Search for lesions in mammograms: Statistical characterization
of observer responses
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We investigate human performance for visually detecting simulated microcalcifications and tumors
embedded in x-ray mammograms as a function of signal contrast and the number of possible signal
locations. Our results show that performance degradation with an increasing number of locations is
well approximated by signal detection the@g8DT) with the usual Gaussian assumption. However,
more stringent statistical analysis finds a departure from Gaussian assumptions for the detection of
microcalcifications. We investigated whether these departures from the SDT Gaussian model could
be accounted for by an increase in human internal response correlations arising from the image-
pixel correlations present in flepectrum backgrounds and/or observer internal response distribu-
tions that departed from the Gaussian assumption. Results were consistent with a departure from the
Gaussian response distributions and suggested that the human observer internal responses were
more compact than the Gaussian distribution. Finally, we conducted a free search experiment where
the signal could appear anywhere within the image. Results show that human performance in a
multiple-alternative forced-choice experiment can be used to predict performance in the clinically
realistic free search experiment when the investigator takes into account the search area and the
observers’ inherent spatial imprecision to localize the target2084 American Association of
Physicists in Medicine.[DOI: 10.1118/1.1630493
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[. INTRODUCTION An important question in understanding the process by

A fundamental aspect of medical images that limits the pnyWhich physicians detect abnormalities in medical images is
sician’s ability to visually detect and classify disease is thestudying how detection performance varies with uncertainty
presence of the background luminance-variations in the imabout the spatial location of the signal. Many classical stud-
age. A first component of these background variations can bi€s in visual signal detection have investigated the effect of
attributed to noise arising from the variable number of pho-uncertainty for the detection of a simple luminance incre-
tons reaching the image-receptouantum noiseand being ment in the absence of noié&.*’ These studies show that
filtered by the image receptor modulation transfer functionperformance degradation with uncertainty about the spatial
(MTF). A second component consists of the presence of noRosition of the signal is consistent with models derived in the
mal anatomic structures in the image that may mask the ocsontext of signal detection theot@DT).?*?°In this class of
currence of disease and that actually act as a form of noise imodels the observer is assumed to monitor a noisy response
the detection process. to every possible location monitored, and then selects the
There has been a rich history of experiments studyingocation with the maximum response. The responses to each
visual detection in white Gaussian noise that is an approxilocation are generally assumed to be Gaussian distributed
mation to quantum noise® In the last 15 years, many stud- and statistically independent of each otffet*?* Perfor-
ies have concentrated on studying this process in more conmance degrades with increasing number of possible signal
plex computer generated backgrounds that attempt to mimiocations owing to the increasing probability that at least one
both the presence of quantum noise and structuredf the responses to the noise-only locations will exceed the
background$:*® Although some experiments were already response to the signal location. Such a model has been suc-
realized in the early 19704:*°it is only recently that access cessful at predicting target detection and localization both
to digital/digitized medical images has intensified studies ofwith and without external image noise. Swensson and 2Judy
visual detection in the presence of real anatomicabnd Burgess and Ghandehafimvestigated localization of a
backgrounds®~24Arguably these latter studies are the mostsignal embedded in additive Gaussian white noise in one of
relevant to the real clinical scenario. M locations [multiple-alternative forced-choice task
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(MAFC)]. They found that degradation in performance as In this paper, we investigate the possibility that the human
measured by the percent of trials in which the observers coiinternal responses are correlated when possible target loca-
rectly localize the signal was well predicted by SDT. Eck-tions are near each other in the presence of long-range image
stein and Whiting® have subsequently applied this approachcorrelations. A separate psychophysical experiment is de-
to localization of simulated filling defects in arteries in x-ray signed to specifically test whether human observer internal
coronary angiographic backgrounds finding that SDT modelsesponses to the possible signal locations in x-ray mammo-
with the Gaussian statistical independent internal responsgrams are correlated.
assumption was a good approximation to the human ob- Finally, we also investigate performance in a task where
server. the lesion might appeaiwith equal probability anywhere
The goal of the present study is to investigate whether thavithin the image(free search Arguably, the free search task
SDT models with the Gaussian-independent response ais the most similar to the physician’s task of scrutinizing
sumption can be used to predict visual detection performancareas within an image and localizing a lesion. However, this
with a varying number of possible spatial locations for thetask presents the additional difficulty in that the number of
target signal in x-ray mammographic backgrounds. locations is unknown, and so the observer responds to a con-
Unlike previous treatments, we investigate whether a SDTinuum of possible locations. Since many of the possible lo-
model with other non-Gaussian response distributions capations will be very close to each other, they are most likely
better predict human-observer performance as a function dfot statistically independent. Can performance in the free
the number of possible signal locatioriélthough Eckstein  search task be predicted by human performance in the
and Whiting® considered the effect of rectangular and MAFC tasks? If so, then the more styliz¢but simpler to
Laplace response distributions on performance as a functioanalyze and modeMAFC tasks can be used to predict the
of number of locations, they did not evaluate how these dismore realistic location free search task. Prior to describing
tributions predicted the human data compared to the Gaus#3ie experiments in detail we briefly present the theory of
ian internal response modeln addition, previous studies signal detection as applied to the MAFC tasks.
have assumed that the unobservable internal responses of
human observers are statistically independent. When inde-
pendent noise samples in the different possible signal Iocq—l_ THEORY
tions are used then the luminance pixel variations in one
location are independent of the luminance pixel variations ifA. Performance in a MAFC experiment

