE FOCAL SPOTS FOR MAMMOGRAPHY

The xray tube focal spot has been a continuing challenge in mammography and has evolved with adverioedagy
in the quest for increased visibility, especially micro calcifications and anatomical detail. As we have just observed, the
value and effet of focal spot blurring on visibility is determined by the combination of two factors, the effectivef sihee
focal spot and the specific | ocation of the breaste bet we
have evolvedover the years. This has included the development of tubes specific for mammography and dedicated
equipmenwith generally fixed geometry.

Effective Focal Spot Size

The common practice in-pay tube technology is to use two different quantities to egpfressize of focal spots. One is
the actual physicalor so calledi n 0 mi n atthabcansbe measured byaking images with a pihole camera or similar
device. This is the size generally provided by the manufacturer within some relatively large ¢sler@iheeffective(blur)
size is what determines image quality. This is measured with star guainesolution test patterns as often done by
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physicists in quality assurance procedures. For a specific focal spot the effective value is alwayisalarter nominal
because of several factors. The radiation distribution within the-fpedlarea is nainiform--often two peaks because of

the focusing characteristics of typicatay tube cathodes. This produces blurring as if it was a largerdipagivith either a

uni form or Gaussian distribution ofotdieze aidnditd @atned An
of a tolerance factor so that it is actually smaller than the real physical size.

It is theeffective size, as measured with test patterns that can be directly compared to the effective blur values of receptc
to determine overall composite blur of an imaging system as it affects image quality. For each focal spot and receptt
combination therés a breast location where the combined or composite blur has its minimum value. That is a significant
factor in the degn of mammography systems and has evolved over the years. With respect to focal spot size and syste
geometry there have been threajor phases in the development of mamrapby as illustrated in Figure 26

Focal Spot Blurring in Mammography

Conventional
3mm Dedicated

General Magnification

0:5.mm 0.14 mm

.

$=0.05 s=0.18 s=0.35
Blur=0.15 Blur = 0.09 Blur = 0.05

Focal Spot Effective Blur Within Breast Smwa
Figure 26. Three focal spot sizes that hiagen used in mammography.

Conventional XRay Tubes

In the early stages of mammography development conventional tubes with relatively large focal spots were used. The
were available and the heat capacity of the larger focal spots was needed to prghdumepbsures in the shortest time
possible with the idectly exposed film. However, the geometry compensated for the large spots to minimize blurring. The
focal spotto-receptor distance was relatively long and the breast was very close to the filtor€s=p0.05). This was the
combination that provied good visualization of calcifications and helped established mammography as a major method for
detecting and managing breast cancer.

X-Ray Tubes for Mammography

With the clinical value of mammographwving been demonstrated by Egan and others usingeotiamal xray systems,
often with some modifications, the motivation to developayx tubes designed specifically for mammographkgs
established. The various features of these tubes included spemil materials as described earli@lso most systems
placed the tube cathode towards the chsisig the Heel effectto reducentensity at the thinner side the breast

Here the attention is onnay tube focal spots he tubes developed and usedriare recent dedicated systems typically
had dual focal spots with nominal sizes of théh and 0.1 mmThe corresponding effective sizes (relating to blurring) are
approximately 0.5 mm and 0.14 mm illustrated igufe 26 Some designs, especially for thmaller focal spots, used a
method that dcused the electron beam on the anode in a more Gaussian pattern that contributed to smaller effecti
(blurring) sizes in relationship to physical (heat capacity) size. The smaller focal spots for mammographayeddm
conventional radiography tubesere possible because of a combination of factors. With the use of intensifying screens the
exposure (anode heating) was reduced and with a smaller field of view a more favorable anode angle could be used.

Magnification Mammography

The ability to use geuetric magnification to improve image quality and the visualizations of micro calcifications was a
significant development in mammography. With the availability of small focal spots geometric magnification sad twe u
reduce the effective receptor himg as illustrated in Figure 27
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Magnification Mammography
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Figure 27. The use of geometric magnification to reduce the effective receptor blurring and increase visibility ofcimatiaad.

A major factor contributing to the valu# this procedure is that the value of the composite blur from the two sources is
|l ess than the sum of the two values. It is a conwuplutio
is achieved when focal spots with sizes sierabr close to the blur values of the receptors are available.

