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ABSTRACT

Radiologists miss about 25-30% of all pulmonary nodules smaller than 1.0 cin. in mass scicenings
A system for the automated detection of the pulmonary nodule has been desighed, tuned, and
tested on a 43 chest radiographs. The goal of this system is to aid the radiologist in locating a
pulmonary nodule by indicating a few sites in the radiograph that are miost likely 0 be nodules.

Procedurally driven image experts that respond to specific types of anatomic features have been
devised and are incorporated in a patlern recognizer, which uses linear disciminant analysis, o
classify the candidate nodule sites. Candidatc nodule sites that are not classified as nodules are
eliminated from the list of sites that are presented to the radiologist for inspection.

This work has demonstrated that patiern recognition techniques and procedurally dnven Imagy
experts are capable of reducing the number of candidate nodule sites that a radiologist must mspect
from at most 17 to at most 3 in order to be 99% confident of having inspected any nodule detected
by the system that is trained with 37 films. The radiologist must be willing to accept a film true
positive rate of 88% (as opposed 1o a film truc posiuve rate of 92%) for the convenience of having,
fewer points 1o inspect.
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1 - Statement of Problem
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“ The fundamental goal of this work is o improve the detection of the pulmonaty nodule s chest ._-:.;;‘
'- radiographs. Despite improvements in radiographic imaging technology, radiologists are unable o :-}::-:f:

detect approximately 30% of all pulmonary nodules smaller than 1.0 ¢cm in mass screemngs.  The

most dangerous type of pulmonary nodule, the malignant lesion, is most difficult w detect i ns

o
I
ol

earliest stages. If the radiologist were able to detect such lesions in their carly stages the pauent

.-
Te
¥

= would often have a better prognosis for survival and the conscquent treatment would be less radical.
B Besides easing the radiologists’ workload, automated nodule detection would provide a muans of
3 recording sites of possible nodules that should be monitored tn subsequent films and a mcans f{or

evaluating the performance of radiographic imaging processes.

EI:} It is known that the human viewer has difficulty detecting small lesions 1 chest iy That s,
;‘- given a film that contains a small (0.5 cm. or less) lesion the human viewer will often fal 1w detedt
Q.’: it. However, if the lesion were pointed-out 1t would be recognized. [t s believed that this mability
b is due to limitiations of the human visual system in detecting objects against a backgiound of
E.',’:* (structured) noise. The computer is immune o influences from suuctured noise. 1 can urclessly
L'::‘ search an entire radiograph and report the presence of all small round things.  The ANDS =
“ (Automated Nodule Detection System) processes a chest radiograph and provides a dusplay of ﬁ
sixteen or fewer sites in the chest radiograph that are most hkely o be a nodule. S

- The possible benefit of ANDS is evident when one considers that about 30% of all visible sulitary

pulmonary nodules  go undetected in routine viewing of chest radiographs [Garland,

1959](Yerushalmy, 1951]. This limitation is presumably not due to radiographic technolugy but is
inherent in the human obscrver. The human observer can reliably diagnosc pulmionary nodule's 1.0 \<
cm. or larger in diameter but exhibits decreasing proficiency as the nodule diameter gets smaller. t'.-if:";:4
The radiograph is capable of representing a nodule as small as 0.3 cm. which must ofien go '—:
undetected for nine or more months untl it reaches sufficient size to be scen [Goldmeier, 1965). ,.::
Since roenigen findings are usually present in presymplomatic stages, their recognition at catly \:'.,
stages is presumably of incalculable bencfit 10 the pauent. ~Automated diagnosis of the pulmoniaty :

nodule offers the hope of easing the radologists workload by helping w0 hmit the seach aca,
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The specific goal of this work is to improve an automated nodule detecuon system that guides a
human viewer to sites on a chest film that are most bkely to be pulmonary nodules and 10 redwe .
the number of false posilives that are reported by that system. The foliowing processes comprise
the current ANDS: 1) pholographic copying and digstizauon of sadiograph;, 2) smage processing o

enhance the appearance of the nodules; 3) can:!:date nodule detecuon and accumulation of votes,

and 4) elimination of false posiuves. The man featutes of e ANDS are: sphine fillenng 1o

-

subtract out background variation; candidate nodule, ub, and vasculanity uviceuon using Hough-like

techniques; and discriminant analysis 0 suduce the tate of fase posuves,  These are funthior
. discussed in Chapter 2.5. Note that false positive @ il s used with 1espect W the ANDS has the
:-:‘. following meaning: any non-nodule that is conudered fmore nodule fike tian a nudule v a false
positive. This concept will be clarificd in the section on sodule detection and accumulaton of
votes. The body of the experimental work was 10 @esign axd tune Uie ANDS. This work was done
_ in four phases: optimization of photographic/digital reproductiin of the radwytaph; eve auen of
- four nodule detecuon processes; parameter tuntsg of e chusen procesy; and dispminstion of Sl
positives. These zre discussed in the Experimental sectuon.  he Solluwir:g secinn s an intieducton
of the problem of nodule detecuon. It is a survey of image processing of chiest tadiogiaphis and an
overview of the work done in the computer analyss of chiest lilms.  Jserves as both a Jusuficatior.

and as a motivation for this work,

et e L _L’.h* e _3." N "-.' o "_s:"-.'_'-."':' R '_-."_\. e e e T
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1.1 - Occurrence of the Solitary Pulmonary Nodule

The prevalence of the solitary pulmonary nodule (SPN) has been reporied between 1 per 1000
(films studied) {Holin, 1959] and 2 per 1000 [Good, 1958{.1hc study by lolin, a community wide

survey in Cincinnati (1949), consisted of 673,28] films with 687 diagnosed as conlaining nodules.

VEER S LS

Over the last four decades the incidence of bronchogenic cardinoma has quadrupled in

s

industrialized countries [WHO, 1965). Deaths due to bronchogenic carcinoma  weier 1 Japan, 1.3
per 1,000,000 in 1950 and 6.5 per 100,000 in 1960; in Great Britain, 50 per 100,000; and in the ULS,
20 per 100,000 in 1960 |[WHO, 1965]. The likelihood that a nodule is mahgnant increases with the
age of the patent. Walske reports malignancy in 53% of all cases aged 50 or more years and  12%
malignancy in patients under age 50 |Walske, 1966). Steele found malignancy in 56% of all cases
: aged 50 or more years [Steele, 1963). In a review of 25 case studies which nvolved a total of 1203
patients, malignant lesions were found on the average o comprise 36.7% of all lesions, Lhe
percentage of malignant nodules vaned in the case studies between 7% (Jones & Cleave, 1954) and

78% [Axtmayer & Ehrlich, 1955] [Davis, 1956}, Seybold repoils an average malignancy of 37.8%

his survey of 22 case studics which involved a total of 2258 cases; the data tanged between 7% ()

of 14 cases - Jones & Cleave, 1954) and 55% (37 of 67 cases - Husfeldl & Catlsen, 1950) [Scyboid,

a'-l.
i .

1964]. It should be noted that the criteria for inclusion in each of these 25 studies varied as did the

sex and average age of the patients included. Some studies ok place in veterans bospitals which

:! were predominated by older males while others took place in arned services hospitals which are
: mostly comprised of younger males. Lung cancer has been shown o be about four times more
" prevalent in males (21% of all males cancers) than in females (5% of all female cancers) JAMN,
- 1973},
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The prevalence of the solitary pulmonary nodule (SPN) has been reported between } per 1000
(films studied) [Holin, 1959 and 2 per 1000 |Good, 1958].The study by Holn, a community-wide
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survey in Cincinnati (1949), consisted of 673,281 films with 687 diagnused as containing nodules.

Over the last four decades the incidence of bronchogenic carcinoma has quadrupled n

- industrialized countries [WHO, 1965]. Deaths due 1o bronchogenic carcinoma were: in Japan, 1.3 e
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age of the pauent. Walske reports malignancy in $3% of all cases aged SO or more years and  12%
malignancy in patients under age 50 |Waiske, 1966). Stcele found malignancy in 56% of all cases
aged S0 or more years [Steele, 1963]. In a review of 25 case studies which involved a 10tal of 1263
patients, malignant lesions were found on the average w0 compnse 36.7% of all loswns; the
percentage of malignant nodules varied in the case studies between 7% (Jones & Cleave, 1954) and
78% |Axumayer & Ehrlich, 1955} [Davis, 1956]. Seybold reports an average mahgnancy of 3786
his survey of 22 case studies which involved a ot of 2258 cases; the data ranged between 7% (1
of 14 cases - Jones & Cleave, 1954) and 55% (37 of 67 cases - Husfeldt & Carlsen, 1950) [Seybold,
1964). It should be noted that the critenia for inclusion in each of these 25 studics vancd as did e
sex and average age of the patients included. Stine stusties ook place in veierans hospitals which
were predominated by older males while others took place in armed services hospitals which are
mostly comprised of younger males. Lung cance: has been shown to be about four umes niosw
prevalent in males (21% of all males cancers) than in females (5% of ail female cancers) JAMN,
1973},
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1.2 - Appearance of the Pulmonary Nodule - e
a L
- SR
= -:“::4
e, A solitary nodule is a circumscribed mass situated in the substance of the lung, cunstuuting the only _7.:-}.:
5.:' 7'.\'*.,

significant pathologic process in the lungs of the patient being examined, and showing no significant

4

1
«t
UK}
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signs of cavitation [hollowness] or obstruction of the airway [Good, 1963|

The SPN is also called a “coin lesion” because of its circumscribed circular shape.  This s, however,

a misnomer because the shape of the nodule in fact sphencal or ovaid and not flat and 1ound. NI
The SPN manifests itself in essentially two forms, as benign and malignant lestons. 1 heie are only T
two conditions under which a nodule may be considered benign: the presence ol dense calaficauon o

sl
or signs of stability lasung two or more years | Jod, 1963). ——

Density, shape, size, location, and margination (border characterisucs) are considered as possibie
measures 0 aid the discrimination of nodules from other objects within the lungs. W 1s nnportant
10 note that many of the following statisucs refer 0 nodules which were most bikely diagnosed
because they were seen in chest radiographs and/or because they were resected (surgically removed).
The following stauistics which regard the SPN may not necesarily apply o the gencral populauon of
radiographic images of all SPNs, especially small barely perceptable ones. Many of the following

statistics describe that population of visible nodules which are 1.0 cm or larger and whose

benign/malignant nature is known.

density

Perhaps the most powerful discriminating feature of the SPN is optical density.  Dense images of
o nodules often indicate the presence of calcification - the primary feature of the bemgn nodule. The
density of the nodule in the film r'nay be used Lo distinguish the benign from the malignant nodule.
,: However, the presence of some calcium does not indicate that a nodule 15 benign. ‘Ten cases of 280,

3.7 percent, of primary carcimoma were read as containing some calcum [Stecle, 1963) Dense

’_’j.-.‘, nodules are less likely to be considered malignant [Vivas, 1953] [Stecle, 1963 [Davis, 1956, Sl L
o
A :.-‘:..
.:}.,\._'.., e T g e e N T e e e T A N T e,
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lesions of heavy density are less bkely to be malignant |Vivas, 1953). Lesions smaller than 2.0 v
and dense are usually granulomas (benign); lesions larger than 2.0 cm an diameter and not dense are i
probably carcinomas [Davis, 1956). Maulgnancy is unlikely in & densc or conwentncally calkeificd
nodule [Steele, 1963). Siegelman uses density as a means of disciminaung between calaificd-bengn
and malignant nodules in C1 images. He found that no makgnant lesion 1 his study had a €l -
number greater than 147 Hounsfield unii [Sicgelman, 19801  Ths CT systern was carefully

calibrated to produce quanuiative results.

shape

- - A majority of carcinomas are characierized by an istegular shape [Guod, 1953, [Stecle, e,
k Thirty-seven percent of the carcinomas studied weie ifiegular or elongated and only 11% had sharp

. margins [Steele. 1963]. Shape offers little discriminaton between  bemgn and mahgnant nodules.

size —

Although nodules approximately 3 mm in diameter are viubie, the lowar bt fur diagnose i
believed to be 1.0 cm [Goldmeier, 1965). In a study of 1267 nodules, 714 could be meastired entdier -
radiographically or pathologically; 66% were 5 cm or greater, and 1.26% were fess than 1.0 ¢ oin :
diameter |Theros, 1977]. A greater proporuon of nodules was found to he malignant as the nodule <
- diameter increased |Holin, 1959]). Davis reports in his case study that the smaller nodules are st
... likely to be considered benign [Davis, 1956]. One might infer from the following that small ,
malignant nodules are often not found. In a review of 22 case studies, Seybold concludes that few -
lesions greater than 5 cm were benign and few less than 2 cm were malignant [Seybold, 1964).
Holin reports that the average size of malignant nodules in his case study as 5.2 ¢m, and 2.5 cm as :.'?:
the average size for tuberculosis nodules [Holin, 1959]. As the size of te bronchogenic carcimonia
shadow increases: operating becomes more difficult; post-operauve mortality is higher; and the

overall prognosis is worse [Bateson, 1964). .

Goldmeier hypothesizes that small nodules may have a lower visibilily because nodules have a 2% -

e
2 9 0 e os
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1.2 - Appearance of the Pulmonary Nodule

3

N mm outer shell of low density. In order to be visible the nodules must be cousiderably larger than

ol 50 mm {[Goldmeier, 1965).

M

A location )

Tuberculous granulomas were found predominantly in upper lobes [Bateson, 1965). and Unee unis

more frequently in the upper lobe than in the lower [Stecle, 1963]; solitary metastases were found

predominantly in the lower lobes, otherwise no other lesions showed parucular distnbution |Bateson,

-t 1965). Davis found, in his study of 215 cascs, that the distribution of nodules in the lobes was furly " 3
-\ even with no great distribution differences between benign and malignant nodules [Davis, 1965). i jT
1 Holin in his community-wide study reports that 61% of the lesions found were in the nght lung and

- 39% were in the left lung: more nodules were found in the lateral (68%) than in the medial poruons

of the lung (32%) [Holin, 1959). The above results may either represent reality of serve as an

’_‘.:: indicument of the proficiency of the human disgnostician.

-

margination

Most radiologists argue that it is impossible to differentiate benign from malignant nodules on thy

i basis of size or margination... [Davis, 1956}. Of the 100 solitary circumsctibed carainomas mcluded 1

;_f:: Bateson’s study, the shadows of 71% had an ill-defined margin. e reports a tendency for a higher

- ' proporton of shadows of small carcinomas to be ill-defined and the shadows of large caranomas o

__ be well-defined. He also reports that the prognosis is better for patcnts with nodules with well-

o] defined shadows [Bateson, 1964). A ragged. fuzzy edge and an trregular oulline are more ofwen
present in primary cancer |primary as opposed 10 a melastatic, or secondary manfestation of

cancer]{Seybold, 1964]. In general, carcinomas tend to be less well-defined; the shampness of the

- - border could not be used to distinguish bewween benign and malignant |Good, 1963

2 In conclusion, the most harmless nodule i1s pethaps the easiest to detect 1n its early stages; and the -

; nodule which presents the greatest danger to the pauent is seemingly the most difficult to detedt 1 -

its early stages. For example, a possible interpretation of Davis’ finding, that small nodules e -——-

- o
2 o
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most likely to be considered benign, is that malignant noduies are simply not Mkely 10 be distoveand o
until they are big. A similar interpretation may also be appled 6 Seybold's linding that few -
nodules less than 2 cm were found to be mabigranmt {Seybold, 1936] - purhaps few small malignant ‘
nodules could be seen. Malignant nodules which are clamed to have srregular shapes and - ¢ f‘:_‘
defined margins {Seybold, 1964] {Good, 1963} arc presumabdy more difficult i detect because these el
features are presumably more difficult to detect. ¥he sttisucs which point t a high imademe of B - 
r malignancy among large nodules should serve as as 1ndsaton of the necessity 10 find a meany of :
.‘;_ﬁ:‘ detecting malignant nodulcs when they are small, .