the other locations and the independent internal response as- |, 4 MAFC experiment the observer is presented with an

sumption seems reasonable. However, the possibility of '&iage that contains the signal in one Mif locations. The

sponse correlations seems more likely when the task inghqerver's task is to choose the location that is the most

volves localizing a signal within image backgrounds thatje|y to contain the signal. Performance is measured with
have long-range spatial correlations such as power-law spegse proportion of the total trials in which the observer cor-

Jfe . : i
trum (1f7) images, nggs has been used to describe varirecyy identifies the signal locatiofPercent Correct, Bcin

ability of natural imag including breast tissue images gjgna| detection theory, the observer is assumed to monitor a
by mammograph§/! These images contain slowly spatially noisy internal response to each of the possible signal loca-

varying luminance changes with significant low-pass fré-+jong The variability in the responses might be due to noise
quency components, and therefore luminance variations ifhinsic to the observer or to variability in the stimuéx-

one of the possible signal locations may be correlated withe | noise On each trial, the SDT model assumes that the
those in another location within the correlation range of the,pseryer chooses the location associated with the highest in-
tissue. In a MAFC task, a positive cqrrelatlon among internalg o response. Performan@®) will degrade as a function
responses will decrease the probability that a response 10 any increasing number of possible locations owing to the in-
nonsignal location will exceed the signal Iocan_n réSpPONSeyreasing probability that the response to any one noise-
and thereby elevate performance over a task in which thgycation will exceed the response to the signal plus noise
locations are statistically independent. Under the assumptiop -ation. The probability that the observer correctly chose

that correlations between internal responses are constae |ocation of the signal is obtained by calculating the prob-
(equicorrelation, it has been shown that detection perfor- pijiry that the internal response to the signal plus noise lo-

mance as a function of number of locations is indistinguish-tion will exceed the responses to all noise-only locations.
able from the case of statistical

" : independence among the gpserver's internal responaeto the signal plus noise
responses? (For this case human performance as a functiongcation is given by the probability density functigpdf)

of number of locations can be equally well fit by a model ) |5) " and the internal response pdf for a noise-only loca-
with statistically independent responses and one with a fixegly, is given byp(A|n), then Pc can be written as
correlation among respon$@n the other hand, if the spatial ’

separation among signal locations changes, then it seems un- . ) M-_1

likely that the equic.:orrela}tion model will apply. If thi; is the PC=J’ (f* p()\|n)d)\) p(\'[s)d\ ', (1)
case, then the variation in performance as a function of the o\ J o

number of possible signal locations might depart from that

predicted from the statistically independent-response modelhereM is the number of possible signal locations.
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Fic. 1. Probability density functioiipdf) of the internal observer response

for a noise only location and for a sigrahoise location.
Fic. 2. Typical behavior of Pc vs the number of possible alternaties

tent with the SDT-Gaussian model thelyrc should be

1. The Gaussian assumption
Typically, the .internal responses to the signal Iogation ands an estimate ofi’ obtained from a MAFC experiment
noise-only locations are assumed to be equal varian€® ( from each Pc using E@5). If human performance is consis-

Gaussian distributed and statistically independek¥ith the
noise-only location is given by
1 \2 2. Non-Gaussian probability density functions