In 1977 Radiological Sciences, Inc. developed -@ayxtube with a very small focal spot size. One of the first units was
installed in our laboratorgt Emory combined with breast suppous performing magnification. A combination of physics
and clinical investigations demonstrated the value of magnification to enhance visibility of detail and calcifications. Other
researchers demonstrated the valtithe magnification technique in extéves clinical studies. Dual focal spot tubes with a
smaller spot for magnification as described previously became the standard for dedicated mammography systems.

Xlll. RADIATION EXPOSURE A ND DOSE IN MAMMOGRAP HY

The major gal in the continuing development and @avations in mammography was image quality and visibility within
the breast. Its clinical value depended on that. A prevailing challenge was controlling the radiation dose to thhlsreast.
was especially signifant because of two factors: one islégical and one is physics. The biological is the relatively high
sensitivity of breast tissue to undesirable biological effects frenadiation compared to other anatomical regions. The
physics issue is the depamte of several image quality charadics on the quantity of radiation used to produce an
image. With mammography requiring higher image quality than other radiographic methods it is inherently a high exposure
procedure.

Breast Entrance Skin ExposufeSE)

One of the activities often perfoed by physicists was determining the radiation exposure or dose to a patient. In the
early period of mammography this was generally limited to determining the exposure delivered to the surface of the breast.
This was done by calibrating the exposureputtof the machine and then calculating from the technique factors (KV and
MAS) actually used in a procedure. An alternative was placing TLDs on the breast.

The surface exposure was used to compare different mesimoldsrocedures but did not provide asewalue that was
appropriate for evaluating biological risk. Some approximate surface exposure values for the different phases of receptor
development are:

A Direct exposed industrial type filin6,000 mR.
A Xeroxmmmogaphyi 3,000 mR.
A Film with intensifyingscreeng 1,000 mR

These values illustrate two significant factors that mammography is a relativelgxpgbure procedure and the required
exposure was reduced with developments in receptor technology.

Mean Glandlar Dose (MGD)

The concept of mean gldnlar dose (MGD) was developed as a quantity that would be more related to the biological
effect of the radiation. lts defined as the average radiation absorbed dose to the breast glandular tissue and became the
standard for monitoring dose in clinicatqeedures, evaluating equipment performance in quality control activities, and for
some regulatory limits.
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It is determined by multiplying the surface exposure value by a conversion factor that has been developed by physicis
for a range of breast sizeschxray spectra characteristics generally specified with HVL values. For an average breast and
typical imaging procedure a 1R SES will result in a MGD 138 mR.

Two of the major factors that determine exposure and dose to a breast are the penk#&natataristics of the radiation
through the breast and the sensitivity, or required exposure, to théorecBpth of these have evolved in the development
of mammography.

Receptor Sensitivity and Required Exposure

Significant reduction in exposure artbse resulted in the transition of directlyray exposed film to the use of
intensifying screens. Recepsdfor mammography continue to require a relatively high exposure to control quantum noise
because of the very low blurring characteristic.

X-ray Penetration through the Breast

The effect of the xay spectrum on the opposing requirements for high ceindensitivity (in soft tissue) and reducing
radiation dose has been a major factor in the continuing developments in mammography. The gogls$ tor ah
optimizedspectrum for each breast size and density. A major contribution was the introadictiolybdenum and rhodium
as anode and anode and filter materials. Compression and measurement of the thickness of the breast contributes to
effort. The training and experience of the mammographer / technologist is a critical factor in conduotipiinézed
procedure with respect to image quality and dose.

In addition to these two major factors that have evolved over time the intradwidtigrids and the magnification
technique resulted in some increase in exposure and dose but are cdrsitberappropriate because of the increased image
quality.

XIV. CHRONOLOGY OF DEVELO PMENTS IN MAMMOGRAPH Y

The physics and technological developmentimtoease the clinical effectiveness, manage risks, and improve the overall
efficiency of mammography haveontinued for well over a half century, and with more to come. It is appropriate to
summarize by relating some of the major developments to the tirhen they occurred. This gives a valuable perspective
to the scope of physics contributions to this mabspecialty and the preservation of life and health for society around the
world in specific decades.

The 1960séThe foundati on

This was the perioéh which mammography began to be developed as a major medical procedure especially with the
pioneering workand contributions of Drs. Robert Egan in the USA @hdrles MarieGros in France. Both were physicians
but were major contributors to the applioat of physics and development of the technology for imaging the breast. By
using the technology and mettedeveloped under their leadership and in their collaborations with physicists and engineers
they demonstrated, promoted, and expanded the climjgplication through extensive educational and organizational
activities. The technology at that time cated of conventional-ray equipment, tubes with tungsten anodes, and receptors
consisting of industrial type film exposed directly by theagliatim. The imaging procedure did not generally include
compression and stabilization of the breast. In 1889decade was concluded with a major breakthrough, the development
of the first dedicated mammography equipment that included a molybdenum andilieigaide CGR Senographe.