Since the goal of the nodule detector is 0 fnd any nodule, Do Aisuncton (hat 1, based on
brightness) is made between benign and mabypnat sodzles. The wentels of candidate nodules (seies

‘!" in the chest film that are most likely to be noduies) are detected by a Hough hike dirle transicrm. .
“’ The Hough wicle uansform has been gencralized w permit detecn:. o a vaney of brghi closed T
shapes. Thus the circle wransform is able 10 deivet a vanety of descd shapes Nodale apprarance
e characteristics that are impcriant to human deteczon of the pulmonary nodule have been
incorporated in ANDS.  Knowledge about the relaive oo nowss and ncgular shape of the :
pulmonary nodule is embedded 1n the CN Expeni (s program that ases procedic o knowledge to
:‘E:' locate the center of a CN). Appearance characteraucs of fie nogule boi -~ cusdrast, and azunuthor]
e uniformity are uscd (o discnimunate nodules fiom the nON-Gosthiley atong o CONs that are repoticd __
by ANDS. Global knowledg:, anowledpe abuut the ko *ube 15 telalion W0 1 COVITCRIMCRL, 1S als o

o used to discnminate noduie: from non-nodules.
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- 1.3 - Detection of the Pulmonary Nodule by the Human Viewer ‘_
' » e e
::-' In addition to the intrinsic features mentioned in section 1.2, the surrounding anatomcal conttast '
f:j ) greatly effects the visibility of a nodule. Nodules of decreasing contrast are increasngly difficult w :Z'- ;
» | O~V T

detect |[Kundel, 1979]. Nodules with sharper edges arc identfied faster and with greater frequency

than those with less sharp edges [Carmody, 1980]. Nodules of decreasing size are increasingly

difficult to detect. Detection accuracy rates of 44% for 1.0 0 1.5 cm, and 8% for 0.5 cm nodules are
reporied [Kelsey, 1977). The effect of the surround complexity, 1¢. anatomucal buspness, 1§
suggested in the finding, that when the same nodule was su—pcrimposcd in various lung regions 6% k.

of upper-left and 29% of lower-left lesions were seen [Kelsey, 1977|. Note the coincidence of thss
finding with that of Steele - that tuberculous granulomas are found three umes morse frequently in

the upper than in the lower lobes. Kruger er al., who automated the classificauon of coal workers’

pneumoconiosis, report that their device correcuy classified 77% of the discase in the lower left and

81.5% in the upper left lung. This disparity between human and awtomated detecuon 1n these lung :E:::'..:
regions suggests that a perceptual rather than a pathological baus may be responsible for these .jf::-‘_:'_
- findings and that automated methods may exhibit less error. :
e
’ i
'_E: Viewing distance and brightness level have been shown 1o effect nodule detecuon. Shica of al. have \:'.
. found that the peak of the VSTF (Visual System Transfer Funcuon) decreases in amplitude and ,—;
- frequency as brightness decreases. They propose that every abnormality has a umgque (opumal) »_
::. viewing distance [Shea, 1977). Hemmingsson er al. superimposed 2.0 cm diameter lesions in chest N
films and found that a density difference of 0.025 w 0.060 between the nodule and surround was
< necessary for detection. They also found that the density difference at which a nodule 1s first "
discernable is a funclon of viewing distance and the characterisucs of the object’s border and N
adjacent structures. They suggest that the opimum viewing distance varics for different lestons :;.’:
= [Hemmingsson, 1975],
',:: The parameters of the conspicuity metric, K,. which was determined by Revess e al. are those
E features which distinguish seen and unseen nodules. The features of an undetected-but-visible nodule
”f were compared with those from the same nodule which was only detected n a later film. Hs
{ metric was found to best distinguish between populauons of detected and ttadetected nodules. Thas .
., s )
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metric has as its parameters; edge gradient and contour (steepness and :moothiess, 1espectively)
which are represented in the paramecter El, Edge Index; and surround complexity.  These
parameters provided better discrimination betwven the two populatons of nodules than any of the
following parameters tested: size, density difference between nodule and surround, and the 1ate of
change of density around the nodule border as determined by the Laplacian [Revesz, 1977]. Edge

gradient and edge uniformity are used by ANDS w discriminate among CNs. Thewe ate

incorporated in ANDS as Edge Strengih and Edge Visibility, respectively. The standitd deviations

of these measures are in fact used in conjuncuon with other measures by the patiern recopmzet 10

classify CNs.

Erex in detection of nodules may occur in four leve. of the search process:  onenlation, scarch,
recognition, and decision making {Kundel, 1978 Onentauon errors occur when the obscrver iy
unfamiliar with chest films and cannot differentiate abr<rmal objects from background featuses. A
search error occurs when an arca containing a nodule is overlooked. When a nodule i scanmed-
over bul not recognized, a recogniuon errdr occurs.  Decision making errors occur when an
arubiguous figure is recognized bul either falsely accepted or repjected.  Kuudel e «f clatn that
scanning errors account for 30% of all detection errors; recognition erross 25%; and decsion-niaking:

errors 45% among skilled observers [Kundel, 1978).

Studies of film reader error over the past twenty years indicate crror rates (films tissed) of 25 30%.
Despite advances in radiograph technology, Ieaders have not been able o find more nodules.
Reading errors may be autributed to faulty processing of visual informauon which falls int two

domains: perceptual (unconscious process), and cognilive (conscious process).

Spatial vision research perhaps offers some explainations for human limitauons 1n nodule detechion.
The importance of foveal vision in nodule detection suggests that high spatial frequenaes wfluence
detection. Where, "...small objects lik: pulmonary nodules can only be perceived if they are close (o
the center of the visual field. The more complex the visual information, the closer to the center of the
visual field (e.g. the fovea) a small object must be imaged to be perceved |[Kundel, 1978). In order
for a square wave 10 be distinguished from its fundamental sinusoid, at least ity third Larmonic must

exceed visibility threshold [Campbell, 1968]. Similarly, an edge will go undetected af s lugh

10
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1.3 - Detection of the Pulmonary Nodule by the Human Viewer

frequency components are below contrast threshold.

The effects of structured noise on the surround have a significant cffect n how hutaus detect
nodular abnormalities [Kundel, 1975]. Structured noise decreases the possibility of detection and
increases the time for a reader o make a response {Kundel, 1975). The effects of suniound miny be
generalized w fall inwo two categories: overlapping and non-overlapping [Kundel, 1978). ‘The non-
overlapping surround contributes to the ovcrall complexity of the image. acung as a wamoullage,
exerting its effect on visual search rather than on visibility [Kundel, 1978}  An overlapping
sutround leads to edge obliteration and causes difficulties in both detecuon as well as in physical
measurements [Kundel, 1978]. An occluding rib is an example of such a sutround cffect.  Foveal
performance is inhibited by the presence of exua stimuli in the penphery as well as i the fovea
itself [Mackworth, 1965). Dimunuation in the abiniy to perceive a given spaual frequency, cg. the
trird or higher harmonics which would charactenze the edge, may be due w lateral inlibiton from

the surround. Adaptation of cats 10 a given spaual frequency has been shown W raise the contrast

required to produce a given response by a factor of aboul four |Movshon, 1979). The ¢ffect of

structured noise is evident in the failure of image processing, "TV processing” accordmg W Kunde,
o make nodules any more visible |[Kundel, 1968). Extensive processing makes nodules maore
conspicuous if their locatons are known in advance, while detecuon is more difficult if their
locations are unknown |Kundel, 1975). ‘ITus may represent a structured noise effect since processing,

may increase the structured noise more than it enhances the target abnommality {Kunded, 1975].
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1.4 - Previous Work: Digital Processing and Analysis of Chest Radiographs

There are two main aspects to automated diagnosis of radiographs, the diagnusts of pattern, and the
acquisition and analysis of large amounts of data [Henschke, 1979]. The acquistion and analysis of
data preceded the analysis of image patlerns , with the former occurning in the carly to-mid 60°s and
the latter in the early 70's. Diagnosis of patterns in the chest encompasses measirements for the
diagnosis of rheumatic heart disease [Hall er. al, 1971]; classificaion of coal workers'
pneumoconiosis [Hall er. al, 1976] [Jagoe et al., 1975); analysis of pulmonary infiltrauon [Tully,
1978]; and detection of the solitary pulmonary nodule {Ballard, 1973). T'he acquisiion and analysis
of large amounts of radiographic data, symptoms, and test results o amnve at a diagnosis has as 11
main stumbling block the inconsistent interpretation of the dawa from the radiograph by a human

observer into a form amcnable 0 processtng by a computer [Henschike, 1979)

Coding radiographs is perhaps the first recorded instance of automated diagnosis. ‘Ths involves
quantifying aspects of the visual image into numerical sequences which aie amenable 1o computer
analysis. In this method the radiologist codes observations for computer analysisihodwick, 1963]. It
was found that the problem inherent in handling such data is the conversion of the visual data mlo
the exact qualitative and quantitative forms required by the computer |1odwick, 1963 Yamamuia
et al. point out similar difficultes in coding radiographic findings as mconvenient in reproducibiliy
and different readings from different viewers |Yamamura, 1965]. ‘They conclude that ...the highly
complicated findings of the pulmonary lesion are beyond the ability of pattern recopnition of an
electronic computer. They are |best) left to the management of human brains |Yamamura, 1965).
Meyers et al. digitized a radiograph using a flying spot scanner and displayed the image on an
oscilloscope; they also displayed the denvauve functon of the image. They report that the
radiographic image reurieved from their computer is “..the most informative imuge of a portion of
the lung and ribs that |they| have ever seen.” Furthermore, to the encouragement of computer
visionaries, they predicted that digital analysis of mechanically scanned 1adiographs would be
possible [Meyers, 1963).

Kundel er. al. suggest that digital image processing of the chest radiogtaph is neeessary o reduce

the near 30% false negative of the human viewer: they outline image provessing technsques [hundel,
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1969). Moore claims that image processing would probably make a uscful contnbuuon tu tadsolopy
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by clarifying pictures of low quality [Moore, 1969). Moore predicied that tmage processing of

7y

radiographs would permit:

L,
el

-semoval of image noise

-correction for geometnc distortion

-eliminaton of non-uniform brightness,
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and automated analysis techniques would:
-search for tuberculosis and heart enlargement in mass screenings

-determine physiological age from xrays of the hands

-detect lesions in mammograms

:

-predict time of tooth eruption
-analyze angiograms

-calculate bone densities.

Fourier filtering techniques w estiance the appearance of the pulmonary nodule were evaluated by
Ziskin. He found these techmues incapable of separaung the nodule from its surround |2k,
1972). Similarly, Kundel found that processing the radiographic image did not lead o an increac

in nodule detecion {Kundel, 1975).

The analysis of pulmonary infiltzates and classification of pneumoconiosis is esscnually a problen, <
a0 texture analysis. Quanutative texture measures are used 0 distinguish between normal .
alveolar infiltrates, and intersuual infiltrates with 95% accuracy in the taining phase, and 9%
accuracy in the testing phase |Tully, 1978). The image texture is analyzed using Ausherman’y
SGLDM (spatial grey level dependence method). This method is essenually statistical; its measures
are based on the probability of going from a specific pixel value to another speafic value ot a g

point in a textured image. Differences in image quality due to exposure ume and development

L

»

.
» '

conditions are eliminated by Lncarly redistribuung the image so that conttast is nonnahzed and it

number of grey levels is reduced - less grey levels lead o greater accuracy when using the SGlLDM
[Tully, 1978].
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1.4 - Previous Work: Digital Processing and Analysis of Chest Radiographs

Two systems for the detecuon and classficauon of coal workers’ pacumoconiosss have been
described, one in the US. by Kruger ¢f al and one 1n Great Brtamn by Jagoe and Pauin. Vederal
laws enacted in 1969 require that coal workers be regularly examined for pneumoconioss. Critenia
for classifying the severity of the disease have been standardized. ‘The U.S. system employs opto-
digital analysis while the U.K. system operates cnurcly on digital images.  The oplo digial method
involves imaging the Fourier specuum of the radiograph with a laser and then analyang the
spectrum with annular wedges o extract a frequency signature whach is then subjected W0 staustical
classification using lincar discriminant funcuons |Kruger, 1977).  Jagoe and Paton's mcthod (o
classifying pneumoconiosis involves measunng the uncvenness of the density distribution witlun
square grids 3.6mm on a side. The diagnoses by their process have demonstrated a 0.88 corselation

with those by radiologists [Jagoe, 1975].

The earliest known work on the automated detecuon of the solitary nodule may be atttbuted w
D.H. Ballard and J. Sklansky [Ballard, 1973]. This work involves image processing 0 cubance
detection of a tumor edge in digital representations of chest radiographs and radisolope hver-
scans. The detecton of this edge was decmed difficult for two reasons: changes 1 the nuage
density about the perimeter fo the nodule which are caused by background density gradicnis; and
the presence of ribs which may occlude the nodule (Ballard, 1973]. The work done by Ballard 1s
the foundation of the ANDS and this thesis.
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2 - Introduction to ANDS .

A chest radiograph is the input of ANDS which processes and analyses the imiage tor CONs
(Candidate Nodules). The output of ANDS is a list of CN sites which are displayed for icvicw by

a human viewer. Fig. 2.0.1 presents the essence of ANDS. Table 2.0.1 illustrates the steps in

e T S ERE

ANDS, their inputs, outputs, and effects. The purpose of the first step, photographic reducuon and
j‘" digitization of the chest radiograph is 1o render the 14"x17“ chest film into a form amenable 0
l digital processing. The photographic reducuon step is necessary because the avadable image
- digitizer is not capable of digitizing any image that is larger than 10"x10". The goal of this stage 1s
- to achieve a linear mapping between opucal densiues (in the fung parenchymna, that is, in the lung

ussue) and pixel values and to maintain the required spaual resoluuon. In a pre-processimg step the

i’ background variation is removed using a spline filter and the cunurast is ¢nhanced with histogram
:: equalization. CNs arc located using a Hough-like technique, which voles for CNs in an
accumulator array whose dimensions correspond to the image dimensions.  ‘The peaks i the
accumulator array correspond to the locations of centers of closed circular shapes,  Followiny the
i application of the Hough technique the accumulator array is smoothed by convolution with a
Gaussian operator. This improves the esumate of the center of a CN, which 1s represented as a
.- local peak. The smoothed accumulator array is searched for a specified number of the highes
: valued peaks. The locauons of these peaks correspond to the locauons of centers of CNs. The

locations of the nodules in the films that were tested are known. A metric has been devised to

measure the performance the nodule detecuon process. This metric uses the st of CN locauons
X that is produced by ANDS and the locatons of the known nodules. Since some of the reported

CNs are obvious errors, for example, lung borders and ribs arc common false positves two

procedurally driven recognition experts and a technique for lincar discriminant analysis have been
incorporated in ANDS to reduce the false posiuve rate. Each of the stages in ANDS is described i

greater detail in the following sectons.
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ANDS
Photographically reduce xray image
y

Digitize image
EE
r—4 Filter and expand contrast o
h { J
Locate centers of CNs

'

Smooth accumulator .

Y

Search for peaks in accumulator

v

- Extract features

Nodule{Expert

OUTPUT

Figure 20.1 - The Automated Nodule Detection System - ANDS. A chest radivgiaph 1> presented 1o
ANDS which analyzes it for the presence of pulmonary nocules and which pruduces a display of candidate
nodule sites. ANDS mncorporates three vision expenis: a kb Expent and a Vasculanty provide formauon
10 2 pautern cdassifier which clussifies a CN; and a Nodule Expert whiich, using 3 set of rules. dstnpuishes
nodules from false positives, vuusing the obvious false posiuves 1 be omuted from the CN stes that are
presented to the radiologist,




INPUT

14“x17"” chest film

4"x5" pegative

digital image of chest radiograph

spline filtered histogram equalized

image

accumulator image

smoothed-accumulator image

accumulator list, spline filtered image

file of known nodule focations, list of
locations of CN centers
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2 - Introduction to ANDS

PROCESS

Photographic reduction

Digitization

Spline filtering and histogram
equal'n

Candidate nodule detection

Smooth accumulator image

Search smoothed accumulator image

Elimination of false positives

Performance evaluation

Table 2.0.] - The mputs and outputs of ANDS.
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4”25" negative on Kodak Commerdal
film; size of radiograph is reduced 10 0.26
times original

digital image; 8-bits/pizel; sumpled a1
100m; optical densilics are converted to
piel values

enhanced digital image: background
varialion is removed and contrast is
enhanced

image that cumains votes for lucations of
CN centers

smoothed image whose peaks represent
the locations of CN cenuers; the grouping,
of votes cast in the previous step are
concentrated about their center of imasy

bist of CN center covrdinates ordered by
accumulator value;

modified ordured list of CN cente
coordinates; false positives reduced

a report of the number of false positives,
the (rue positive rate, the CLIM, and the
DM
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2.1 - Photographic Reduction and Digitization: Creation of a Test Database
Anterior-posterior chest radiographs which are representative of the general population of such chest
'. films were obtained from Dr. John Wandtke of the School of Medicine of the University of
-S . Rochester. The performance of ANDS was evaluated using these films. Hence, these filing are
- referred to as the ANDS database. .
:'; Fifty 14"x17" chest radiographs, 44 containing at least one nodular abnormality and 6 noimals, .
were photographically reduced and digiuzed The dimensions of the digiized images aie about N
".:: 900x900 pixels. Fig. 2.1.1 illustrates the reproduction process. A Sinar "C™ camicra with a 240mimn
Xenar lens was used 10 image each radiograph onto Kodak Commeicial film. The non-lung arca of
each radiograph was masked prior o copying using exposed xray film. Ouly tic lung arcas were
imaged when copying the radiograph, i.e. no light was allowed to pass Unough the non lung arca of
3 the radiograph. This was done to reduce camera/lens flare 1in order W oblain a more hnear tansics __H
from optical density 1o pixel value, see Chapter 3.1. A 10" Kodiuk #2 step wedge and a tn-ba ~"‘J
X target were included when copying each radiograph. These provided means for quanutatively :
~ ' assessing the transfer of densities (tone reproduction), and assuring that a nominal {as given by the -
- Nyquist sampling relation) spatial resolution was maintained. Since the radiograph was digiuzed on
an Optronics C4100 rotaung drum scanner at a conuguous samphing interval of 100 mict ins w.th
circular apertures of 100 microns (illumination and collecuon), a spaual resolution in excess of the
S nominal 125 Ip/mm was maintained. The film was developed in Kodak 11C-110 developer,
dilution D, for 5 minutes at 68 *%°F with RLT. way-rock agitaon. Lhe Opuonns was
‘_i. calibrated, using a 5" Kodak #2 step wedge, 0 provide maximal uscful tange and opumal
: discrimination between densities around 2.65, the upper mut of the lung region densities in the
g photographic reduction. See Appendix 9.1 for details on the calibrauon of the Oplronics scanner.
A statistical analysis was performed to determine the optimal exposure and flare conditon,  The -
- exposure/flare condition that resulted in a staustically insignificant sccond-order term in a tegiession -
SE of pixel value as functon of radiograph density was chosen from the 9 exposure/flare conditions on kq
N 3 representative films tested. This exposure/flare condition was used when the S0 films than .-_—1
:TE constitute the database were copied. ‘The nodule size/age, and paticnt-sex/discase/numbei-of-
: nodules-per-film distribuuons of the films in the database are illustrated in Figs. 2.1.2 and 2.1.3,
X respectively.
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3. Digitization

Image is scanned on
Opuonics C-4100

Sampling interval = 100 um
Sampling aperturc = 100 um

2. Development ::nnber of grey lev;:ls =8
nes calibrated for
HC:110B@ 68 F , 0-270
For 5°; RIT tray rock agitation densiues in range .20-2.
5* image recorded on
Kodak Commercial Film

Camera: Sinar-C
Lens: Xenar 240mm, {/5.6

1. Photographic Reduction Exposure 10suc, /22
Magnification = 0.26
Tri-bar target

Kodak # 2 Step Tablet

14"
Light Table

Wumipation = 16,000 fc
Non-lung Area is Masked \/

< >
N 17

Figure 2.1.1 - The photographic reduction and digitizaion process thal was used when topying the 50 chest
radiographs that constitute the ANDS database, The 14°x17” radiograph is photographically seduced onto
4"x5" Kodak Commercial film by the camera/iens system. The exposed sheet film is developed. The
developed film is digitized on an Opuonics rouatng drum scanner 10 an 900x90) pirel imoge.