' @ The relationship between Pc and number of possible sig-

-5 ;f
d that for th he sianal ol ise | . nal locations in general depends on the shape of the prob-
and that for the response to the signal plus noise location I§bi|ity density function. Consider for instance the case of a
(6)

1
AlNn)=——=ex
pP(A[n) Nz
pdf given by
1 IAI)B
o

) p()\)zaexp{ 3

given by
) 1 1()\—d’)2)
S)=——exp —5——>—|,
P 2 2 0’%
whered’ is the index of detectability and is defined as thewherea is a normalizing parameter argldefines the shape
difference between the mean responses to the signal ples the distribution. For8=2, Eq. (6) reduces to the usual
noise location and noise-only location divided by the squarésaussian distribution. Values ¢f lower than 2 result in a
pdf that is more spread than the Gaussian and valugs of
greater than 2 result in a pdf that is more compact than the

root of the average variance of the two classes:
d = M (4) Gaussiarisee Fig. 3. Figure 4 shows how the degradation of
RN Pc as a function o varies with the different pdfedifferent
where\ and\ , are the responses for a signal plus noise and values. As g increases Pc degrades less as a function of
a noise only location, respectively, is the standard devia- M.
tion of the internal response assumed to be equal for both the On the other hand, if the human internal responses were
not Gaussian distributed, and the investigator computed an
index of detectability §yagc) from the experimentally mea-
sured Pc values erroneously assuming a Gaussian distribu-
tion [through Eq.(5)], it would lead to a nonconstant value

signal plus noise and noise only location, afiet) is the
mathematical expectation operator.
For the Gaussian statistically independent pdfs &g.

(5

reduces to

Pc:f O(x)M Lp(x—d")dx,
where®(x) is the cumulative Gaussian function, aggx)

is the Gaussian function.
When a series of MAFC experiments is realized with dif-
ferent numbers oM locations, Pc decreases sincreases
even thoughd’ is fixed. The larger the number of locations,
the larger the probability that the response to any noisy lo-
cation will exceed the response to the signal location, and

Internal response A

therefore the lower P¢see Fig. 2
In actual human psychophysical experiments, the investi-
gator cannot observé’ directly but rather measures Pc as a
function of number of locationsM) and then infers anindex g 3. Examples of different observer response pdfs defined by@Edor
different values of3.

of detectability(which we refer aslyarc to emphasize that it
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Fie. 4. Exampl_e of evolution O_f Pc vs the number of locations for a pdf Fic. 6. Example of the variation Pc across the number of locations for a
defined according to Ed6) for different values ofs. Gaussian pdf ¢’ =2: continuous line;d’=2.83 andr=0.5: circles;d’
=2 andr varies linearly[with r=0 for M=2 andr=0.2 for M=32:
dotted ling).

of dyarc across the number of alternatives. For example,

Fig. 5 shows the transformetj,,-c values for Pc values in a

MAFC experiment with pdfs different than Gaussian. In

other words, the constancy df,s-c can be used to deter- S ) ) )

mine whether human performance is consistent with th&POnse to locatiork in the ith trial, A, is the observer's

Gaussian pdf assumption. internal response to locatiom in theith trial, and the ex-
pectation(---) is performed among trials. When the model
B. Internal response correlation responses are statistically independent, thgp=0. The ef-

) fect of a positive correlation between responses is to de-

The standard SDT model typically assumes that the rég oaqe the probability of any one response to the noise-only
sponses to the different locations are statistically 'ndepenrocation exceeding the response to the signal plus noise lo-
dent. In the absence of external noise or when the samples egtion. As shown in Refs. 34 and 36, if the correlation coef-
external noise at the possible signal locations are indepe'?fcient is considered constant among the locationg,
dent, this assumption is reasonable. In other instances suc:hr)' then the usual relationship between Pc versus ihraex of
as the case of detecting a signal within an image containingeetapility still holds if the index of detectabilitd’, is

;Iowly spﬁtially varying Iumipapce changdsw pass Gaugs— replaced by a corrected index of detectabilitly X defined as
ian or 1f" noises, the possibility of response correlations

between responses to different locations arises.

The correlation between the responses to two different d’
locations can be characterized by a correlation coefficient “r ™ -1 ®)
defined a¥"%®
_ (i = M) Ami = (Am))) @ As is apparent in Eq8), a given value ofl; can be consis-
om Wi = M) A mi— (A ?) tent with many combinations al’ andr. Therefore if the

correlation is constant as the number of locations increases
then a Pc vaM function can be identical for a variety of
combinations ofl’ andr. Figure 6 shows how the degrada-
tion of Pc withM could be consistent on the one hand with
a givend’ and statistically independent responses-(Q),
and on the other hand with a lowdf and a positive corre-
lation r. In other words, given a set of measured Pc as a
function of M, the experimenter cannot determine whether
the responses are correlated or not.