The 1970séDevel opment of Modern Mammography Technol og.

The majorphysics and technology developments establishing mammography as a valuable and practical method fc
diagnosing and managing breast cancer occurrgdgithe 1970s.

The first dedicated equipment, the Senograph, introduced in 1969, spread around théongnhdth dedicated systems
developed by other manufacturers.

In 1973 the Siemens Mammomat and the Philips MammoDiagnost, Toshiba and Picker Mammreintroduced.
In 1974 General Electric introduced the dedicated MMX system.

In 1977 Radiologic Scienselnc. provided a tube with a very small focal spot that stimulated the development of the
magnification technique. This technology was acquireBfiger in 1979 and then by Elscint in 1981.

In 1978 Philips addedn antiscattergrid that was developedif mammography.

It was the decade for the development of image receptors for mammography to replace the industrial type film the
required relativel high radiation exposures.

In 1971 Xeroradiography was introduced and was used for several years, lgeheriiterval between directly exposed
film and the development of intensifying screens specific for mammography.

In 1972 DuPont developed the 4dose calcium tungstate screfdm system contained in an evacuated bag to provide
good film-screen contacturing exposure.
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In 1976 DuPont introduced the idmse/2 screefilm system and Kodak the MiR system using a rare earth screen.
These were in rig cassettes, much easier to use than the vacuum bags. Also, Agfa Gavert entered the market with a film
saeen cassette for mammography.

The 1980séRefinements to Technology and Attention to th

This decade began with mammapghy being performed with dedicated equipment and state of the arscfikan
receptors. It was not toe a time for major innovations. Equipment features including automatic exposure control (AEC)
were being refined There were some advancesingener r adi ography film design, the i
was also used in mammography.

In 1987 the American College of Radiology (ACR) began its Mammography Accreditation Program, the ACR MAP. This
was for Facilities that performed mammographt was not a government legal requirement but some medical insurance
providers would only pay for séces in an accredited facility. There were a number of conditions required for accreditation
including use of approved equipment and education df. stA significant requirement was periodic quality control
evaluations performed by qualified medicalpitists.

This was the beginning of quality control procedures with specified image quality requirements, testing methods, and
reporting that were tdoecome a major role for medical physicists in mammography.

The 1990sél mage Qual iQuglific&ionat r ol and Personnel

This was the decade in which emphasis transitioned from developments in new technology to the factors associated with
the total mammog@phy process including human performance. A major objective was to ensure that the high image quality
available with the equipment and imaging procedures of that time was being achieved and contributing to accurate diagnosis
and management of breast canckledical physicists were to be a highly significant part of this development

In 1992 the American College of Radiology (ACR) publishedMlaenmography Quality Control Manual for
Radiologists, Radiologic Technologists, and Medical Physicists.

Thisprovikd detailed instructions and procedures for all/l é

In 1994 the USA Food and Drugdministration (FDA) implemented the Mammography Quality Standards Act (MQSA).
This was a major action in which virtually all aspects of quality in mammography becameeagdwydtderal legislation
and law.

XV. AND THEN THERE WAS D IGITAL

The decades of t2000s were to be the era of a major transition in mammographyfifrono digital receptor, viewing,
and image archiving technology and methods.
In 2000 the USA FDA apprad the first digital system. The GE Senographe 2000D, for clinical use. Qtberso
follow.
The history of digital mammography is fianother story f
some of the factors associated with tiigthat brought to an end the use of film as the receptor element for mammograp
Photographic type film, a radiation sensitive emulsion coated on a transparent base, was, along with fluorescent
intensifying screens, the foundation of radiography fegrca century because of its many valuable characteristics. These
included conerting invisible radiation into visible images, an easy to view display, which could be stored and archived.
However, along with these many values there were challengesisadVahtages that contributed to its replacement with
digital technology. Thesecluded:
An expensive silver based commodity that could be used only one time
Required precise and accurate exposure to capture contrast from the breast.
Required expensivéime and labor consuming, and somewhat unstable chemical processing.
After beirg exposed and chemically processed images cannot be changed or adjusted, often requiring
repeated exposures to correct for technique factor errors.
Transporting and managing manograms within a facility requires considerable time and effort.
For an imagen film viewing factors including brightness, contrast, and magnification cannot be
adjusted.
Archiving and retrieving images on film requires time and labor in addition t®espith controlled
environmental conditions.

o Do o Do Do o Do

Digital imaging technology providkesolutions for all of these limitations, including:
The wide exposure dynamic range of digital receptors that overcomes the prevailing latitude limits of film

and related vaaitions in breast size and composition.
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A Images quickly transferred electronicallr om r eceptor to viewing displ e
chemical processing.