Figure 2.1.1 - The photographic reduction and digitizauon process that was used when copyiag the S0 U
radiogrophs that constitute the ANDS database. ‘The 14"x17" radivgtaph is photogtaphicaliy teducd unto
4"x5" Kodak Commercial filni by the camera/tens system. The exposed sheet fum 15 developed.  The
developed film s digitized on an Opuonics rotaung drum scanner 1o an 90UAY00 pincl  unape.
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2.1 - Photographic Reduction and Digitization: Creation of a Test Databage

Metastatic

34
18

o 2272 15 3.3 8

0 .30 50 70 90 110
radius (cm.)
Granuloma

number of films
12 1

B 8 4

2122,

28
23

4 43

0 30 50 10 ) 110 120

o number of films

radius (cm.)

Carcinoma

. 2
: '[ 3% 4

X . ) 3119 30, 35 ) LN
. 0 30 50 70 50 110 7130

g radius (cm.)

-:j: . numb:r of films

Other

2 4o
. 42p 4lp .
2! _ Soladp a3 Ll MH Imih
. . T T v
- 0 30 .50 .70 90 110
e radius (cm.)
'\-;.' Figure 2.1.2 - Disuibution of nodule radius by disc..c. The numbers are the idenaficaiton Humbets of e
fims that contain the nodule(s). The radius value is the average pixel boundary ditance over all radial
. wms (see Fig 255). The values are average nodule radius for fitms that contan more than o nadule
'; Other includes the following types of nodular abnormslitics: nipple (n), hamattonia (h). Hodgkine discase

(H). and pseudo-nodule (p).
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Figure 2.13 - Distribution of age. sex, and number of nodules per film by diseise. Each upe braket fias ::,":.
two fidds which represent the sexes; male is the lefumost field and female is the tightmost ficld.  Ihe :-'.':'
numbers that are ploted are the numbers of nodules per flm. The leuwrs tat precede the numbets for e
pathology Other tepresent:  N=normal, b=button, h=haruroma, H=1 s hiny p=paeidn nodule, and o
n=nipple, -_—
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2.2 - Preprocessing: Spline Filtering and Histogram Equalization

Spline filtering and histogram equalization scrve to make the small details of the inage moe visible
by subtracting background variation. Spline filtering is similar o field flawtening [Pearson of. all.
Essentially, the low frequency components of the image are removed when spline-filtering. A low
frequency approximation of the image is made by mterpolatung with B-splines.  Hus mnterpolated
image is subtracted from the original image. The spline filter has three steps:  iterpolating the
original image to produce a two-dimensional approxunauon; subuacung the micrpolated unage
from the original image; and expanding the contrast of the spline filicred image using hustogram
equalizauon. The parameter of the spline Dlter is the interval at which the mterpolant points are
taken - the knot spacing. This interval corresponds o the number of points that are intespolated
between knots. Figure 2.2.3 illustrates the effect of histogram equalization on an image tist was
filtered at two different knot spacings. As the distance between the sampled knots decreases the
interpolated image more closely approximates the original image. More frequently sampled images

contain more high frequency content; thus is evident in ligure 2.2.3.

The spline filter is faster than the two-dimension FIFT. 1t requires O(N) additions and O{N/k)
muluplications while the FiFT requires O(NiogN) additions and muluplications, where N s the
number of pixels in the image and k is the knot spacing. The number of real addivons and
muluplications that are required for the base-2 FII are |Brigham:
' Real Muluplicauons: (2y -4)N -4
Real Addiuons: (3y-2)N +2
where:
N = number of pixels in image

= log, of N (where N is a power of 2)

The number of real additions and muluplications that are required by the sphne filter were

determined to be:

Real Multiplications: 132 - (N" - 1)(86 + 46/k) + (N2 - 1)’(32/k)
Real Additions: 144 + (N" - 1)X20/k + 16/k? + 4)- (N2 - 1)( 6 + 12k + 46/k)
where:

k = knot spacing; 1 <k < N/4.

-~




Note that for a two-dimensional FFT, twice as many multiplications and addiuons are tequired (for

forward and reverse transforms) as well as at most N multiplicauons for the filtering operation.

B-splines are used to interpolate the spline image. The interpolated image 1 composed of piciewise

continuous polynomials that are essenually linear combinatons of the B-sphine basis funcuons. Knot

points define the guiding polygon, a convex hull under whik: the interpolated fiinction is formed. f: 1
The variant diminishing pioperty of the spline funcuons assures that the antetpolated func :on will .‘..:'.‘
e always lic beneath the convex hull that is defined by the gwiding polygon. bspline ba: it - i
h have the property of local support, which permuts the posttioning of the knots 10 have lueal control, "“"
E:‘ ; tz¢ Fig. 2.2.1. That is, if the posiuon of a knot were perrbed the shape of the interpolated {
:::': :sncuon would change only in the vicimty of that koot 1.0 splne filter in spatially vanant, unlike ‘
’ the FFT whech 1s spatially imvanant, due w the local sup; o1t propetty of the sphine basts Tunetons, _4
- The general equatcn for a B-spline curve is |Wu e al: -
R %
M M : =
. P(u) = [x(u), y(u)} = B )V, = LB AV VY i
—| i=0 i=0 il
:::.jj Where B, ,(u) is the i-th basis function, a compound polynomil of ordes M. iy polynomal iy
continuous up 10 and including the (M-2)-th detivauve. The degree of the polynunual s M 1 The :;E‘_":‘
following equation 1s a simplificauon of the above for cubic, M =4, B-spluics; the type used e Uns ‘
o work. -—'
2 P(S) = 1S TS TCHY; Y, Vi Vool e
o33
- 36 3 0
- Ci=16 3 o 3 o o
) 1 0 e
:_ where: .
=~ e
.:'a C = amatrix of cocfficients of the periodic uniform B-spline basis functions. o
- i = {0, 1, .. m} where m+1is the number of spans associated with the gusdhiny polypon -—-
. .
:: 20 :'.'.-::




2.2 - Preprocessing: Spline Filtering and Histogram EQualization

which has m+1 sides and m+1 vertices (V. ..., V)
. S=(u-u)/(u,,-u) SE0I

Generally, B-spline functions are used 1o interpolate conunuous surfaces, as 1n computer graphis.
These shapes are usually closed curves. However, the splne filter requires spliming of an open
curve. For an open B-spline curve two end veruces, V,, and V,,, ,, are extrapolated. Sec g,
2.2.1 for an illustration of splining on an open curve.

V=2V, V,

YM+1 = 2V Y

The equations of the new ends are:
Py(0) = (176)(V,, + 4V, + V)
Py (1) = (176)(Vy | + 4V + V)

While testing the spline filter | noticed that the edges of the lungs had a splotchy appeatance and
the lung area lacked deta}, Fig. 2.2.2. This splowhy appearance was attubuted (o both the effect of
the discontinuity at the Jung border and 10 the effect of the sgnificandy datker non-lung arca on
the interpolated image. Puesumably this appearance 1s due W the nterpolated nmage under
approximating the original at the border.  The amount of under-apptoximation Is dependert on the
closeness of a knot o the edge of the lung.  The pixels values in the non-lung aica are set to the

mean pixel value of the lung regions prior w splining; this seduces the noueed effect, by 222,

A splined image with knot spacing k is generated 1n two steps. Fust, every keth raw of the image is
splined and then each column is splined. The values used in sphiing the colurns are those values
that were interpolated when splining the rows. The endpomnts of the rows and columns are
oblained be a weighted extrapolation of the ncighbonng knot values; for example, for the left sde:
Viyt = Viog’2 + Vg3 + Vjao,y/6 and for the botiom left comer: Vi, ) = (V) + Vpy +
Vu.m) / 3. The region outside the lung parenchyma, the non-lung region, is set 1o the mean value

of the lung region prior to splining.
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Figure 2.2.] - Splining on an open curve. The endjuinis of the guiding polygon of for the open wurve are
exuapolated from neighboring points.  Perwurbaion of puint P on the guding polygon offeus the shupe of
the curve near P. The interpolated splne curve always bes witlun the convex Lol defined by the gaiding
polygon. This is a consequence of the vanant dusmnishing propery of the intapolaion  scheme.
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Figure 2.2.2 - The effect of seiting the non-lung repiun to the mean value of the Jung region privt W sphae
h: filtenng. The image on the lefl was spline fiticred afer the non-lung region was set to the mean pial

value of the lung ares. No changes were made 1o wie values tn the non-lung arcy when sphine filicning the
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2.2 - Preprocessing: Spline Filtering and Histogram iqualization

Histogram equalization is a method of expanding the contrast of an image. A cumulauve frequency
histogram of pixel values, T(r), intensity is determined from the frequency distribution of pixel
values, p(r), in the following way:
r
T() = 2Zplw

w=0

where, 1 € {0, ..., maximum pixel value}.

The histogram equalization, E(r), of pixel value ris given by:
Er) = (r- Prin) / (pm.ax ) *T(r)/ T(pmm )* P.

where, the minimum pixel value represented in the pixel value histograti,

Pmm
an = the maximum pixel value represented in the prxel value histogram,
P’

= the maximum pixel value in the histogram equalized 1mage.

In order 1 facilitate discussions of operauons on the image, the following notation will be used

throughout:
XX, y<

[" represents an image array composed of n-bit pixels, X pixels per scanline. and Y scanhiues; 1 € |
A, .., Z }, the field <*> is optional; the domamns of the indices arc:
0<x<X, x = {0, ... (X-1)}
0<y<Y, y={0,...(Y 1)}
and the range of the image array is:
0 < M lx <2 T [x, 3] = {0,...,(2" - 1)}.

Ro,x'y}l pl! seey p")
I is a funcion defined in the domain of the image, Glx.yl,

Py« P, are the parameters of f.

The spline filtered histogram equalized image, F, is produced from the mput tnage, 1, by the sphne
filter function, f, whose parameter is knot spacing, k.
FxX,y:Y] = f(ly[x:X, y:Y}, k)

Knot spacing, the only parwneter of te filier, was wned © provide opurmal detection of the known
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nodules in the films in the database,
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. Figwe 2.2.3 - Effecis of knot spacing and hustogram equalization on a splne fitered ungge 11, Mgty on
: the feft were spline filtered ot 1wy different knot spacingy and were aot tustogram eyuahiceg I Hages o
. the right correspond 1o those on tie left bur were histogram equalized. The 10p tmages {Size: 410 scanlpey

by 470 pixels por scanline) were spune filtered a1 2 knoy spacing of S and thuse wt the houom wore filiered
a 3 knot spacing of 1y
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2.3 - Candidate Nodule Detection

o
[

" Candidate nodule detection has three steps: locating the CN center with e CN Lxpeit, unage
;. ’ smoothing to accumulate the votes for CN centers, and scarching for a specificd number of CN
N centers. The CN detector reports the locations and values of the closcd shapes in the image.  Fhe
value associated with the reported CN center is a function of 1ts cdge gradient magnitude and its
) size. This value is computed by a Hough-like techmque [Ballard, 1973). The essence of the CN

Expert is a circle detector which uses embedded knowledge about the appearance of a nodule hke

=. shape. The knowledge used by the CN Expert is; that the CN is a closed convex shape that 1s

lighter than its surround. This knowledge is used by the circle detector 10 detennne the location of
the center. A simple Hough circle-center locator is used m conjunction with image sthoothing by
convolution with a Gaussian funcuon to provide a robust CN detector; it 1s sensilive 10 a varicty of

closed shapes, not just circles.

Since the CN Expert is both compute bound and opecrates on a large {(approxmnatcly 1 Mbyte)
image, it has been designed 1o minimize the size of its resident set. When many users ate on the
system, large programs such as this one are swapped. This causes the CN Experl W 1un slowet.
The CN Expert, the Gaussian shoothcr. and the image search operatons all opetate on honzontal
scanlines in a window that moves fiom the top of the image to the botom. Only a few scanhnes
are resident in primary memory at a ume.  Essenually, the user specfies the number of scanlines

that are to be resident in primary memory; these bnes are read-in; the next groap (a specfied

number) of scanlines are read-in when a scanline that is above the wopmost scanline in the resident
".*" window is accessed; access of pixels in scanhnes that are below the boltommost scanline in the
window (in pnmary memory) is not possible. This technique has been proven useful in specding

computation time.

s
P R R I T3

The spline-filtered, histogram equalized image, ¥}, is processed by the CN center locator, <), w
produce an image array, C[], that contains the centers of proported CNs.
CBIXZXhexoluuon, y:Y 7 resolution) = o(FIX: X, y:Y), rades, resolition)

where ¢() is s represented by the following algonthm:
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where,

for( all image points: y, x in F[J; if edge magnitude > T }
BEGIN

€x = X + cos( Edge Angle ) * radius;
cy = y + sin( Edge Angle ) ® radius;
Clcx, cy] « Clex, cy] + 1; /* increment accurnulator array at CN center */

END

Edge Angle - the angular orientation of the edge at |x, y] as determined by a Subel tdge vpurams,
radius - the radius of the sought-after CN; specified by the user.

T - a threshold value.

radius - the radius (in pixels) of the sought-after nodule.

resolution - an integer that specifies the reduction between the dimensions and the iput anage and

the accumulator.

The CN Expert maps the edges of the lighter clused shapes in the image to peaks in Cxy|. That

is, the edges of a light convex shape will cast voles via ¢() in the vicinity of the center of the shape.

Convolution with a Gaussizn: function is used 0 cluster the votes further about the center o the

CN. An integer array of weights is iniualzed using the following Gaussian funcuon. ‘Two

implementational features of the circle detector are that it operates on only a few scanlines at a

time and that it is performed using integer weights 10 minimize floaung point ovethead. A sparse,

non-linear, convolution is performed 10 restrict the processing o points of probable intciest.  hal

is, the pixel value at the center of the convolution templaie must be greater than a speaficd

threshold if the convolution is to be performed at that pixel.

This array of weights is used 1o compute S)elx:X, y:Y].
Smlx:x. y:Y] = S(Cslxtx. v:Y), radius, resoluttor)

where s() is given by:

Six.¥] =  ZECa. Blelx-a, y-Bldadp
XY .
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2.3 - Candidate Nodule Detection

radius - the radius of the sought-after nodule in the original image.

resolution - rescales radius; the input image is already rescaled.

glx-xg: 2°r, y-y,: 2%1) =
exp(--n[(x-xo)z + (y-yo)zl/areaz). [x-xof < rand[y-y,l <.

0, otherwise.

Following accumulator smoothing the highest, nvotes, values and theit cootdinates i the simonothed
accumulator are located and output in a single pass through the smoothed 1mage.  As e inage 15
sequentially searched for peaks a circular List is maintained. At the head of this list are the value
and coordinates of the largest peak in the image; these was determuned by the convolulion pragram
during image smoothing. Any image value that is greater than the value of the last item m the hst
is inserted in the ordered list and the last item is deleted. No inseruons are made if the cootdinates
are within 2r and if the new peak value is less than the value of the item already an the st If the
coordinates for a peak whose value, which is about to be insened in the bst, are within 2t of an
itemn already in the list and if the new peak value 1s greater than the onc already 1n the bist, that list
item is deleted and reinserted in a posivon appropriate to the new peak value, A 4r x 4r arca
around each local maximum is set 0 zero as the peak value and coordinates are mseried 1n the hst,
If any local maximum (in the region being set to zero) is encountered thal maximum and il
coordinates are entered in the list instead. An accumulator list, A, that contains a specificd number,

nPts, of CNs is the result of searching S| with the scarch algorithm, p.

All] = p(SIX,y), nPrs, radius)

where Afi] = <a), a5 29>
0<2a<Xand0<a,<Y:whereXandY are the bounds of §, Jx:X, y: Y},
8, € 5Ix, yl. :
i = {0,.., nPts-1}, where nPis is the number of CNs in A,

Ay iy 2 Ay [+ V-
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2.4 - Performance Evaluation

Whether or not nodules are present in the chest film the CN detector will teport a speathed number
of CNs. Ideally, the detector should report any nodules that are present in the film in the highest
positions of the list of accumulator peaks. ‘'That is, if there are nodules in the film, they should
occupy the topmost slots (i.e. have the largest accumulator values) 1n the ordered hist of accurnulator
votes. Quite often Uus is not the case. Votes that represent false posilives are ofien inteispersed
among those that represent actual nodules 1n the lst of CNs. The efficacy of the detector 1s
dependent on the position of the actual nodules in the list of CNs. ‘The cumulative histogram
metric (CHM) embodies the following rule:  the closer the votes for the actual nodules are o the
top of the list and the closer their clustering, the better the performance of the detector. The true
positive and false positve rates are used to charactenze the performance of the detector.  The true
positive rate, as it is used in this work, 1s defined as: the percentage of known nodules that 18
detected. The notion of false positive, which is somewhat different from the comon concept, 1s:
the number of non-nodules that lie between the first accumulator point and the position of the last

detected nodule in the list. See 11g. 24.1 for an illusuaton of the calculauons of true and false

positive rates, and the detecion metrics.