Suppose now that the correlation between internal re-
sponses changes as a function\df For instance, suppose,
as illustrated in Fig. 6, that the correlationris=0 for M

where\ is the response, the subscriptandm refer to two
different spatial locations), ; is the observer’s internal re-

dMAFC

1.6 =2 and increases linearly to=0.2 for M =32. In this case,
LN LR RN LR LN UL L the degradation of Pc as a functionMfwill depart from the
0 5 10 15 20 25 30 statistically independent scenario. If the investigator is un-
Number of alternative M aware of this increasing correlation and the measured Pc val-

Fic. 5. Example of the variation afyarc across the number of locations for ues are transformed @yarc assuming Gaussian statistical

a pdf defined according to E¢6) but computed from Pc as if the responses independence the.n he/she would find an increagifgc as
were Gaussian distributed. a function ofM (Fig. 7).
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Fic. 7. Values ofdyarc computed from Pc as if the pdf were Gaussian
distributed with or without correlation. Symbols have the same meaning as
in Fig. 6.

[ll. GENERAL METHODS
A. Test images

The images used in this study were breast x-ray images o
patients without known pathology. They were obtained by a
digital 510K)-Bennett mammographic uniffrex Medical
Corporation, Waltham, MA(courtesy of University of Cali-
fornia Los Angeles Medical CenterThey have a pixel size
of 0.04 mm and are coded as 14 bhits per pixel with a gray
level proportional to the x-ray exposure.

In mammography, the radiologist is typically interested in
microcalcifications, which sizes are of the order of 0.2 mm,
or in tumors or masses that are about 50 times lathem).
Therefore microcalcifications are generally visually searched
with a magnifying glasgmagnification factor of about)8
Masses are searched for by looking at the image in its origi-
nal scale. In order to take this practice into account, in the
present study two sets of images were created: one at th
original scale for microcalcification seard®.04 mm per
pixel), and the other is averaged in order to have a pixel size
close to the image-display pixel siz@.3 mm).

The image size was fixed to 28&@56 pixels and dis-
played a continuous area inside the brdase Fig. 3 An-
other set of images was generated in which the possible lo
cations could be anywhere inside the image except for a
10-pixel—wide external framéree search conditionFor the F|(_3. 8. Exg_mpl_e of images used in the 2AFC and 16A_FC experiments at the
. . " microcalcification scale. The groups of four black whiskers are cues added
five different conditions M =2, 4,9, 16, and free search on the images in order to reduce signal location uncertainty.
the same set of 240 images was used. The maximum number
of locations was set to 16 in order to guarantee that the
observers did monitor all the possible locations. By using aween the two possible locations could be variede Fig.
higher number of alternatives in this phase of the MAFC10).
experiments, one might have risked infringing on the under- Except for the free-search images, possible signal loca-
lying model of this study(that the observer chooses the tions were always indicated by fixed cues. We did not pro-
maximum response out of all the possible locatjomsd to  vide the possibility to toggle the cues off because in these

begin observing satisfaction of search effect. experiments eye-movement searching was not the subject of
For the tumor experiments only two and nine possiblejnterest.

locations were considered. Each possible location was at the
center of an individual 128 128 pixel image. A sample of a
9AFC image is presented in Fig. 9.

In the correlation investigation, a 2AFC experiment was Because of the proportional relationship between gray
set with 128256 pixel images in which the distance be- level and radiation exposure of the investigated images, an

B. Signal
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wheregs is the pixel value of thdth image pixel of the
image containing the signal, arxl is the pixel value of the

ith image pixel of the same image that only contains the
backgrounds; is ith component o§, andt; is ith component

of t. It can be seen that the images of an ensemble generated
with a given value ofu all have the same contrast. For the
two series of MAFC experimentsicrocalcification and tu-

mor scaley five contrast values were considered in each
situation.