A Ability to control image viewing conditions to enhance visibility over a range of breast sites a
compositions.

A Electronic management, archiving, retrieval, and distributfionana mmo gr ams, al most i
Il ighto.

In addition to replacing and bringing to an end the use of film as a receptor digital technology made possible th
development ofhe next major innovation in mammograplymosynthesis

And with that we concide this history of the major phase in the development and evolution of mammography in which
film served many valuable functions, from receptor element to display for viewthgrahiving.
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This course was presented at an
American Association of Medical Physicists
Annual Meeting

It provides an overview and extensive details covering
the continuing developments of the technology and methods
that document much of the history of mammography.

Charles R. Wilson, PhD, FAAPM, FACR
Medical physicist specializing
in X-ray imaging and related activities
at the
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Milestones in Mammography

1913

= A. Solomon, a Berlin pathologist, images 3,000 gross
mastectomy specimens.

= Observed micro-calcifications in breast carcinomas.

1930

S. Warren described a stereoscopic system using double
emulsion film with screens, 70 kVp.

1938

. J. Gershon-Cohen published on radiographic appearance
of the normal breast with age.

Concluded that improvement in technique was needed for
clinical use.

1960

= R. Egan develops low kVp mammography technique
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Robert Egan’s Technique — 1960’s

Low kVp technique
verified kVp using a 15 mm Al wedge

Beryllium window x-ray tube with
minimum filtration

Space charge limitations resulted in

long exposure times, ~6 seconds

Long SID: reduce focal spot blurring
and provide adequate field coverage

Metal extension cones: no field light
Fine-grain industrial film
No grid
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Mammography Positioning — circa 1960

- B .
l.ii
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Mammograms: 1975 and Current

With permission: Breast Imaging: From 1965 to the Present E.Sickles,
Radiology 215:1 2000.
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Mammograms: 1960’s vs Current
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Milestones in Mammography

1963

First randomized trial of screening, HIP of NY
~30% reduction in mortality in screened cohort

1966
J Wolf explores use of xeroradiography

1970 s

Breast Cancer Detection Demonstration Project
Xerography, radiography, thermography, physical exam

1986
ACR Voluntary Mammography Accreditation Program

1992
Mammography Quality Standards Act
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First Dedicated Mammography Unit

m 1965
= Charles Gros, MD, Strasbourg, FR
= CGR Senographe (Breast in French is Sein)

With permission: Short History of Mammography: A Belgian Perspective, A. Van
Steen, R. Van Triggelen, JBR-BTR, 2007.

175



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medicay/§lbs 2, 2019

Dedicated Mammography Units

m 1973
Picker (Mammorex),

» Siemens ( Mammomat) |

» Philips (Diagnost)
m 1974
= GE (MMX)
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Current Dedicated Mammography Unit

m Gantry mounted x-ray and
detector assemblies

m X-ray tube target/filtration and
focal spot appropriate for
mammography

m Compression device
m AEC

m Film/screen and grid
designed for mammography

m Dedicated film processor
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Pathognomonic Signs of Breast Cancer
Small Details With Inherent Low Subject Contrast

m Masses

= spiculated

= shape and margins are important
m Micro-calcifications

= 100 to 300 microns

= shape and distribution important

m Others

- Asymmetric densities
= Architectural distortions
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X-Ray Spectrum Shaping

m X-ray spectral shaping is needed to
enhance visibility of the inherently low
contrast pathognomonic signs

= Egan

tungsten tube, low kVp, beryllium window
tube with minimal aluminum filtration

m Gros (CGR)
molybdenum target and molybdenum filter
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Effect of Spectrum on Subject Contrast

Tungsten and Al filter

Molybdenum target and
filter

&
With permission: A Categorical Course in Physics Technical Aspects of Breast
Imaging, M Yaffe, et al., RSNA 1993
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