A CN 1s considered a detected nodule if its coordinates are close (a delimuon of dose follows) 1o

those of a known nodule. Forty-four of e digitized films conwin at least one nodule (32 contun

only one nodule, 12 contain more than one nodule). All of the filins in the ANDS database wete

obtained from Dr. John Wandtke at Strong Memonal Hospital. 1le specified the kocauons of the - :-'.j«
nodules in these films by circling them on an acelate overlay which was placed in register with the
radiograph. Later in the computer vision lab, 1 specified the locauon of cach nodule interacuvely R

specified by positioning a cursor over the the nodule in a display of the digital image; an overlay

.
A
’
.t ST e
Mg O

placed in register with 1ts corresponding chest film was used to guide this speufication.  The :;;'.:"

- . locations of the nodules are stored in the header portion of RV (Rochester Vision) images that are 4 -
: or 5 umes reductions (per side) of the onginal image. The crienon that is used by the deteeuon i
j:_:: metric to determunc if a CN is close to the location of a known nodule i
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if{ Dist(accx®*scale, accy®scale, knownX, knowr Y) < Allowablclitror )
return NODULLE DETECTED;

where:

Dist() = Euclidean distance between two points in 2-space.
scale = scaling between accumulator image and image that which contains coordinates of the

known nodules.

» faccX, uccY] and [knownX, knownY| = coordinates of CN and known nodules. respecuvely.
n AllowableError = (radius®scale) + Zoomboclrror. L
- radius = radius value that was used by the CN center locator. .

ZoomLocError = 2; |the amount of error (in pixels) allowed when interactively locating the conger of o 5

the nodule in the reduced image). -

- The CHM (Cumulauve Histogram Metric) and the true postive fale aie used 0 awsess the

performance of ANDS. The value of the CHM reflects the placement of nodules i X [y

defined on {0, 1]. The CHM is the area of the difference between an idcal cumulative freqeency
histogram, ¢*, and C.c experimentally obtained cumulative frequency histugraim, ¢, (derived £ :a A)
- of accumulator votes. The abcissa of this histogram, h, from which the cumulative fieques s

histogram is derived is the location (actual posiuon) of the detecied nodules and the ofdimate 18 L

{0, nNods'?}. That is, the presence of a nodule in A is marked by a delta funcuon with measure

{roughly similar to area) nNods’l, where nNods 1s the number of nodules that are kuown 10 Le

. the film. -
b*li] = nNods!, if i < nNods; i = {0, ... nNods-1} ~ -
3 = 0, otherwise. e
- . i e
: clil= T he)
. jgl .
5 hli) = nNods’}, if Ali} represents a nodule center; i = {0, ... nNods-1} o

= 0, otherwise,

NN




2.4 - Performance Evaluation T

S

cli} € c*i), Vi

h*{il, ¢*{i]. hii), & 3] € 10, 1].

LI
P AL N

(B e ]
:

LastNod )
CHM = ( Z ¢*[1] - c[i])/LastNod

i=1

k

Fig. 2.4.1a illustrates A, the list of accumulawr votes (the staustics above tie list of accimulbatol
values were produced by the performance evaluation program). Fig. 2.4.1b ilfustrates the histogram —
of accumulator votes and the ideal histogram for an image with 2 nodules. 11g. 2.4.1c¢ ilfustrates the
cumulative histograms derived from the histograms in Fig. 24.1b which are used © compute the
CHM. A further indicauon of performance is obtained when the CHM and TP rate are ploucd
with the CHM as the ordinate and the TP rate as the abeissa, Fig. 2.4.1d. This metie DM, distance e
metric, 1s the distance between the TP rate and the CHM and the point of ideal performance, [1, 0] ‘

It 1s a simple Euclidcan distance:

DM = sqr((1-ClIM)? + TP?) -—
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- 0.5370 i 22> DISTANCE Metric for Ju/bill/thesis/metric/preAl/181rS5k302pf . <(CC .
L 6.5370 3 302> Cum Misto Metrigc €C<<< Lol
o « 25.0000 : Number of false positives - # of points which are not R

nodules, that Vie betwean the first accumulator point and

the last detecte noduie.

1.0000 i Percentage of the 2 ksown modules which were detected.

50 ;i Number of points in accumslator.

0.5000 Parcentage of positives im 1-tx group of 10 accumulator patints.
0.0000 Percentage of positives Ia 2-t» group of 10 accumulator points.

H
0.5000 : Percentage of positives s 3-th group of 10 accumulator points.

0.0000 Percentage of positives Is 4-th group of 10 accumulator points.
0.0000 ; Percentage of positives fa S-th group of 10 accumulator paints,
. Accf141, 142]) = 9792
. Acc[132, 200] = 9504
Acc[277, 278) » 9120
Acc[120, 222] 8896
Ace[353, 117] 8544
. Ace[145, 292 8064
Acc[273, 200) 7840
Acc[283, 25C: = 7648
Acc[305, 236 7648
Acc[148, 190] 7648
Acc[291, 285] 7616
Acc[10S, 120) 7328
. Acc[258, 283] 7264
. Acc[155, 288 7264
. Ace[132, 215) 7232
Acc[164, 163] 7008
. Acc[369, 221] = 6943
17. Acc[278, 215] = 6880
. Ace[368, 209] = 6848
. Ace{129, 164) 6848
. Acc[367, 126] = 6816
. Acc[130, 111) 6816
. Acc[147, 165] = 6784
Acc[153, 127] = 6638
Acc[299, 137] = 6624
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25. Accf[188, 3371 = 6592
. 26

27. Acc(284, 320j = 6560

28. Acc{124, 241] = €560

28. Acc[163, 224] » 6528

30. Acc[183, 352] = 6400

31, Acc[253, 245} = 6400

32. Acc[173, 2461 » 6368

33, Acc 58, 176] = 6304

34. Acc[321, 254] = 6240

35, Acc[297, 261] = 6240 A

36. Acc[ 56, 217) = 8208 el

37. Acc{304, 177] = 6208 . e

38. Acc[256, 216] = 8176

39. Acc[301, 202] = 6176 -

40. Acc[317, 187]) = 6178

41, Acc[258, 261) = 6144

42, Acc[367, 189 6144

43, Acc{292, 151) = 6144

44, Acc[186, 306] = 6080

45, Acc[175, 265] = 6080

46. Acc{ 99, 187) = 6080

47, Ace{371, 81) « 6018
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Figure 2.41a - The list of accumulator peaks that 15 produced afier searclung the smoothed weanmalator
The nodules that were detected are indicated by an asienssk; 2 nodules are known 16 exist 1 the film from
which this list was derived:
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2.4 - Performance Evaluation =
107 h

0 5 10 15 20 25 e
1.0 r h* position in accumulator list "::.‘:;

0.5[ [

0 5 10 15 20 25

position in accumulator list

Figwe 2.4.1b - The histogram, b, derived from the accumulator Ust in Fig. 2413 and the ideal histogram, S
bh*, for a fim with 2 nodules. ' :
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Figwe 24.1c - The cumulalive histograms of the histograms in Fig. 2.4.1b and the CIIM which is computed :

as the ares under the difference of these histograms.
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2.5 - Incorporation of Al to Reduce the Number of False Positives

Artificial intelligence techniques have been incorporated into the ANDS with the goal of reducing
the false posilive rate. Fig. 2.5.1 shows a display of 64x64 windows of the tup 16 CNs i A
Several of the CN images are clearly not nodules. These CNs are falsc posuves. A pattern
classifier was taught to recognize the following eleven classes of CNs: Distinct Rib (DR), Small
Nodule on Rib (SR), Small Vascularity (SV), Large Vascularity (1.V), Small Nudule (SN), Mcdium
Nodule (MN), Large Nodule (LN), Lateral Border (L.B), Medial Border (MB), Small Nodule on
Border (SB), Nipple (N1}, and Undetermined (UD). The incidences of cach of these classes are
given in Table 25.1; these were derived from the classificaions of all traned (that 15, the

classifications were explicitly taught) films.

CLASS % OF ALL
CNS
Rib* 748
Small nodule on nib 0.5
Small vascularity® 17.8
l.arge vascularity® 8.2
Small nodule 1.1
Medium nodule 19
Large nodule 0.4
Lateral border* 9.0
Medial border® ) 219
Small nodule on border 0.4
Nipple 0.5
Undetermined® 30.5

Table 25.1 - The incidence rates of CN classes. Classes that are considered false pusitives ate indiated
with an asterisk. These percentages were derived from all wught CNs: the CNy in all 50 fitims, each
processed at two radii (5 and 10 pixels), which were taught, that is, individually classified by a trained
human. Not all CNs were explicitly classified because 64x64 windows centered around the CN could nat be
made (because the CN is oo near the image border), or because the nodule stotisucs would st be
computed (because the CN has a strange appearance). These dats come from 2,750 CNs. The CNs that do
not fit well into any class are taught as Undetermuned.  Note:  the pattern dassifier does not cdassify
nodules as Undetermined: this classification was instituted so that ambiguous CNs would not be used to
train the pattern  classifier.
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Figure 25.1 - The top 16 CNs froco an accumulacor list  Several of the displayed CNs are not neduls.
Image #0 is a nodule, #1 » rib, #2 2 medial border, #3 4 & § vascularity, and #12 a luea{ bmfiu. The
classification of each false positive is given in the bottom of the window. Theg are the c.lnuﬁcauons tlAm
were presented to BMDPIM (a commezcial statistical package for linear discriminant analysis) when saning

the pattern recognizer.

Aruficial intelligence techniques have been incorperated in ANDS 1n the Nodule Lapent. Ve
Nodule Expert 15 essentally a pauern classfier {Duda, Hart, 1972 wits a sct of cassificauon 1ules,
These rules determine if a CON s 1o be omited from the st of CNs that arc presented o the
radiologist. This rule causes omission of everything that is not classified s a nipple or some kind of
nodule. The pattern classifier uses features which describe the appearance of a CN: the output of
two vision experts, the Rib Expert and the Vascularity Expert; ane the postion of the CN m e

radiograph to classify the CN.

The Rib Expert is based on the Hough technique for line detection. Iis mput 1s an image Uiat iy a
windowed region around the center of a CN. This image is histogram equahized and smuothed
(high frequency Components and noise are removed). The 1ib expert uses embedded knowledge
about the appearance of the 1ib for guidance as it altempts to reject or accept the umage as that of a
1b. Salient features of the sought-after object are incorporated into thug vision procedure.  The

following features that characterize ribbiness are embedded 1n the Rib Fxpert algonit.:

~a nb is a light object bounded by two parallel edges:
- by convention of the Sobe edge operator, the angular oficntwuon of the nb edpes are

separated by 180 degrecs:
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2.5 - Incorporation of Al to Reduce the Number of False Positives

- the width of the rib is approximately the diameter of the soughtafter nodule;

the rib edges are approximately centered around the center of the CN;

- the parallel rib edges are the strongest (gradient magnitude) of all cdges near the ON;

- these edges are also the most extensive edges in the (windowed) image.

The Rib Expert is procedural in that, given the embedded descipuon of the nb, it iteiates having
the goal of accepling the window image as a rib (scgment), rejecung it as a rib, o fathng 0 accept
it as a rib. Knowledge about the salient rib features is embedded in both the contiol structure and
the body of the execuung statement of the nb expert.  An increasing number of image cdges are
considered as possible rib edges in the control loop. The executing statement tests these edges at
two levels. First, a test is performed that attlempts to reject the CN as a nb. If that test does not
reject the image, the second lest attempts o accept the CN as a rib. 1f neither test 1s passed then
the rib expert iterates further, considering more edges as possible rib edges. The procedural neration
fails to accept an image as a rib only after the top 20% of all edges in the image have been
considered as possible rib edges and no nb was yet detected 1 the image; tus 18 the stopping
condiuon. This stopping condition 1s bascd on the nouon thal the rib edges are the strongest and

most extensive in the image.

A Hough wtansform for a Lne 1s computed separately at each iterauon for edges that may constitute
the top and bottom edges of a rib. Since a nb 1§ essenually hornizomal, the p and botlom edges
are casy to compute. Each edge, with angular orientavon @, whose gradient magnitude is greater
than the specified threshold 1s consdered 1 the Hough tansform, h, whose ouput, HJO:360,

p:4°*radius], represents lines that are described by the parameuric cquation:

p = (x-xp)cos(8) + (y - y)sin(¥))
where,
[xg, vol is the computed center of the CN,

0=9°"+9¢
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p= xcosD+ysin®

Figwe 252 - The parameuic line that is represented by the Hough line wansfurm.

This parametric line is ilustrated in Fig. 2.5.2. For each edge, parametnc distances, p. are Loimputed
over a small range of © (+5°), and H{O. p) is incremenied at the appropriate coordinates,  Thus,
the most predominant line(s) in the image will be tepresented by the highest valiied cootdiaes in
H. After all edges have incremented the parameter space, twe hustograms, h ardt by are denved

from the parameter space inag.; these are frequency hustogiams of the Elgioal OLiculation of e,

4.
hlO)=  THIO.p). for 0<O < 180
p=1

4%
hl6) = X H|0. p), for 180< 0 < 360
p=1

These frequency histograms are normalized. Thest normalized frequency histogratis afe subjected
to peak detection o determune whether or not the tmage iy iat of a nb. The amage 1s 1eected s a
1ib if there is more than one peak in either hustogram that 1s greater than $5%.  An imape 10
accepted as a 1ib only 1f there 1s one peak 1n each hustogram greater than 55% and if U.ese puaks arc
within 180 £15°. A similar procedure is done over p. 1f both tests, § and p. are passed then the

image is accepted as that of a nb.
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§ 2.5 - Incorporation of Al to Reduce the Number of False Positives *-*{
DEMD OF RIB EXPEK!

- : : \ RI3 DETECTED o

l ‘ A TR 125 RO = 7 ]

n 0 THTA =128 RO - 9 .

10P EDEES ARE GREEN

- A HISTORRANS REFRESENT

-‘. 4 JFREQUENCY OF EDGE RHELES

, [ ] 1F RIB IS DETECTED {15

BORDERS ARE QUTLINED

(AXES RRE FREQUENCY YERSUS ANGLE)

»

o

. Figure 2.5.3 - The result of running the Rib Expert on a CN that is a rib. The red and green arcas on the
- leR are the Hough transform space for the top and bottom edges of the rib, respectively. The abscissac of
the histograms below each is angular orientation. The ribs are detected because there are only two such
~ peaks and the peaks are with in 180 5° of each other. The red and green lines that are drawn along the
!': tib edges correspond 10 the top and botiom tib edges that were detected by the Hough transform.
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- Figure 2.5.4 - The result of running the Rib Expert on a CN that is a nodule. The nodule is tojecied as a ::}:'\:
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In summary, the Rib Expert uses knowledge of the appearance of the nb 1o detect a nb. Il
embedded knowledge determunes the process through which the dawa are teduced. Figs 2.5.3 and

.

t e
bt
-
)
~
" e

2.5.4 illustrate the results of running the Rib Expent on a b, which s recognized as such, and om a

L

nodule, which is rejected as a nb. Anpgular onentatien and brightness constrain the rib edge 10

-
X

which an edge element might belong. The nb model, whuch regures parallel and cxtensive b
edges, constrains the allowed angular oricatauon asd fequues that i preponderant cdges in the
image fit the model of rib edges. These appeatance constzaunts are used in conjuncton with a ling
detection technique and some procedurally embedded roles 10 fedue fib detcction 10 peak-finding
= in 1-dimensional arrays. The effecuveness of the swpert gepends on the threshold levels used in the

peak-finding operations as wel! as the the sophswavor of the embedded knowledpe.  1n
, preliminary tests. 85% of all rib images (19 were tested) were correatly 1dentificd; no false posiuves

were reported.

Figure 254 - The Vasculatity Expert A back-projecied Howgh vacsform is used re measoic wo fiat
clustering of vascular swuctures. The rectangular repions oear the medusunum in botl, lungs dcliont the
areas that would contain CNs that are considered br <he Vawuimsty Lapert. Thie CNs that are wonaidered
as candidale vascular structuses are marked by 1ed duts. Lins whox onentsuons correspond 10 thusw of
hypothesized anatomic structures are drawn between candidate yasouanty sites.  The intens'ty value of exh
of these lines corresponds to the number of vasculafily pomis that die on the lne and the number of lincs
that pass (hrough the candidaie vascularity site.

The Vascularity Expert provides a measure of colinearity of CN in a region near the medissbonn:

of both lungs. The assumpticns here are that branching vascular structures near Uie mediastmun
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2.5 - Incorporation of Al to Reduce the Number of I-alse Posilives

will present circular shadows where the branches are imaged end-on and that the branching
structures are somewhat linear. Rectanglular regions near the mediastinum enclose the CNs that are
considered in this test, see Fig. 2.5.5. A Hough uansform for a line is computed for cacki CN
these regions; each region has a separate transform space. The lHough transform is computed over
a range of angles. This range is constrained by the possible angular oricntations of vascula
structure in each lung. Thus, a line (in tansform space) will receive as many voues as Lhete are
CNs lying on it. The results of this uansform are then back-projected 0 detenmine a value of
colinearity for each CN. Each CN, as a result of the back uansform, 1s assigned a wuight that

corresponds to the total number of points on all lines (colincar CNs) that pass through 1t

- Linear discriminant analysis is incorporated in the patern recognizer o classify CNs. BMDIPTM (4
E ‘ commercial staustics package for doing lnecar discrimuinant analysis, which s avalable on the
Medical Center Compuung Facility’s DEC-10) was chosen o perform the discrintinant atialysts,
-.:.' There are (wo aspects of the pattern recognition process; system training and recogtiuon.  In the
- training phase the pattern classifier is presented with feature vectors that typify the casses of CNs.
In this phase the pattern classifier develops a2 muluvanate stausucal model of the chsses and
computes a linear function for classifying CN feature vectors. The pattern classifict was first taught

-:.-: using 295, 24-element, vectors (23 feature valucs and a classificauon value) from 9 films (1t was later

taught with 2750 feature vectors from 37 films); BMDPTM computes a sct of weights, W, and
constants, ¢, which are applied o a CN feature vector, x, o determine the discriminant weiphts,
- di(x), for the i-th class. Table 2.5.2 describes the CN features that were input to BMDI'TM,

dfx) = x'W, + ¢
The class with the largest computed discriminant value is the class to which the CN belongs. The

set of weights, W,, and constants, ¢;. that arc provided by BMDP7M arc instanvated i the pattern
. classifier which is part of the Nodule Expert.
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FEATURE

Accumulator Valued 37

Relative Medial
Distance®

Relative Lateral
Distance® 37

Relative Central
Distance® 37

Vascularity Weight
Average/St Dev.