C. Image display

Images were presented on an Image systems M17L 0.3
mm pixel size monochrome gray-scale monitor operated by a
Md2/PCl video board (Dome Imaging System, inc.,

Fic. 9. Example of an image used in the 9AFC experiment at the tumorvvaltham- MA. This board uses a 10 bit digital-to-analog
scale. converter and allows one to adjust the relationship between
digital value(e.g., gray level and monitor outpute.g., lu-
minance. The experiments were performed with the default-
lookup table, which is very close to the perceptually linear-
ized monitor. Images were generated as well as presented
using the IDL softwardInteractive Data Language, version

image containing the signag{) is simulated by multiplica-
tion of the backgroundb) and the signal profile pixel by

pixel: 5.1; Research Systems, Boulder, CO
gs=(S+1)b, ©)
where| is the identity matrix andS is a diagonal matrix D. Observers and procedure
containing the signal profile An element {,j) of the matrix Two human observeréan author and a radiologjspar-

Sis expressed aS;=s6;;, where the symbob;; is used as ticipated in the study. They were well trained in the experi-

the Kroneker function. In this formalism, the simulated ob-ment and both had normal/corrected vision. The mean view-

ject thickness, written as the image vectpcan be directly  ing distance is estimated to be 50 cm but observers were free

related to the signad ass;+1=exp(—ut;), whereu is the  to adjust their distance if needed. Once trained for the detec-

attenuation coefficient. tion task, the observers performed five sessions of 100 trials
In this study, the signal is a two-dimensional-projectedfor each condition of interest.

sphere(0.2 mm and 1.0 cm diameter for microcalcification ~ For a given experiment, the contrast and the number of

and tumor, respectivelyfiltered by the modulation transfer possible locations, or the inter-location distance were vari-

function of the image system. able. Each particular condition was constant during a given
The contrast used in this work is the root mean squaréession of 100 trials but the sequence of the conditions was
contrast defined as randomly chosen. In order to minimize the effect of variable

conditions from session to session, 5 “warm-up” trials were
performed before each session. On each trial, observers se-
lected with a click of the computer mouse the location they
thought contained the signal. In an MAFC experiment, the
location the closest to the cursor was recorded as being the
correct answer. For the free search experiment, the position
of the cursor was registered for each answer in image coor-
dinates.

IV. PSYCHOPHYSICAL EXPERIMENTS

A. Experiment |: Multiple-alternative forced-choice
1. Microcalcification localization

Fic. 10. Example of an image used to investigate the presence of response &- Experir_n_ental designi-or the mi_Crocal(:iﬁcationS: each
correlation(interlocation distance of 208 pixels MAFC condition was run for five different contrast values

Medical Physics, Vol. 31, No. 1, January 2004
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Fic. 11. Percent of correct trial$c) of each observer plotted against the FiG. 12. Detectability of each observer plotted against the number of pos-
number of possible locations at the microcalcification scale. Each dotted lingible locations at the microcalcification scale. Each dotted line corresponds
corresponds to a given contraéite lower the contrast, the lower Pdhe  to a given contrastthe lower the contrast, the lower the detectabilifthe
continuous lines correspond to the fitted performance computed with gontinuous lines correspond to the fitted performance computed with a
Gaussian distributed response. Gaussian distributed response.

(0.2, 0.4, 0.6, 0.8, 1)0The observer performance was first
computed for each condition by calculating the percent offore, the increase in performance with the number of possible
correct trials(Pg. The Pc value was then transformed to anlocations is statistically significant.
index of detectability d\acc) assuming Gaussian indepen-  There are two possible explanations for this finding. The
dent observer response pdf using Ed). first is that the response pdfs might depart from the Gaussian
b. Results. For both observers Pc is computed as a func{Fig. 5. A second explanation might be an increase in the
tion of number of locationsNl) for the five different con- correlation among the human internal responses to the differ-
trasts in Fig. 11. Overall, Fig. 11 shows that performanceent locations with increasing number of locatiqifég. 7).
degradation as a function M seems to be approximated by  We first investigated whether pdfs that depart from the
the SDT model with the Gaussian assumption. However, ifGaussian might better account for human performance. The
the observer response pdfs were effectively Gaussian armhrameterB [Eq. (6)] was left to vary freely. The best fit
independent, then the values ayjjsrc across the number of resulted in3=59 (observer FB and 8= 15 (observer DV.
possible locations for a given contrast should be constaniThe resulting values of the best-fif,arc are presented in
This is presented in Fig. 12 whemharc IS shown as a Fig. 13 showing that this model captures the significant ten-
function of number of locations. Also plotted in Fig. 12 is the dency of the humanlysec to increase with the number of
simultaneous fit of the Gaussian model to all the data foitocations. Although beta values of 15 and 59 might seem
each observer. A slight tendency of increasedghec with  very different, this is not the case when looking at the actual
the number of locations can be observed. This can be quashape of the pdfs. As shown in Fig. 3, both of these pdfs are
titatively tested through a three-way analysis of variancevery similar and much flatter than the Gaussian pdf. An es-
(ANOVA)*" in which the three independent factors are thetimate of their 95% confidence interval is betwegs 10
contrast, the number of possible locations, and the observerand 8= 100.
Table | shows the result of the ANOVA with the computation A second possible explanation to the increase in human
of the F statistics and the critical value & (Fica) for p observers’ detectability indexdf,aec) with increasing num-
<0.05. It shows that both observers are statistically equivaber of locations is the possibility of an increase in internal
lent and that the performance expressed in ternty@fc is  response correlations with the decreased interlocation dis-
not constant across the number of possible locations. Ther¢éances associated with the higher MAFC conditions. This

Medical Physics, Vol. 31, No. 1, January 2004



31 Bochud, Abbey, and Eckstein: Search for lesions in mammograms 31

TaBLE |. Result of the analysis of variandéhree-way ANOVA performed on the observer results. Df is the
number of degrees of freedorf,ica IS the value of theF statistics that defines the rejected regign (
<0.05), andF is the computed statistics. An asterisk indicates that the constant mean hypothesis has to be

rejected.

Microcalcification scale Tumor scale
Factor Df Fcriti::al F Df Fcritical F
Contrast 4 2.37 670 4 2.50 266
Location 3 2.60 240 1 3.97 1.86
Observer 1 3.84 1.64 1 3.97 0.12
Contrast and location 12 1.75 2107 4 2.50 0.49
Contrast and observer 4 2.37 1.64 4 2.50 0.38
Location and observer 3 2.60 1.10 1 3.97 0.55

possibility will be separately tested later with a psychophysithe microcalcification scale experiment, the number of pos-

cal experiment. sible locations did not significantly affect the index of detect-
ability. Therefore, the Gaussian response pdfs or the correla-

2. Tumor localization tion free hypothesis cannot be rejected for the tumor scale
detection.

; a.ME;(E(e:rlment:_;\I deilgn.For _the tLtJ_motr I(;).cgllzag%n, °”'Yb| As for the microcalcification experiment, a global fit of
wo Experiments were investigated. < an pO’SSI $eta was also performed with the tumor experiment for each
locations for five different contrast values. Observers’ per <. .er This resulted iB=1.1 andB=0.9 for observers
cent c_o_rrect _performance was converted fo an |nde>_< of OIeIfB and DV, respectively. The uncertainties associated with
tectability using the Gaussian response pdf assumption.

. . . values are relatively large and not straightforward to esti-
b. Results. Figure 14 shows the index of detectability for y larg g

h of the fi trast val ¢ h ob ‘ gﬁnate. Taking into account the standard deviations of the
ceach ot the five conlrast values Tor each oDSEIver separateiy,q ¢ raq Pc, possible values @fcould vary between 0.5
Analysis of variance was used to test for significant differ-

ences(Table ). The results show no statistically significant
differences across the observers. In addition, and contrary to
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Number of locations Fic. 14. Detectability of each observer plotted against the number of pos-
sible locations at the tumor scale. Each dotted line corresponds to a given
Fic. 13. Same as Fig. 12 but the continuous lines correspond to the fittedontrast(the lower the contrast, the lower the detectabjilifyhe continuous
performance computed with a response function characterize=b§9 lines correspond to the performance computed with a Gaussian distributed
(observer FB and 8= 15 (observer DV. response.
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and 10. Therefore, the Gaussian assumption cannot be re- d
jected in the tumor experiment.

2AFC

1.5
B. Experiment IlI: Internal response correlation in
. e . 1.0
microcalcification detection task?
-O- FB
Figure 7 shows that the increase dfarc With M could 0.5 —&— DV
also be explained with an increase in the correlation between
responses wittM due to the smaller interlocation distances 0.0
for high MAFC conditions than for lowM conditions. The ' T T — [ T T rrrrrpom
large amount of low frequencies contained in mammo- 20 40 60 80
graphic background® might cause the correlation in the Inter-location distance [pixels]

observer responses. The correlation between pixel variations
increases as a function of their proximity in low-pass and™e- 15. Computed value ofi,5rc Vs the distance between the different
. possible locations.

power law noise.