Pixel Value

Average® 37/St Dev. Radius
Hough Radius®’

Average/St. Dev,
dR at Gradient Boundary

Average/St. Dev.Y’
dG at Gradient Boundary

Average/St. Dev8 37
Edge Suength

Average’’/St Dev? ¥7
Edge Visibility

Avg3"/St Dev. Change
in Int/Ext. Brightness

Avg./St Dev.3 Rato
between Ext./Ict.
brightness

Rib Expert value¥’

TR - 120
L. 1PTION

tepresents the number of voles that were cast fur a CN

shortest distance between CN and medial burder; normalized by the sum of the
medial and lateral distances

shortest distance between the CN and the fateral boatder; nonvalized by dve stun of
hte medial and lateral distances

distance beiween CN aad medial botda midpoint notmadized by the ditanee
between the medial border midpoint and the tup or bottom apex, if Uw nodulke o>
closer (0 the twp of bowiom, respectively

a measure of colinearity of CNs that lie near \he medisstinum, dus vaiue o
proportional (0 the number of nodules that be on the line(s) that pass (hrough a
given nodule

azimuthal average: are computed for all octants; these statistics derive fruen e
azimuthal averages (average pixel value of an arc in each oclantl) per wetan

slalistics on pixel-value boundary points; radial distance in am.
radius (in pixels) used by ANDS when searchung for CNs

distance between the gradient magni(ude peak {in an) and 50% of that pusk vaue
in a hisicgram of azimuthally averaged gradient magnutude, per oitant; relaics to
edge contrast

change in ¢ “-n: magnitude between peak gradient magnilude snd 0% of U
peat : edge conuast

fauo beiwee. dG and dR_(abowe) over ali octanis;  relats 1u edge cunitant

ratio between the maximum gradient magnitude for eusch octamt and the nasenuin
gradient magnitude over all octants; describes the uniformity of the edge gragion
around the CN

cha-ye wez iutestor and exterior brighuess at pixel value boundary, over aff

otiz.

fal: croacen average interior and exterior pixel value across the pire value
bourcary, over all octants

value returned by the rib expert; essentally a Boolean walue

Table 2.5.2 - Descriptions of the 23 CN feawures that were input 10 HMDFIM in the udining phase  The
super-scripts, 8 and 37, indicate which features were used when uaining the patiern dawifier ¥- and -

trainings, respecuvely,
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2.5 - Incorporation of Al to Reduce the Number of I-alse Positives

The nodule appearance features characterize essenually two aspects of the CN: brighiness and
marginatuon. The CN appearance features are computed using knowledge about the locations of two
types of CN boundary: the pixel value and the gradient magnitude boundarics.  Yhe pixel value
boundary is determined as a side effect of having computed the nodule center. The CN Lxpert
gives a rough estimate of the center of the CN. A center finder refines the esumate of the center

that is located by the CN Expert.

The CN center finder locates 8 points on the CN border. These points are 45 degrees apart, with
respect 1o the CN center. If one of these points cannot be comhulcd then the feaures of the CN
are not determined. Each pixel value boundary point represents the region between the inside and
the outside of the CN. Each point is determined separately. The boundary point is essenually the
point of inflection of the change in pixel value of adjacent pixcls on a radial arm. This pomnt s
determined as the peak in a cumulative histogram of the differences between adjacent piaels (on the
radial arm) which are indexed by radial distance, see Fig. 2.5.7. The radial arms are the radn wluch
divide the CN into equal-sized octants; onc of the arms has an angular oricntation of 0° with the
horizontal, see Fig. 2.5.6. The average radius, changes between the inside and outside brghtuess of
the nodules, and average pixel value are features that are determined usng this boundary.  These
essentially describe the light/dark properues of the CN and the disunction of the CN fiam the

surround.

Computed CN Center

Location of accumulator peak

Radial Arm

Figure 2.5.6 - The partiuoning of the candidate nodule. The CN is divided into eyual stecd vetants by the
radial arms. The pixel value boundary point 1s defined on each radial arm. It delmuts the wnside from (e
outside of the nodule based on brightness considerations. The gradient magniude boundary 1s defined us a
radial distance of an arc in each octant. This boundary delimus the inside from the outade of the CN
based on sharpness considerauons (per octant)
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:Zi Pixel value
. Radial profile along x-axis
i N radial arm 4 1adial arm 0
Radial distance
: Slope ’ )
)\ 5 .

. _J 1 Vv — e
- radial arm 4 0 radialarm 0
- _ - Radial distance

~ Relative cumulative slope (computed zadially) ——

1.0 max threshold - 1o

min threshold

||
|
;
|
|
——H
.
I

a
{

~ .
. radial atm 4 0 radial arm 0
- Radial distanice
~ -
= computed pixel value
bousdary point s on
_ ( radial arm
. Radial Arm

' Figure 2.5.7 - Computation of the pixel value boundary. The puel value buundary 15 & sel ul potnts o the :
- radial arms. Each boundary point is computed with 2 peak finding procedute, which is illustrated shuve.
:. Firsi, radial slope is delermined along & radial arm.  This sope is defined os: slope = Ha-dx, v-dy) -
" llx+dx, y+dyl. It is derived 1n a smoothe. mage.  Neat, the felauve cumulauve radial slope (the
e normalized cumulative area under the plet of radial slope) 15 computed.  The locauon of the pael valwe
boundary is derived from dus plot.  The boundury pout s defined us. the first poab grester than o

minimum threshold, or the first radial point that 15 just greater than o marimum  threshold.
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2.5 - Incorporation of Al to Reduce the Number of False Positives

e e e '.-,'. .'--"‘-.'.l"-".“."o o, o ":"

rel grad. mag.
Octant 1
I ¢ I P)
rel grad. mag.
Octant 0
2 4 2 1 ;ll
I, L
radial distance
1'2 . [2
T % I b
5 5
1'6 '6
l’s Is
I 4 14

Figute 258 - Computation of the gradiemt magnitude boundary. The gradient maganude boundaty iy
composed of arcs, one per octant, that are denived from peaks 1 a histogram of aznmthal averages of
gradient magnitude. These arcs are illustrated a1 the 1op left. ‘I'wo octants, 0 and 1, contam two ares. Ihe
radial locslions of these arcs correspond 10 the locations of the (a3t most (wo) largest relative gradiont
magnitude peaks for the respective octants. These peaks are pictured in the upper nght  All the othe
oclants have only one significant peak in their gradient magnitude histograms (which are nut sllustrated).
since they contain only one arc. A recursive procedure is used to dewermune the most consisient gradicnt
magnitude boundary. A consistent bounduy is one in which the w0t radwl distance between adjueent
candidate boundary ascs is minimized. The candidae boundary is represented by the graph on the bottom
left. Nodes represent candidate boundary arcs. Edges tepresent the radial distance between adjacent
boundary arcs. The recutsive procedure prunes arcs that do oot lead 0 o nuninal cost path: this prodoes
a consistent gradient magnitude boundary.
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The gradient magnitude boundary is determined in a simifar fashion (o the pixcl valuc bounday.

*a
.
.

However, the gradient magitude boundary (for each octant) is determuned from a histogram that 1y
obtained from the azmuthally averaged gradient magnitude in each octant.  This boundary 1 .'.‘f'
determined as the minimal cost path through the (at most two) peaks in the asnmuthally averaged =
gradient magnitude histograms for each octant, sce Fig. 2.5.8. That is, the mimimal cost path results ._..

in a boundary in which the radial boundary distance per octant is consistent with tose of its two

rraes
S

adjacent neighbors. The gradient magnitude boundary hes on or beyond the pixel value boundary.
For sharp edges it lies on the pixel value boundgary and for fuzzy edges 1t hies radially beyond it L
Edge suength, edge visiblilly, and chauyw n edpe gradient are fectures that are determined usg ioen
the gradient value boundary. The. -noe the defimuon of the CN maigin or ats N

separateness from the surround.

In additon to the nodule appearance features, several relauve distance features were devised lor use

v e
[y}
¥

s 4l

in the pattern recognizer . They complement the knowledge about local fratures by adding glubal

" Ty
LR R
¢ 2l

knowledge about the relauve position of the nodule in the mmage. Tuese relaive distances are:

central distance (from the middle of the medias border, see Fig. 2511, to the nodule), media

distance (from the medial border 0 the nodule); and lateral distance {fiom the lateral border o the

::-f nodule). The cenual distance is normalized by the distance between the medial center and the top
- of the lung, or the distance between the medial center and the botwm of the lung, depending on

whether the nodule is in the upper or Jower portion of the lung, respectvely {see Fig, 25.110)

- Specific locations in the lungs must be known so that the relative distance mcasures can be

determined. These loca.ons are the medial and lateral borders, the top and bouom apices. and the . T
medial midpoint of each lung, Fig. 2.5.10. First, the lungs must be located in the image.  Vocating SRR

the lungs is aided by the facts that the non-lung arca of the image was masked-out when copyiig,

‘o and that the lung tmage has the correct orientauon. The non-lung region is known to contain pixel

values that are lower than any in the lung region. A line midway between the medial borders of the

0
)

two lungs is Jocated using a projection-of the image ontw the honzontal ans.  Thas Ine 18 used when
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2.5 - Incorporation of Al to Reduce the Number of I‘alse Positives = -

computing the lung borders and relative distance features to disunguish the nght fiom the left lung.
Successive horizontal lines that lie in the lung parenchyma of each lung are consideicd when
computing the lung borders, Fig. 2.5.9. The endpoints of the Jongest honzonta) line in cach lung
are taken as the lung borders. Two lung borders arrays, lateral and medial, are computed by the
lung border detector for each lung. For example, to determine the lateral border at a given vertical
height, the lateral border array is indexed 0 obtain the horizontal coordinate of that border. The

lung border arrays are strictly positive for all vertical coordinates that are in the lung parenchyia.
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Figure 2.5.9 - Computation of lung borders. The locauon of each lung in the unage 15 compuied sod
line, xMid. which is midway between them is derived. Two arrays {one for the lateral burder and the other
for the medial border) are compuied for exch lung.  The inder of each artay 15 verucad Laght and The
value contained in the array 1s the horizomal cootdinate of that lung border:  the value &y -1 of the

]

[ R R

horizontal height is not within the lung.  The endpoints of the longest line segment i cach fung are taken X
as the respective Jung borders. when computing the lung borders Two segments are Mustrated m e left '
lung, above. These ate likely 1o amse a1 the lung border because of anomaluus structures. Here, sy 1 ) !
Jonger thun bl L® its endpostits are deternuned 10 be e hufizontal boundaices uf the tight lung ot v, by RO
the fung horder [ocaior. K
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2.5 - Incorporation of Al to Reduce the Number of Ialse Positives
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Figure 2.5.10 - Computed tung locations. ‘The lateral and medial borders of cach ung are compated 1y the
lung border locator; from these, the heights and widths, and tops and bottons of cach lung are detcrmined
by the border locator as well as the medial midpoinis of each lung
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Figure 2.5.11 - Relative lung disiance featwres thut are used by the panern classifier. ‘The relause latcial
and medial distances are those distances from the respucuve lung borders 10 the CN that are normahized by
the width of the Jung at the heighn of the CN.  The redainve cengad distance 1> that dislance between the
nodule and the medial border midpoint normalized by the distunce between the medial imdpoint and the
op/boitom of the lung. depunding on whether te nodule is an the wp o botum half of the ling,
respectively.




4
Ay
l

" T N T T AL e e — A oy —— - > o
e Splt, S LT, N A AN oI N T CC e AL e R T T T T T LV e T PR ST e ottt aen SRe ool g o
o B R S B AN AR AN 3 . AT LT TR

FIE LA, 4

b
A

3 - Experimental

The final ANDS consists of the following steps: spline filter, smouthing of the sphne

filtered image, detection of CN centers, smoothing, and search for the most prominant CN centets,

l
s
! Four processing configuratons were tested on 5 films o determine which configuration would
::- provide optimal detection. The parameters (knot, image/accumulator rescaling, 1mage 1esoluton,
' and radius) were tested over 5 films to determine which provides optimal detection. This procesing
é configuration and its parameters constitute the basic ANDS,

Artificial Intelligence in the form of a Nodule Expert that uses a pattern chassiticn and two

procedurally driven nodule experts (which detect two classes of false posiuves) are incorporated 1n

)

B the basic ANDS in order to reduce the number of false positives. Forty-three films were processed
- by ANDS with and without AL  The results of the two runs are compared.

i The overall goal of the experimental work is 0 deternune a nodule detecuon method
- that best detects nodules, to tne that process, and then 1o reduce the number of false positives that
-::: are reported by it. The experimental work has four parts: opumization of the lincar transfer of

5 optical densities to pixel values during photographic copying and digiization; choosing a nodule

detection process; tuning the parameters of the nodule detecuon process; cvaluation of the ability of

Al techniqucs o reduce the number of faise posiuves. A method for photographically reducing and

then digiuzing the chest radiograph image that is both lincar and repeatable was first devised. e

careful definition of the photographic reducuon and digitizauon methods permuts additional chest
films to be added to the current ANDS database without the introduction of batch-1o batch

variation. The linear transfer of optical densitics to pixel values assures that nodular abnormaliues of

R various densilies will be represented without degradation 1 the digital image.
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3.1 - Optimal Reproduction of ANDS Database

Fig. 3.1.1 illustrates the generalized photographic/digitizauon process.  ‘Thice transfet

2 e r

funcuons: camera flare, film charactenstic, and digiuzer characterisuc determine how opucal

I densities from the chest radiograph are tansformed into pixel values. Ideally, the system tansfer
funcuon should represent a linear mapping between optical density and pixel value. ‘The shape of
the flare curve is determined by the amount of light that 1s reflected withun the camicia system;,  the
linearity of tus transfer decreases with increasing amounts of internally reflected light. ‘The shape
= of the film characteristic is determined by the film type (emulson) and its development.  Ihe
. placement of the input densiues on the lincar poruon of the film characiensuc 18 determned by

the exposure. The shape of the digiuzer charactenstc is determuned by the adjusument of the gan

of the A/D converter in the film digitizer.
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Digitizer System Pixel Value System Transfer I‘'unction
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| I |
Relauve
I - l Density
% ‘A}ﬁ Relauve
Relative ‘ l LogE
Density
l
I
l
: Relative LogE
Film/Development System Camera/Lens Systein

Figure 3.1.1 - The optical density to pixe! value transfer funcuon i quadrant 1 s the teshlt o) i
cascaded sysiems: camera/lens, film/development, and digitizer calibraucn.  The dotted hines teprec.t the
. ideal systern wansfer functions. A linear system-wansfer function is desiresble.  An optimal system tune
reproduclion characteristic was experimentally determined. The dignizer and film/devclpment characteintics
were preset at optimal levels and the optimal exposurc and flare condiuun were eapenmentally deterniined
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3.1 - Optimal Reproduction of ANDS Database

A film, Kodak Commercial, that provides a useful lincar range ol approximately 3.0 logl.

o and a gamma near 1.0 was chosen for pholographic reductuon. The development process was fixed A
. - ." q
- as HC-110-D, at 68 £%°F for §’ using R.1.T. tray rock agitaion. The digitizer was calibrated with :
DU a S-inch Kodak #2 step wedge to provide the greatest possible lincar range with oplimum :

discnmination at high (=2.70) densitics.

Given that the Opuronics was calibrated to produce a neal hncas ansfer ol opucal - :_'j
densities to pixel values and that the film development was fixed to produce a gamma ncar 1.0, the

conditons that were varied were exposure and flare condiuon. Three exposures and three flare

- conditons were evaluated. These nine exposure/flare combinauons were evaluated using threc
radiographs whose density ranges (in the lung area) typify the population of radiographs that was

digitized. ~——

)
e

L

In-camera sensitometry was used to determine the approximate exposure 10 be used when

copying the chest films. The camera system was set up identcally when determunng this exposure

—

_ and when copying the 50 radiographs. The approximate exposure was experimentally decerenimecd .~
-j'-ﬁ by photographing a 10" Kodak #2 step wedge centered on the light tabfe with the luminous arca . .':::
N

¥
'
.

b

surrounding the step wedge masked with exposed x-ray film (density >> 5).  An exposure that

Sk

provided a near 1:1 mapping of step wedge densiues W developed film densitics was chosen,  As
each chest radiograph was copied the 10" step wedge and a tri-bar target were included alongade "‘1
-~ d

P
i
S
-
s

Ay

the radiograph so that reproduction might be quantitatively assessed.

e

H
.