It therefore could be possible that the increase in the hu-
man observerstiyarc is a result of the higher correlations ~ The amount of correlation can be estimated from .
between the human internal responses for the higheon-  and assuming that the responses at the largest distance are
ditions. In order to test whether internal responses are correstatistically independent. In this expressioris the correla-
lated, we performed a separate experiment. In this expertion between internal responses at the two locatidpss the
ment we measured performance in  a 2AFCindex of detectability in the presence of a correlatioand
microcalcification detection as a function of the distance bed’ is the index of detectability when the responses are inde-
tween the two locations. The rationale is that if the correla-pendent. The correlationcan be computed i’ andd, are
tion between the responses increased with decreasing intekmown. If the response correlation is induced by the back-
location distance, then human performance would increasground low frequency content, then the valuedgfi-c ob-
Evidence for an increase in performance in the 2AFC experitained at the largest distance can be considered to be inde-
ment with decreasing interlocation distance would supporpendent and a good estimatedt All other values ofd,arc
the idea that the increase @jarc in the MAFC microcalci-  obtained at smaller distances are the correspond/ngal-
fication experiment is explained with an increase in responsges. Figure 16 shows that the calculated correlations for the
correlation withM. different interlocation distances are relatively close to zero. A
T-test shows that at a 95% confidence level, no points can be
considered significantly different than zero. These results

The 2AFC experiment was performed with 22856  therefore suggest that the correlation between human internal
pixel images in which the possible target interlocation dis-responses is close to zero and do not increase with decreas-
tance was variable. The possible target locations were alsgg interlocation distance. Furthermore, the results suggest
clearly indicated by cueésee Fig. 19in order to minimize  that the increase in theyarc With increasing number of

location intrinsic uncertainty. Four experimental Conditi0n3|ocations cannot be attributed to an increase in response cor-
were investigated with interlocation distances of 12, 38, 68yelations.

and 208 pixels. A total of 251 different images were used for
this experiment. C. Experiment Ill: Free search

As a control experiment, the same task was first per- . ,
formed with the two extreme distancés2 and 208 pixels In a MAFC expgrlment, the number C,)f Ioce}tlons as well
and with uncorrelated white noise. The performance was stffS the exact possible location of the signal is defined and
tistically identical (p<<0.05) regardless of the interlocation
distance. It is therefore reasonable to assume that a smaller 10—

1. Experimental design

distance does not, as such, increase the observer efficiency. 3 O~ B
. —— DV
~ 0.5+
2. Results 5 .
The values of Pc obtained with different interlocation dis- < 0.0 -
tances were transformed intiyaec by assuming Gaussian 5 ]
pdfs. Figure 15 shows the valuesay,rc plotted against the © 05 o~
interlocation distances for both observers. ]
The results show a small increase in performance at small -1.0 4

10 20 30 40 50
Inter-location distance [pixels]

distances. However, analysis of variance showed the perfor-
mance does not significantly vary with interlocation dis-
tances for observer FB. Observer DV shows a statistically

si.gnificant higher performance at the smallest interlocatiorg, 16. Estimation of the correlation vs the interlocation distance according
distance. to Eq. (8).
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known by the observer. In common practice, when the radi-
ologist is searching the image for a pathological signal, its
possible locations are generally unknown. Because the num-
ber of possible locations is not unlimited, such an experiment
has to be linked to the value af' obtained in a classical
MAFC experiment.

o = Jniform
o FB

IN

N

100 o

Number of answers

4
1. Methods 2

In the free search experiment, the observer knows that the T T
microcalcification is anywhere within the image except for 1
an external border region of the imagd pixels widg. The Distance between target and answer [pixels]
observers’ task is to localize the microcalcification in the
image by clicking with the mouse on the center of the lesion.
The process of precisely spatially localizing the center of the = Uniform
lesion is limited by other processes distinct from visual de- ° e o DV
tection such as error in perceptual judgment of the center of 100 o
the lesion as well as motor error in the manual placing of the ®
mouse. In order to estimate these latter sources of error in the 2 2
observers’ spatial localization of the signadependent of
sources of error due to visual detectipa training experi-
ment was performed on a noiseless and uniform background 2
with a signal that was always visiblequal to a high contrast T T
microcalcification. The spatial localization error was mea- 1
sured as the distand@ pixels) between the signal location Distance between target and answer [pixels]
and the position of the cursor. We obtained a mean distance
of 0.55 with a standard deviation of 0.54 and a maximumFic. 17. Distribution of the entire target to answer distances and the uniform
value of 2.0 pixels. Given that the signal radius is about Frediction in the free search experiment.
pixels, we adopted as a criterion to consider a signal local-