A discrepency was noted, however, between the reproducuon characteristes denved lian

'__: the masked step wedge alone and those denved from the same step wedge unaged alongside a chest - j
radiograph. The system transfer charactenistics that were denved from film samples which were
’ . given identcal development and digitzed consecutively (no adjustment was made 1n Scaunct :':}-:-?
calibration between runs) are plotted in Fig. 3.1.2. The discrepency between the dharactenstics was -

::",': attributed to camera/lens flare and/or ambient light reflecung from the sutface of the radiograph -".\
,:j;: when copying. A tent of black velvet was constructed around the camera systan 1o climinate ::::;::
A

ambient light (both room light and light from the Lght table that was refected from the cerling).
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Construction of this tent resulted in ouly a sbght decrease in the noted disutepency.  Thas

camera/lens flare was determined 10 be the primary cause.

The source of the camera/lens flare was presumed w be light passing through the uon

lung area of the chest radiograph, which is nouceably lighter than the imaged lung parenchiyma,
Since flare was shown 10 dumunish the reproduction of the lugher densiues, the pon lunyg region was
masked with exposed x-ray film. Thus, masking would duninish the amount of light which would
reflect within the camera system and lead to degradauon of tone rendiuon of higher densiies.

Whether masking the non-lung region produced a sigaificant reducton in camera Nare 1s the subject C -

of the following staustical analysis.
—
Pixel Value - 3 -
4 3 -
200 3
3 o
160 + 3
) =
3
120 + ) % m—
b2 ) "
L n 2 R
80 a 2 ¢
Pom f A
40 4 n m .“_.-‘
) ) I gﬁ : : : T 4 o : -
T 60 1.20 180 2.40 3.00 =
Transmission Density T
Figure 3.1.2 - Systern (ransfer curves of the siep wedge for the same step wedge eapusd of Uiee flun =
conditions: n = no flare, f = flare, and m = mwoked. Al samples were developed and digirzed under s
identical conditions. The differences in the toe poruon of the curves 1s presumably duc 10 cameia/lens
fiare. e
Three chest radiographs whose density ranges (in the lung parenchyma) were chosen o ) -—
represent the population of radiographs that was 15 be digitized. Lach of these three radiogtaphis . l:
was copied at two flare conditions (masked and not masked) and three exposures (10see. at 716,
/22, and {/32). The third flare condition that was evaluated represented the adeal case, no flare - .
o
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3.1 - Optimal Reproduction of ANDS Database

ey

b 4.
¢
.*e?,%0 s

only the step wedge was copied. Images that were produced at the three flare conditons are

-
.
.

illustrated in Fig. 3.1.3. Weighted averages (weights correspond to the relative pereent of the

PO

population represented by each film) for each of the 21 steps (in a x5 pixel area) were denived

- »

N
a

from digitized images of the three films ai each flare/exposure condition. A sccond-order

regression was computed from these 21 averaged steps for cach exposure/flare combination,

N Ry

regressing on pixel value as a function of transmission density.
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Figure 3.1.3 - Three flare conditions (no flare, top: masked, leR; and fare. nght) were evalusied o
determine which (masked or not masked) would result in the most linear uansict from optical density n
the chest radiograph to pixel value in its digital representaion. Measurements of the siep wedge densities
from each of the above images are plotted in Fig. 1.L2. The objective of this pant of the experunent is o
determine if masking the non-lung area would prowvide betler density 10 pixel value transfer because uf the
presumed reduction in the amount of camera/lens flare.
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The goal of the regression was (o determine which flz-¢ condiuon, masked or un masked,
L4 . . . . . .
. provided the most linear tone reproduction. Here, linear reproducuon is defined i« a lack of
'::: statistical significance in the second-order term of the following regression cquation:
2 2
‘.: P = i ) ‘D + bzu
"™ where: P = pixel valuc,
D = transmissive pi.a Ol
A by.b, = coefficients of the regression on D.
N The regression analysis was performed using Minitab {Ryan, 1976). Table 3.1.1 sununaniees the
e regression analysis, TL.s regression was performed over gptical deasies in the usciul range of 0.20
to 2.72; the densities in the lune * 0 7 <0 Sims were widun dus tange. The only
. eXPL L IL/iare condition that [« .. -goaficant seeond-urdes TCgression e s
g masked at 722, No uend w.. ~ o) icsdual from the regression equauon; this
suggests that the proposed model sufiiciently represents the data, Masks were cut for cach of the 50
- films; each was copied at 10 seconds at {/22; given idenucal development; and digitized on Lhe
:::' calibrated scanner. The calibration of the digitizer was periodically checked by digruaing the #2
step wedge. Calibration was maintained throughout digitzauon, no recalibration was regutred.
{. Student’s t-statstic
- Flare Contiion
> f-stop No Flare Masked Flase
16 -1.61 -3.47 4.7
- 22 0.58 1.25° 6.83
. n 0.36 3.62 9.34
ot d.l 13 13 13
Y Table 3.1.1 - Student’s t-statistics on the second-order (em of tegsesmon analyses of puael volue w a
- funcion of optical density, quadrant 1 «f Frp. 301 fur ' ree exposuses and three flare condiuons  As o
:.j sesult of this analysis masked and /22 wete .od win copying e 30 fms in the ANDS database  Thus
it exposure flare condition was the only pracucas ondidion 1n whick the second-uider term of the regresson
= statistically insignificant.
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3.2 - Choosing an Image Processing Configuration

Four image processing configuratons were Lested with their paranieters sel at fixed levels
to determine which resulted in optimum detection of the pulmonary nodules present n 5 filing,

The tested configurations are:

#1 Spline filter with histogram equalization .
. Spline smoothing
Candidate nodule detection
Spline smoothing
Vote accumulation

#2  Spline filter with histogram equalization
Spline smoothing
Candidate nodule detection
Sparse convolution smoothing
Vote accumulation

#3  Spline filter with histogram equalization s
Candidate nodule detection
Spline smoothing
Vote accumulation o

#4  Splinc filter with histogram equalization T
Candidate nodule detection
Sparse convolution smoothing o
Vote accumulation

The differences between these methods are spline smoothing following sphine filiciing and spline ot

convolution smoothing following candidate nodule detection. All five films (6, 18, 32. 26. 41) were

processed at the same parameters (resoluuon: no rescaling between the filtered inwage and the
accumulator array of candidate nodule centers; radius = 12 pixels; knot spacing = 60, and no
rescaling of the original image (size =1000x1000 pixels). A weighted sum of three measures:  true S
positive percentage, false positive fraction (the rauo of the number of non-noules between the first :
accumnulator point and the last detected nodule and the number of points in the accunulawor list), '
and the DCHM is used in a two-way ANOVA 1n which the processing configurations are treatmients
and the films are blocks. Where the DCHM is similar o the CHM but is coarses: R

DCHM = %0(1 - 0.1g)h(q) e
g=

where:

Q = number of quantiles. Here, there are 10 quantiles, cach containing 10 accimulator
points,

h(Q) = the percentage of all detected nodules per quanule. Q.
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i A summary of this ANOVA is given in table 32.1. The data and ANOVA calculations arc L

presented in Appendix 9.2, .

N Sum of Mcun o

T Source ’ Feratio

Squares Sqyuare

~ Treatments 0.6415 300 13830 2.0

et Blocks 0.9690 4 02323 35.19*

o Residuals 0.0826 12 685,10 el
- Total 10931 19 L
,_ Table 3.2.1 - ANOVA results for processing configutauons a cauteans and tadiogtupls a5 Wucks  Datg o
- and caloulation of ANOVA are given in Appendix 9.2. The efterss of fm arc significant ot alpha - 10S -—_—
i (F<.001). The variauon due 0 blocks, which is a result of it des-homogaaty of the fithis, may have 6.
) obscured any differences due to treatments.
j';l' The contribuuon of the treatments (processing configarations) W the total vanance 18 not

T statistically significant at the a=0.05 level, while the contubuton of the blocks (filins) 18 statisucally .,4
D, . significant at a=0.05 (P=0.001). The amount of vanation among blocks obscures any differences -

’.'_;‘_: due 10 treatments because of the non-homogeneity of the films. Here, non-homogencty imphes: '
fj:. structures represented in the films, their relauve sizes, shapes, and inlensities, which vary among ;

::'.: films. One may not draw a conclusion founded on these sizusteal analysis that the differences

~ among the processing configurations are significant.

Processing configuration #4 was chosen for incorporation in ANDS. @ @able of data

::.: from which the ANOVA was computed (see Appendix 9.2) induwates that methucs # 1 and # 3 have ::-:::-
the lowest levels of performance (with means of 0.71 ang 068, tespecuvely) over all 5 fin, —
hesn oy

- Configurations #2 and #4 have the highest lewls of petformance (musns of 0.79 and 0.7¢, A
- respectively). The choice is between methods #2 and #4. Although method #9 doucs not have
f:f:.' the highest performance, it was chosen as the basis of ANDS bucause 1t was close (0 #2 (within

- 4%) and because it requircs onc less siep (spline smoothing followang sphine filkenin, . Also =

: configuration #4 is faster, requiring one less siep than configutaton #2. Tt final processing

. configuraion of ANDS based on this analyss is:

_':j- #4  Spline filter with histogram equalization

N Candidate nodule detecuon . :
- Sparse convolution smoothing —
Vote accumulation.
o oo
o A
o e
. :_'.1
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3.3 - Tuning the Parameters of ANDS

The optimal processing configuration, #4, was evaluated at 4 radius values (8, 10, 12, and
20; which correspond to nodules from .75 10 2.0 centimeters in diameter), 4 kuot spacing values (20,
40, 60, and 120), and 3 resolutions (rescaling by a factor of 2 between spline filtered image and CN
centers image; original image rescaled by a factor of 2; and no rescaling) on six films (6, 18, 32, 36,
41, and 44) w determine which configuralion of parameters produces optimal detecuon of the
nodules present in the films. The three resolution condiuons are illustrated 1 Fig. 3.3.1. The two
resolutions which involve rescaling the image were evaluated because § believed that ANDS would
take less tme 0 compute with these smaller images and that the results might be accepable.  The
distance metric was used (o evaluate the performance of these three parameters. The optmal image
resolution was first chosen and then an ANOVA was performed on the remaining parameters al this
resolution to determine which parameter contributes a Statsucally significant amount of vanation,

given the following model:

Yj = 0+ F + R+ K, + FaR + Faky + 0

where:
Yijk = observed mean
n = effects due to overall mean
F; = effects due to films
Ky = effects due to knot spacing value
Rj = effects due to radius value
Fi"Rj = effects due to interactions between film and rads
FixKy = effects due to interactions between film and knot

g = residual effects.

If a parameter makes a statistically significant contribution 10 the total vatance then one
might infer that the value of that parameter has an effect on detection. Vurthermore, one of the

values of the significant parameter might result in a more opumal detcction than the other valugs.
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The values of the parameters of ANDS are set at the optimal values of the statistcally signficam

parameters, which were determined by this ANOVA,

Resolution 1: No rescaling.
Llx:M, y:N]
‘nput image

N
. M
E Resolution 2: Accumulator rescaling. Computed image center coordinates are sescaled before catry
5 into rescale¢ accumulator image.
Sglx:M, y:N] (Sglx:M, y:NJ, rad, res) Cylx:M/tes, y:N/1es]
Filtered image
Accurnuldator
M
Resolution 3: Original image is rescaled by a factor of 2.
Lglx:M, y:N] Z(Lylx:M., y "N, factor) I'glx:M/factor, y:N/taaor]
Input image
Input image
N \
leaclor
M
Figure 331 - The thiee imoge  resolutons thit were evaluated  duning  patameter ity
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3.3 - Tuning the Parameters of ANDS

Due o limitations imposed on the amount of available computing umc and the desite 10
finish this work in a reasonable amount of ume, the scope of the paramcter tesung had W be
limited to 6 films, 4 radius values, 4 knot spacing values, and 3 resoluuons (a wtal of 288 1uns).
Thus, the oplimal parameter values that are reported here are coarse global esumates.  Each run
averaged about 1.25 hours of real tme (15 for file transfer from RIG, checking file for crrors,
reorienting image, and rescaling image; 20' for spline filiering; 15° for detccuon of centers of CNs;
20’ for sparse convolution smoothing; and $' for compilation of the list of accumulator values. The

entire parameter test required about 360 hours or 15 days of real ume to compute. The alual

runtime was significanty longer because of failures or rebootings of the machines in the distnbuted

network.

The resolution that is used in ANDS was chosen by inspecuon of the 93% confidence
intervals of the DM means computed over all films, radius values, and knot spacing values.  These
confidence intervals are illustrated in Fig. 3.3.2. Here, the resolutuon with the lowest average DM,
original image rescaled by a factor of 2, 1s staustically disungwshable from the other two

resolutions.

| zoc:\m2 |
res2
| res] 4
g 0 : 20 - 40 ' 60 ' 30
Mean Distance Metric T

P
v,

igure 3.3.2 - 95% confidence intervals on the mean Distance Metrics computed over all filins, tadiy valucs,
and knot spacings for three image resolutions: res), no rescaing of image. zoom2, tescaling of mpw Image
) __ by a facior of 2; and, res2, rescaling between spline filtered image and CN center umage by a factor of 2.

T -
'.'-:3 ::;f;j.w
_:-': An ANOVA was computed over all films, knot spacing values, and radius values for data -
, . el

“ derived at the chosen resolution. The results of this ANOVA are presented in lable 3310 Effects -
"
- t_-.-‘_'
»
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e ~.due o radius and the radius/film interaction are statistically significant at the a=0.05 level. Lffects

due w0 films, knot spacing values, and the film/knol intetacuon are not Stausucally significant at the

L

a=0.05 level. The effects due to knot spacing would be significant at an a-level slightly greates

AR

than 0.05.
Sum of Mcan o
Source v F-ratio
Squares Square
Film 3.6120 5 0.0350 096
Radius 3.4504 3 1.1501 2901*
Knot 0.8602 3 0.2867 123
FilmxRadius 21724 15 0.1448 365°
FilmxKnot 1.2522 15 0.0835 211
Ercor 2.1408 54 0.0396
TOTAL 13.4881 95 0.1420
Table 3.3.1 - Resulis of ANOVA that was performed over all films, which wese roscaled by o lauo! o0 2wt

all knots and radis.  Effects due to radivs and fum/radius integacuon are siatisucally signiicant at
alpha=0.5 (F < 0.01).

Since these analysis faiicd 10 show a statsucally significant contnbuuon due W kndd
spacing and the film/knot intcracuon, a single knot spacing parameter value 1S incorporated 1o
ANDS. This is the value that results in the lowest DM over all films and 1adit. ‘The confidence
intervals from which this choice was made are given in Fig. 3.3.3. This deasion is ad hoc because
there is no statstically significant differcnce evident in the confidence miervals. A knot spacing
value of 60 was chosen as the parameter of ANDS because this value has the lowest mcan, see Fig.

333

The significance of 1adius ...t «.d film/radius interacuon suggests that no single s
value wou!d suffice in producing opuma! detection over all filins. Thus, two radius values, 10 and
20, were chosen as the parameters of ANDS. Nole: because the chosen resolution iy rescaling by a
factor of 2, the knot spacing and radius values are reduced by a factor of 2; s0, a knot spaciny valie
and radii of 5 and 10 were incorporated into ANDS. Fig. 3.3.4 illustrates the 95% coufidence
intervals on the DM means these were computed over all radius values and knot spacings. A tadiis

value of 10 pixels (=0.5 cm.) was chosen for the final ANDS because it has the lowest mean DM,
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3.3 - Tuning the Parameters of ANDS

although no statistically significant difference is apparent. Although the radius valuc of 20 pixels

(s1.0 cm.) shows a poorer performance (highcr DM mean) it was also chosen for incorporation into

ANDS because it corresponds o larger nodules.

Knot Spacin .
P 12& -/ 1
9 1
60 o —
30 r - X |
o 20 40 &0 0

Mean Distance Metric

Figure 333 - 95% confidence intervals on the means of the Distance Meurics fur 4 hnat spacmig values (0
40, 60, and 120) computed over al filns, and radivs  values.

Knot Spacin
v

90 &

60 A —

i o :
o 20 0 - 60 80
- Mean Distance Metric

e

Figure 3.3.4 - 95% confidence intervals on the means of the Distance Metrics for 4 rudiis values (8. 1o, V)
and 20) computed over all films, and knut spacing valucs.
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4 - RESULTS - Evaluation of the Performance of Al in Reducing the I‘alse Positive
Rate

Given an automated nodule detection system that has been designed to piovide oplual
detection (over the films and system parameters that were tested) of any pulmonary nodules thal are
present in a chest radiograph, the final phase of this work is to reduce the number of false posiuves
that are reported by that system. Concomitant with this goal is the mandate of not greatly reducing

the number of true positives.

Seven films were omitted from the final test because of errors in digiizaton (sce Fig. 4.1)

that prevented computation of the lung borders which are required by the patlern secogmzer for

determination of the relative locaton measures. The films that were omitted are numbers 1, 22, 28,
31, and 33. Film 38 was omitted because the nodule was always detected. The nodule is in the
lower medial corner of the right lung, see Fig. 4.2. The lung border in the corner of this image act
as edges on the border of the nodule. Film 41 was omitted because its image file was accidentally
smashed following parameter wning, ume did not pernut redigitizauon.  Appendix 9.3 provides the

stalistics about each film in the ANDS duatabase and summarizes the results of these Lests.

Forty-three films were processed at (wo radit (5 and 10, which correspond W .5 and 1.0
cm, respectively) by ANDS with Al under two conditions and without Al In the two conditions
with Al the pattern classifier was traincd with different numbers of filins and (ested on the entire

database. In the first case, it was trained with 9 films and in the sccond with 37 filins (filins that

contained nodules whose nodule statstics could be computed).

The nodule appearance statistics from which the features that are used 10 tan the patlern
classifier are derived from a smoothed, histogram equalized, windowed region around e CN from
the spline filtered image. The wp 50 points in the accumulator lists ublained when testing ANDS
on the database at two radii were classificd (some could not be classified becausc a 64x04 pixel

window around the CN could not be made or because the appearance statistics could not be

R
“n’

computed). These classifications were used to Uain the pattern recognizer. The feature vectons

were input to BMDP7M, which runs on the DEC-10.
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Figure 4.1 - Image wath incompiele scanline, presumably aursbutable @ digitizas.  Ihe lung Lurders would
not be computed in images with incomplete scanbines. These images have beer . . uied fiom the flms
evaluated by ANDS with AL because without the seative dimance feawres ouid nul be compuied.

Figure 4.2 - Lung #38 was omitied from the evaluation of ANDS because its podule v alwayy ftnind
regardless of parameters and processing configurations.  The nodule is in the fower medin cotner of the
tight lung. The lumg borders com:iide with the margin of the nodule and sore for the wodule
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4 - RESULTS - Evaluation of the Perfo[r{mance of Al in Reducing the I“alse Positive o
ate

This statistics package computed the weights and constants that are used Ly the discimmant
function. These values were instantiated in the pattern classifier. The mput 0 the Nodule Expest
is the feature vector of a CN. The output of the Nodule Expert is a decision - whether o1 not a

nodule was detected. If a CN is recognized as a false positve, it is umitted from the list of CNs

that is reported by ANDS. Only CNs that are classificd as a nipple or any kind of nodule are ket

in the screened list of CNs. The performance of the Nodule Expert is evaluated by subjecting this
list of CNs to the performance evaluauon procedures that are described in Chapler 24 TFig. 4.5 "_':j:j.

illustrates the result of applying 37-traned ANDS on lung #9 at a radius of 5 pixels
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>>>> DISTANCE Metric for /u/bill/thesis/metric/preAl/191r5k3Ue2pa. (K((
235>> Cum Histo Metric (K<<«
Number of false positives - # of points whicr are not
nodules, that lle between the first accumutator point and
the last detected nodule.
Percentage of the 2 known nodules which were detected.
Number of points in saccumulator.

Percentage of positives
Percentage of posttives

142}
200)
218}
222)
117)
292)
200
250]
236]
190]
285
120
2813]
288]
215
163)
221)
215)
209 ]
164]
126]
111
165
127
137]
332)
113}
320}
241}
224}

LN I I I I BN DN D DN DN IR R T R R R IR B R N RN W)

9792
8504
9120
8896
8544
8064
7840
7648
7648
7648
7616
7328
7264
7264
7232
7008
6944
6880
6848
6848
6816
6816
6784
6688
6624
6592
6592
6560
6560
6528

. Ace
Ace

.. Acc
33. Acc
34. Acc
35, Acc

36. Acc{ B
(304,

37. Acc
38, Acc
39, Acc
40. Acc
41. Acc
42. Acc
43, Acc
44, Acc
45, Acce
46 . Acc
47 . Acc
A8, Acc

183,
253,
173,

S8,

(321,

297,

256,
o1,
317,
258,
367,
292,
186,
1758,
99,
(371,
[ s6,

49. Acc

[ 106,

382) =
245) =
246] =
176 =
254] =
261] »
217] «
1777 «
216] -«
202] =
187] -
261] =
1887 =
1513 =
306] -
265] »
187]
81] =
157 =
3ss] =

in 1-th group of 10 accumulator points,
in 2-th group of 10 accumulator points,
Percentage of pasttives in 3-th group of 10 accumulator points,
Percentage of positives in 4-th group of 10 accumulator points.
Percentage of positives in 5-th group of 1D accumulator points.

6400
6400
6388
6304
6240
6240
6208
6208
6176
6176
6178
6144
6144
6144
6080
6080
€080
6016
5952
5920

33>> DISTANCE Metric for /u/diY)/thesis/metric/postAl2/191r5K3022p8. €< (s

223>> Cum Histo Metric <<<(<
Number of false positives - # of potnts which are not
nooules, that lie between the first sccumulator potnt and
the last detected nczu'ic
Percentage of the 2 krown nodules which were detected.
Number of points in accumulator.

* 0. Acc{353, 117) = B5a4
1. Acc[105, 120) = 7328
* 2. Ace[ €9, 113] = 6592
3. Acc[124, 241] = 6560
4. Acc{321, 254] = 6240
The result, bottom, of applying Al techugues (37-vamned) 10 reduce e numiber ol s

0siti

;Th‘:? n l:»c st 91‘ a'ccumulazor points produced by the wunieligent ANDS sysien;. wp The mfornnenm
0p of each fist is a summary of the performiane of ANDS  Data sudi s the abine are compared

10 assess the effects of the Al techniques on ANDS




4 - RESULTS - Evaluation of the Perfo}r{mance of Al in Reducing the l‘alse Posilive
ate

- 5 8z

The performance of the pattern classifier may be visualized i a classtficaion fatnx,

VoL mms

where the rows represent classes that were taught and the columns represent the classification results

.
7wy

of the pattern classifier. Some of the CNs that do not neatly fit into any of the cleven classes were

classified as Undetermined (UN) when taining the paltern classifier. CNs that are classified as
Undetermined were not used when determining the discriminant functuon. The classification matiix

obtained from running ANDS on only the taining films when 9-uained 1s presented in Table 4.1

= The classification mauix oblained when running 37-wained ANDS on the taining filns is presented
in Table 4.2, Taoles 4.3 and 4.4 present the classification matrices obtained when testing the 9+ and
- 37-trained AND systems on the entire dalabase.
L Classified As:
< Known  pct ri SR sv Iv SN MN LN Ib mbh  SB NI un  Count
e class
RIB 0.53 10 4 1 2 0 1 1 0 0 0 0o 0
SR 0.4) H 3 0 0 1 1 0 0 0 0 ] 0 7
. . SV 0.73 b 0 62 11 S 1 1 0 0 0 ¢ 0 8BS
'i LV 0.67 1 0 7 26 0 ] 4 (| 0 0 0o ¥
! SN 050 o0 2 2 0 S 1 0 0 0 0 ¢ 0 10
- MN 0.56 1 2 0 0 0 5 0 0 0 0 1 0 9
. LN 080 1 0 0 0 0 0 4 0 0 0 0 0 5
T LB 1.00 0 0 0 0 0 0 0 11 0 0 0 o0 1l
o MB 0.88 0 1 2 S (] 0 1 0 63 ¢ 0 0 N
SB 033 0 0 3 0 1 0 0 0 2 0 0 6
o NI 0.50 1 0 1 0 0 0 0 0 0 0 2 0 4
. UND 0.00 45 7 25 12 15 k) 11 3 2 1 n o 1»
".~' Table 4.1 - Classification matrix for training films for 9-wained ANDS(#s 5. 6, 8. 1), 1o, 18 1) W +))
: when tested on training films. The abbreviations for the classifications are defined in 2.50. 402 CNs were
T evaluated.

The performances of the Rib and Vascularity Experts are presented i Table 4.5, e,

the row represents all CNs that were detected by these experts and the columns are the class to
) which the CNs belong (specified when training the patiern classificr). These resulis were oblned
’ when 9- and 37-trained ANDS were run on the entire database. The performance of the Nodule
Expert at both trainings on both the training films and the entire database are presented e Table

4.6. Since several films contain more than one nodule, it 18 more meaningful (from the patents’

17
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viewpoint) to talk about nodule detection in terms of films which contun nodules that are nussed

(that is, the nodules that are present are not recognized by the Nodule Expert) rather than absolute

percentages of nodules that are missed in a given fitlm.  Fig. 4.6 cumparcs the 95% confidence-

intervals on the average percent correct classificaion for 9- and 37-wained ANDS when tested on

training films and on the entire database.

Classificd As:

Koown  pat i SR g ] SN MN
class

RIB 054 9 10 2 7 k| 13
SR 0.54 1 7 1 0 2 2
Sy 0.65 4 S 215 N 11 18
Ly 073 1 0 25 136 o 5
SN 0.53 1 2 s 0 16 0
MN 0.27 3 4 3 8 N 14
LN 0.75 0 0 0 2 0 1
LB 096 1 ] 0 0 ¢ 0
MB 0.82 2 0 18 k)| 2 1
SB 058 0 0 1 1 1 0
N1 064 0 0 2 0 2 0
UND 0.00 158 39 183 30 76 95

Table 4.2 - Classification matrix for tiaining films for 3-uaned ANDS {uained on

any nodule(s)) when wsted on waining filins.

Classified As:

Known pat T SR s v SN MN
class

RIB 0.50 106 34 18 9 14 1
Sk 029 3 4 0 1 2 1
SV 0.68 30 0 332 98 9 2
LV 0.67 5 0 3 151 o 0
SN 0.57 0 3l 6 0 1 3
MN 0.18 12 7 5 8 1 9
LN 033 4 1 0 1 0 2
LB 097 1 2 0 0 1 0
MB 0.79 0 1 42 51 1 0
SHB 0.25 0 0 3 2 0 1
N 6.23 2 5 i 0 2 0
UND 0.00 246 62 187 60 133 10

(S — T — I JRV-S

LN B mh S8 NI
3 0 i 4 20
0 0 Y /] 0
1 0 9 15 I
4 0 132 0
¢ 0 1 5
0 K 3 7
0 0 0 ¢
193 1 0 b)
0 429 36 i
0 2 7 U
0 0 0 17
z 0 7 29 06

2329 CNy wese evalvated.

LN b mb SB NI
& 1 1 0 21
(1] 0 0 0 3
[} 0 13 0 1
6 0 17 ¢ ]
@ 0 0 0 !
1 0 2 i 5
4 0 0 0 0
0 241 0 1 2
6 ? 475 1 0
0 0 2 3 0
0 1 (1] 0 3
7 12 4 L1

co~cocooccocoococo o
w
—

alt [ms thal contain

un  Count

n
14
491

oo ocoLoco O C
w

Table 4.3 - Classification matrix for 9-rained ANDS (S, 6, 8, 12, 16, 18, 32, 36, 44) wlhien tested on entire

ANDS database. 2750 CNs were evaluated.
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4 - RESULTS - Evaluation of the Perfoerance of Al in Reducing the Ialse Positive
ate

Classified As:

Known  pct ] SR sy Iy SN MN LN b mb SBE NI uwn Count
class .

RIB 0.54 116 11 20 ? 5 17 8 0 2 4 22 0 213
SR 0.50 1 7 1 0 3 2 0 0 0 0 0 0 14
sv 0.64 4 5 316 96 1 19 1 0 1 17 1 0 491
LV 0.74 1 0 30 168 0 6 4 0 16 3 0o 0 27
SN 0.53 1 2 5 0 16 o 0 0 (] 1 s 0 3
MN 0.27 3 4 3 8 2 14 4 0 3 3 7 0 81
LN 0.82 0 0 0 1 0 1 9 0 0 0 6 0 1
LB 0.96 2 0 0 0 0 0 0 239 1 0 6 0 24y
MB 0.82 3 0 2 k'] 4 1 0 0 49} 42 2 0 601
S8 0.58 0 0 1 1 1 0 0 0 2 7 o 0 12
NI 0.54 0 1 2 0 2 0 1 0 0 0 7 0 13
UND 0.00 187 48 25 M 92 104 23 0 10 35 81 0 8)

Table 4.4 - Classification mauix for 37-trained ANDS (trained on all films that contain any fudule(u)) when
tested on entire ANDS database. 2750 CNs were evaluated.

Performance of Rib Expert on Entire Database
Taught As:
Rib pet i SR & v SN MN LN I mb SB NI un Count
Expert cor't .
RiB 0.15 47 1 27 15 4 3 3 n 87 3 1 87 311

213 ribs were taught
311 CNs were classified as r(b by the Rib Expert

Performance of Vascularity Expert on Entire Database
Taught As: -
Vasc pct ri SR v Iy SN MN LN Db mb SB NI uwn Count
Expert  cor't
YASC 0.46 16 0 3 32 0 0 1 0 n 0 6 35 2 .
717 vascular suuctures were taught n
228 CNs were classified as vascularity by the Vascularity Expent

’ .
. A
s ¥ e
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Performance of Vision Experts when Tested on Enure Database

Expert Sensitivity True Positive Rate
Vascularity 0.15 0.47
Rik 0.22 0.15

Table 4.5 - Performance of vision experts when tested on enure database.  ‘Ihe matnices ablastrate
dassificalions o which the CNs detected by the experts belong.  Sensitivity is the fracuon of CNs that
belong to the class that was detected by the expert that in fact belong (o the correct class.
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Performance of Nodule Expert on Entire Jase
Training Sensitivity True Positive Rate
9-trained 0.58 Gl
37-trained ‘ 0.76 0.15

Table 4.6 - Performance of Nodule Expert when tested on entre database at both tannngs.  1luy s the
peaformance of the pattern classifier and the classfication sufe.  These results reprosent the durciun
performance of ANDS on all nodules in the films that comptise the database. That 45 these values reflet
the ability of ANDS 1o detert all the nodules in the database.

Tested on
Al Films 37-trained
9-trained
A
Tested on - T - -
Tratning Films . 37-trained
—
9-trained
A
0 .20 40 .60 80 10

Avzr . = Percent Correct Classification

Figure 4.6 - The 95% confidence inturvans .. the average percent comeel dassafication of ANDIS when &
and 37-trained both when tested un uwning filnn and un e entite datobase

Table 4.7 compares the changes in DM, false posiuve and true posts. between butls
trainings (9 and 37) and the naive (no Al) ANDS. The true positive tate teported is the average of
the true positive rates for each film, where the truc posiuve ra;c 18 the fracuon of known noduics
that is detected. False posiuve represents the number of non-nodules that lic between the first
accumulator point and the last detected nodule. The value reported is the average over all filins.
The average DM over all films is also reporied. Only processing configurations (films and racius)
at which any nodule was detected in both the pre-training and the trained systeins are included 1n

these analyses. Student’s t-statistic is computed for the three metnies as are P-valies.
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4 - RESULTS - Evaluation of the Performance of Al in Reducing the Ialse Positive

Rate

Comparasion of the Performance of 9-Trained and naive ANDS -‘-jf.-‘ ]
METRIC AR
ANDS DM # of False Positive True Pusitive Rate e

9-trained 0.353 0.588 0.755 R
naive 0.550 12.235 0.827 Y
Difference -0.197 -11.647 -0.072 ‘-
t-statistic -3.96° -5.20° -3.00* S
P-Value P <0.0005 P << 0.0005 0.0005 <P CU.00S L
Comparasion of the Performance of 37-Trained and narve ANDS o

METRIC
. ANDS DM # of False Positive True Positive Rate
.- 37-trained 0.462 1.809 0.787
t: : naive 0.594 11915 0.875
- Difference -0.132 -10.106 -0.088
t-statistic -2.87°. -5.67° -2.98°
. P-Value 05¢P<.01 P << 0.0008 0.0005 < ¥ € 0.005
L Table 4.7 - Comparasions of the performance of 9- and 3T-uwrained ANDS with the naive ANDS - Thuew
-',:f comparasions are made over ANDS configurations (fikm and radius) which were deteated in both nave and
- trained systems. That is, the differenuly trained ANDS thal are evaluated here were tested o ali 37 filims n
the database. However, it only makes sense 10 compare films that contain noduies that were delectad by the
< naive system if one is 1o assess improvement/changes i the detecion metrics.  Since each film wis o
}: processed at (wo radii (there are 37 films in which a nodule was detected) there are 74 possitule lilmi/radios :-;-, ~1
< combinations that could be compared in the above analyses. Only film/radius combanations i which a ‘
. nodule was detected by the trained system are induded in the comparasions  Thurty-four film/rading s

combinations (26 different films) were evaluated by the 9-trained ANDS and 47 (32 different films) by the
37-uained ANDS; the reported metrics are meany over these numbers of filny/radius  combinations,

Since it is clinically more important not to miss a radiograph that countains a nodule than
o to recognize every nodule in a film, Table 4.8 summarizes the falsc negative sates (in terms of films

that were missed) of ANDS at the three trainings.
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False Negative Rates For Films

ANDS Training Single Nodules Multiple Nodules! AN ity
Naive? 0.12 0.00 0.08
9-trained 0.35 0.18 0.30
37-trained 0.19 0.00 0.14

1 - The average number of nodules per filinis 7.5, 5=11.4.
2 - The top 30 points in the sccumulator list are considered.

Table 4.8 - False negative 1aies al three wainings. ihe false negative rates are stmmanzed at the tuee
trainings over all films with one nodule, all films with mare than one nodule, and at! 1M with any dudulc,
Twenty-six films conwin s single nodule; 11 films contain muluple nodules. The false negative rates are
summarized over all films with one nodule. al films with more than one nodule. and al! films with any
nodule.

Table 4.9 summarizes the films that were missed by the naive ANDS and which woie
consequenty mussed by the trained systems. Table 4.10 summarnizes the musclassificaions of tie

CNs in films that were misdiagnosed (that is, no nodule was detected) by ANDS at both tranings.

Summary of Films That Were Misdiagnosed by Naive ANDS

FIILM # Description of Nodule
24 faint shadow of a button
on lateral bu:der of nght lung

42 pseudo-nodule; near bottom
apex of right lung; elongated
vertically; well defined marging
but non-umform interior density

43 ¢:anuloma; nodule is fuzzy;
1s on bottom medial border of
left lung: poorly defined margin;
non-uniform interior density

Table 4.9 - The solitary abnormalities in these three films were not detected by the untrained ANDS al tadu
of 5 or 10 (pixels). Since the nodules in these films were missed by the ungrained system, they were also
missed by the trained systems because the irained systems use the accumulator list that is output by the
naive system as theit input. 1f 2 nodule is not anywhere in the list of accumudator ponts that is produced
by the naive system it cannot be detected by a trained system.




4 - RESULTS - Evaluation of the Perfo;{mance of Al in Reducing the False Positive
ate

Summary of Films That Were Misdiagnosed by 9-traincd ANDS

Film #; Radius Comment on Classification
2;5 taught as medium nodule, classificd as
rib; nodule is fibrous and on rib

6; 5 taught as nodule on medial border,
classified as large vasculanty; nodule
is well defined;  interior mass is
relatively uniform and noticeably
brighter than exterior

7. 10 taught as medium nodule, classificd as
large vascularity; nodule margin 1s well
defined and interior brightness is
uniform; nodule is near medial border
above the medial midpoint; diameter s
greater than 2.0 cm,

20;5 taught as medium nodule, classified as
rib; >2 cm diameter nodusle is occluded
by clavicle

35,5 . taught as medium nodule, classificd as
rib; nodule is occluded by nb; margin is
fuzzy, intenor 1s uniform

39;5 two nodules are present in film;
|157, 241] taught as medium nodule,
classified as small vasculanty; well
defined margin; near medial and bottom
borders of right lung;
(371, 296| taught as medium nodule,
classificd as rib; fuzzy, darker somewhat
horizonially elongated in left lung

39; 10 two nodules are present in film;
[155, 246] taught as medium nodule,
classified as small vasculanty; (sce above)
[372, 289] taught as medium nodule,
not classified because of error in
computing nodule feature statistics

40; 5 two nodules are presentin film;
1132,231] taught as small nodule on
) border, classified as small vasculariy;
[367, 277) not taught - unable 1o compute
nodule stausucs

40; 10 |132, 23} 1aught as small nudule on
border. classified as small vasculanty;
1367, 277] not taught - unable to compute
nodule staustics
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Summary of Films That Were Misdiagnosed by 9-trained ANDS {conunued)

L.
- Film #; Radius Comment on Classification
44,5 taught as nipple, classified as small
RS vascularity; mpple is near mediastinuin
- 44; 10 taught as mipple, classified as 1ib; no
- overlapping b
:",'-'. Table 4.10 - : umumary of the films thut wuie . (i 9-trained ANDS. The sbave fitms u. addiuen
Iy 1o those in Table 4.9 were mis.cd by G-uin . Jhe abuve film/radius combinavons  were deteded
f'.ﬂ ' by the untrained ANDS. 1. nght cuivmn ool v the nodule(s) in these films was/were missed.
Eleven fibins were missed by 9-trsined ANDS (! 37 films that comtwn nudules).
-
) Summary of Films That Were Misdiagrosed by 37-trained ANDS
o Film #; Radius Comuient on Classification
o 7. 10 taught as medium nodule,
o classtiled as large vascularity
~ .
. 44:5, 10 taught as mipple, classified as
N small vascularity
v ’
-:': Table 4.11 - Summary of the films thot were nussed by the 37-truined ANDS. ‘The sbose (il i additm
. 10 those in Table 4.9 were missed by 37-uvained ANDS. ‘The sbove film/radius combinauuns  were deteuted
- by the untrained ANDS. The right column explains why the nodule(s) in these filan was mussed.  Five
- films were missed by 37-wrained ANDS (of 37 nums that comamm nodules).
Table 4.12 illustrates that number of CNs from the top of the list of reported candidate
e nodules that a radiologist must inspect befcere being 95% or 9% confident of having read a nodule
e that was detected by ANDS, if one is presei: in the filu.. These values are the upper linats of the
1espective confidence limits on the means that are presented tn Table 4.7. 'Fhe confidence level ae
- presented for naive, 9-trained, and 37-trained ANDS. The values for die naive system are based on
- the results for 47 films in which nodules were detected by 37-trained ANDS.
< .
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K 4 - RESULTS - Evaluation of the Performance of Al in Reducing the False Positive
Rate
o Confidence Level  'True Positive Rate
ANDS Training 95% 99% All Fitmy

Naive 11 12 92

9-trained 2 2 .70

37-trained 3 4 86

Table 4.12 - The number of CN sites from the wp of the list of CNs which a radivlogist must inspect in
order to be 95% or 99% confidence of having read a nodufe. The 9-trained limits are based a mican that s
obtained from 34 film/radius combination and the 37-uained limits desive from a mean that is obtained
from 47 film/radius combinations. The wrue positive rale is the percentage of all films with at least one
nodule that was correctly diagnosed by ANDS.
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5 - DISCUSSION

Panoramic View

As a result of this work, an Automated Nodule Detection System, based on a system presented by
Ballard {Ballard, 1974), was designed, tuned, and tested on a dalabase of 43 chest radiographs. ‘I he
reproduction of the original radiographs o digital images was carefully determined and conuolled
so that a linear transfer was obtained. The final ANDS design was chosen from four candidate
system configurations. An ANOVA failed w0 find any significant difference in nodule detection
ability between the tested configurations, when evaluated with six films, this failure was primanly
due o0 a large film-to-film varation which masked any difference due o processing configuration.
The configuration that was implemented was chosen primarily because 1t requires one less siep (and
is consequently faster) than the top-performing configurauon and because its performance measure
is within 4% of that configuration. The parameters of ANIDS (knot spacing, radius, and image
resolution) that result in optimal detection of nodules in five films were determined when laning
ANDS. The knot spacing value, the parameter of the spline filter, was found 10 have no statstically
significant effect on the detection of the nodules of various sizes in the five films that were
evaluated. A knot spacing of 60 pixels was chosen because this results in the highest mean
detection performance over all five films tested: this value 1s not staustcally significant at (a =0.05).
The amount of variation contributed by the 1adius value that is used by the CN Experl wis shown
to be statistically significant (a=0.05) and to have a statistically significant interaction with film
(that is, nodule size). Two radius values were chosen and are implemented in ANDS. These radius
values arc 5 and 10 pixels. A radius value of 5 pixels was chosen because the detector performance
on all five films was the highest at this value, although the perforniance at tus value 1s not
statstically different from those of the other tested values. A radius value of 10 pixels was chosen
because it corresponds to a 2 centimeter (diameter) nodule. The image resolution that was chiosen
for incorporation in ANDS is: rescaling of the original image by a factor of 2. That i, ecach
dimension of the original digital image is reduced by half. A reduction i high frequency unage
noise may be the cause of the improved detection of nodules in - half-size images. This noise could
also have Abeen reduced by averaging muluiple scannings of the image. Presumably, the noise 1s
random and is a result of digitization.

Performance of the Experts

“v
.l
<
-

*y

The performance of this ANDS was assessec on the entire database. A Nodule Expert (a pattein

A RN

classifier with a set of classification rules) was trained wice, first with 9 films and then with 37 filims
(all of these films contained at least one nodule). The Nodule Expert detected 76% of all known
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nodules in the entire database when 37-trained and detecied only 58% when 9 uaned. ‘Fins
difference is presumably due to the more extensive tsaining. The conuibution of :he Rib Lxpent
may be judged significant because its output value (whether or not a rib was detected) is used by
the pattern recognizer. The output of the Vasculanty Expert, however, is not used by the pattemn
recognizer. Presumably, this may be atributed w the stength of the features that are used by the
pattern class:fier, rather than o a weakness of the Lixpert. That s, the features may provide a more
concise measure/description of vascularity than dous the Expert. The Vasculanty Lxpert esscutially

adds knowledge about linear clustering of CNs; this may not be necessary (o recognize visculanty.

Knowledge about the CN's appearance and relauve locauon i e lung is perhaps mofe pertinent,

Comparasion of various trainings

Initially, I had planned 1o compare only the narve ANDS and 9-traimed ANDS. Since 1} tilins (0
37 films that contain at least one nodule) were nussed by the 9-trained system, the 37-traied systern
was developed and tested. F ove films were missed by the 37-uained ANDS. Thai s, three films in
addition to the two films ! _h were missed by the naive system were missed by 37-trained ANDS.
Both trained systems pioved capable of 1. amber of false pusitves (Table 4.7) al a
statistically significant level (P << 0.0005). As « « tavgricnce of reduung the fulse positive Tate, the
average DM for all films tested by both trained systems way also sgnificantly teduced; this s
desirable. However, a stats: ally significant (P < 0.005) decrease in the true posiuve rate (the
fraction of all known nodule: that a 1) also accompamed the reduction in false posinves:
this may be tolerably, although not enu;.. ~.t/e. The true posiuve tate (in terns of noduies) for
the naive system, 0.875, is reduced o 0.787 for 37-trained ANDS; this 15 an 1)% reducuon, The
true positive rate for films decreased only 6.5% fiom 92% (for the nawve system) to 86% (for +
trained ANDS). This suggests that more nodules in films contarming multiple nodules are being
missed by the 37-trained system. That is, it seems that the discrepency in the true posiuve rates is
pnot due to missed nodules in films that contam only single nodulcs.

The trade-off between true and false positives

One is faced with a wrade-off when one desires 10 reduce the number of false pusiives (or the
number of CN sites that the radiologist must insyect);  this trade-olf is between the numbet of falw
positives and the true positive rate, When one desues fewer false positives one must consegquently
accept the possibility of detecting fewer nodules. Of course the detecuon tates of the system may
be improved by further training, but how much improvement can be gained and how much traming
would be required is not known. A system with lower false positive and  higher uue posiuve sates
may be possible.

R
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6 - Conclusion

Pattern recognition techniques and procedurally driven image experts are capable of reductng the
number of CN sites that a radiologist must inspect from at most 12 1o at most 4 in order W be 9%
confident of having inspected any nodule(s) detected by 37-traimed ANDS. The radiclogist must be
willing to accept a film true positive rate of 88% (as opposed 0 a film true posiuve rate of 92%) for
the convenience of having fewer points o inspect. These film true posiuve rawes are derived from

37 films which contain nodules that were evaluated by ANDS.
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o 7 - Future Work
-
N
- Train ANDS with more films and evaluate results
A
N
~ .
Table 4.9 illustrates the effect of training ANDS with 9 and with 37 films. The Dilm labe negative
i rate decreases from 30% (o 14% when ANDS is trained with more films. 1 believe that ANDS can
—'.l. be made more effective if it is trained with more (about 100) filns.
._ Implement parts of ANDS in VLS hardware
5 The spline filter, histogram equalization, circle detector, convolution, mnage scaich, leatine c
computation, and pattern recognition phases of ANDS may be implemented in hardwaie for added
. speed of execution.
& Compare ANDS with radiologists
0 Time has not allowed the completion of a comparasion between radiologists, who e mstiucted o v
S
N find all nodules in a subset of ANDS films. The radiologists are also instructed 0 tate their -;-:::
VL A
o confidence that each is a nodule. These results will be reported at a later ume. f:j'}
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Appendix 9.1 - Calibration of Optronics Scanner

A
i

'}
-

AR

The Optronics C-4100 scanner was calibrated according W Uic matntenance  manual

wzwg
A

[Optronics, date unknown] using Kodak neutral density filters and the #2 step tablet.  Despite this

i

_calibration, few steps above 2,00 on the step tablet were evident in the digitized image. A pieee of

YT
P
S I )

film (Kodak Commercial) with a density of 2.0 and the 2.0 neuual density filter were scanned while

the current from the photomultplier was measured. The measured currents for both films were not

[N

] s
. e e L

the same. This diffcrence is attributed 10 the transmision characieristics of the objects that weie

measured. The density of the film is due 0 silver filuments that are suspended in e gelaun

»
t
-
I

matnx, while the density of the ND filier is due 0 carbon panticles in a gelaun watox.  ‘This
discrepency is due (o a higher Callier cocfficient for the film |Jamcs, pp. 488-489).  ‘Ihe
illumination/collection geometry of the scanner is that of a microdensitometer. ‘The hight that 1s
scattered by the larger grains in the film is never collected by the microdensitometer.  No light s

lost due to scattering by the ND filter; its Callier factor is very ncar 1.0.

Thus, the scanner was calibrated using the step tablet, whose density charactenstios inore
closely approximate those of the reduced radiograph images that are digiized.  ‘The scannct was
calibrated to provide the optimum discrimunauon between two steps (densities about 2.6-2.75).
These two steps were digitized and their digiwal values were compared (in the final image) and

potentometer R52 was adjusted to obtain a maximum difference between these steps.

e !-3.\' \’_\;_w{.,".'.\:_ﬁ' x:,\:_x:,-.:_-.:_\‘ .




.

%
L

By
3

-
.
»

Ship

(AN o B

>
.

o)

s

'.i N C - M J » .l
cee, \'f.e.l -.'.n. n.'.o. o,

U7

R I i LU S T R A DL




Appendix 9.2 - Computation of ANOVA: Processing Methods

- This ANOVA compares four image processing configurations that were used 10 detecd

> nodules in five chest radiographs. The model is:

. Yy=n+F+P+eg
:: where:

. Y;; = observed mean

I n = general mean

R F, = effects due to films

= Pj = effects due to processing methods

" e; = effects due to error

- j

ot

r

- Four measures (true positive rate, TP; false positive rate!, FP’; and a histogtam meunc?,
.:\

\
'l‘l

M I S
LSRR i

QHM) were combined in a weighted average for each film/processing combination W obtain the

v

values that are used in the ANOVA. ‘The weighted average is:

metric = .STP + .3(1 - FPY). + .2Q1M

v

IThe false positive rate that was used when computing this ANOVA 1s diffcicnt fiom the one
::'_: described earlier in this thesis. [t is defined as the ratio of the number of non-nodules that he
b

between the first accumulator point and the last detected nodule and the total nwmber of nodules in

P
'
A TN

the accumulator list.

o A T

; :' .
.
2
..\
."h
-
e
i
=

JQHM is a histogram metric that is only used in this ANOVA. It is defined as:

1
) QM =  $(1-(1/Qighlal
q=0

« where:
hl] = a histogram with Q entrics; each entry represents the peicentage of detected
nodules that were located in a given Q-ile in the list of CNs

Q = the number of quanules, cqual-size divisions of the list of CN-

a 99

RS IR
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The data from which the ANOVA is computed:

Processing Method
fiilm P1 P2 P3 P4 F
6 100 100 099 100 3985
= 32 047 052 039 053 1912
oS 36 099 098 094 099  38%

18 034 056 050 064 203
H 41 074 091 057 065 2864
o P, 35407 3958 3375 3813 14.686

i
The results of this ANOVA are summarized in Table 3.2.1.
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Dcscription of the ANDS Database
Summary of Nodule Detection Tests
SUCCESSKFUL! RADN
LUNG PATHOLOGY RADIUS(cm.) AGE SEX #NODULES preAl postAl  postAl2

13  met(colon) NC §1 F 1
212 met(colon) 0.61 51 F | 10 - 5
31 met(colon) 0.88 s1 F 1 B 10 I
4 granuloma 0.83 21 M 1 B 10 B
5 granuloma 0.56 0 M 1 B B B )
6 granuloma 0.82 68 M 1 B . 10 B 5
7 hamartoma NC 50 M 1 10 - : RS
8 met(?) 1.02 53 M 1 B 10 i 1
9 nipples 0.36 73 M 2 B 5 5 B
10 granuloma 0.83 49 M 1 B 10 B o j
11 nipples 0.72 65 F 2 B B B -
12 hamartoma 0.97 44 F 1 10 10 10 -
13 nipples 093 56 M 1 10 10 10
14 Hodgkins 0.82 36 M 1 B 10 I} C
15 granuloma 0.70 29 M 1 B 10 5 O
16 nipples 0.44 55 F 2 B ] I} L
172 met(colon) 0.40 54 M 1 S 5 5 e
18)1 met(colon) 0.62 6 M 4 B B B
19 carcinoma 0.65 1 M 1 oW 10 T
20 carcinoma NC 51 M 1 B - i R
21 granuloma 0.44 53 F 1t B 5 10 RO
22 granuloma 0.49 56 M 1 NC I
23 granuloma 0383 63 F 1 B B i
24 buiton NC 44 M 1 . - - —
25 nipples 0.56 %6 M 2 B B B ~o
26 met(kidney) 0.68 50 M 1 : 5 5 5 e
27 met(melanoma) 058 21 F 22 B H B
28 granuloma 0.83 S0 F 1 NC RS
29 carcimoma NC 69 F 1 B 10 B R
30 carcinoma 0.88 58 F 1 10 10 10 ,IH
31 carcinoma 0.61 52 F )| B NC e
32 met(salivary) 0.53 64 F 37 B B B
kK] met{breast) 0.94 39 r 1 NC RS
34 met(breast) 0.61 54 F 5 B 5 i
35 carcinoma 099 64 M 1 B - i
36 carcinoma 0.69 63 M 1 B 5 5 SR
37 hamartoma NC 64 M 1 B 5 5 yoT
38 carcinoma 1.35 §7 F 1 NC _—
9 pseudo-nodule  0.61 51 M 2 B . 5 - _.-'7
4012 pseudo-nodule  0.48 3 M 2 B - 5 s
413 pseudo-nodule 0.48 55 M 2 n NC
42 pseudo-nodule  0.42 48 M 1 - . R
43 granuloma 127 45 F 1 - o
44 nipple 0.49 67 F 1 B o
45 none 9 F RO
46 none 35 F -
47 none 64 M
48 none 77 M e
49 none 30 M o
50 none 56 M P
No results were obtainable from entries m buldface becususe of digitization erturs (dropped scanbinies) ot aichod e -P’?
: :::1
1M s
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TR -120 .

files. Films #38 was omitted because nodule is always found because it is in fower medial corer of nght lung.

1 Successful radii = radii at which at least one of the nodules present in the films was detected: B=ho cadivs $ and s
10 (pixels); 5=5 pixels (.5 cm); 10=10 pixels (1.0 cm). Al films wre processed by ANDS at twy radit 5 und 10 prels

NC = Not Computed: the data were not computed because of error in computing nodule stutistics (radius data) or o
because of scanline error (could not compute lung boundanes). < -

In = Adjacent film numbers that are followed by a | are part of a series. The number, n, after the | indiates the
chronoligical position of that film in the series
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