ization in the free search experiment to be correct if theyifference. This tends to show that when the target was
mouse click was located at a distance not greater than gissed, the selected location was not correlated with the ac-
pixels from the center of the lesion. Given this criterion of ay,a| signal location. Both of these findings suggest that the
5-pixel radius circle, an image area Bf pixels effectively  adopted criterion to consider localizations witha 5 pixel
contains approximatelyl™ = P/(757) different response re-  gistance from the target center to be correct does not intro-
gions. In the present study, this ratio is equal to 559. Oncgyyce any systematic and significant biases in our localization
the effective number of locationgl* is known, all the mi- accuracy metric.

crocalcification data can be globally fit with beta as a free  Figyre 18 shows the experimental results of the fit of all
parameter. data for each observer and each number of locations versus

Burgesset al,™ in a similar experiment, defineM” as  sjgnal contrast. The resulting beta values are 2.8 and 2.7 for
being more simply the ratio of the search and signal areagpservers FB and DV, respectively.

but their signals were much bigger. The same definition as
Burgesset al. in the present study would have increa$éd V. DISCUSSION
to 1885.

IN

N

nswers

Numbe

A. Predicting the effect of number of locations and
2 Results contrast on signal detectability

Figure 17 shows the histograms of distances between the The ][nla':\':‘?'m of Fhe presen: stgdy. 'ﬁ :%out the cor;):ys-
location clicked with the mouse and signal location for each€"cY © experiments realized with different number

observer and for all investigated signal contrasts on rea‘i’f locations. The usual method consists in assuming indepen-

mammograms. Superimposed on these graphs is the distribf]-ent responses from one location to anc_)ther and Gaussian
tion of a hypothetical observer randomly choosing a Iocatiorfdf' Although the standard model approximates human per-
(with uniform distribution normalized to the number of an- ormance, a strict analysis of _the data_ shows_t_hat_thls moplel
swers above 5 pixelsFor the entire experiment, the number can be rejecteql for the detection of_ microcalcifications while
of localization responses given by the random observer witff cannot be rejected for the detection of masses.

a target to localization responses distance below 5 pixels is

below 0.3%. Therefore, the probability that an observer corB: Correlation in the human internal responses within

rectly localizes the target by chance in the free search experﬁr-nage MAFC tasks
ment is negligible. The comparison of human and random The departure from the independent Gaussian pdf SDT

observers above the 5 pixel distance shows no significamhodel could have been explained by correlations in the hu-
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1.0

a close examination of the human performance shows a simi-
lar trend as the present results. In those experimeRissc

0.8 B computed with the independent Gaussian assumption were
0.6 ' significantly lower forM =2 at the two lowest contrast val-
K ues. As can be seen in Fig. 5, this trend could also be ex-
0.4 plained by a more compact observer response pdf?).
0.2
0.0 D. Free search
IR R At first view, the free search experiment involves more
00 02 04 06 08 1.0 12 complex perceptual processes than the multiple-alternative
Contrast forced-choice experiments: free search is closer to the real
diagnostic task, but harder to be performed and analyzed
1.0 than the simple MAFC experiment. However, the results pre-
sented here show that the free search experiment can be seen
0.8 as a particular MAFC experiment with an effective number
0.6 of locationsM* equal to the ratio of the total number of
& pixels in the image divided by the signal area increased by
0.4 the inherent spatial imprecision to localize the target.
A similar experiment to the one presented here was con-
0.2 ducted by Burgesst al,?* in which the signal was a pro-
0.0 jected spheréof variable siz¢ superimposed on two types of
I BN B L L L backgrounds: real mammograms and low-pass filtered noise
00 02 04 06 08 10 12 with the same power spectrum. The experiment was repeated

Contrast twice: once in a 2AFC and once in the free search condition.

Fic. 18. Percent of correct trials vs signal contrast for each observer. Thé! the 2AFC_exper|ment the performange wgs better W'th

continuous lines show the global fits of all Pc wikh* =559 (obtained ~ real anatomical backgrounds than with filtered noise,
values of beta 2.8 for FB; beta=2.7 for DV). The dotted lines join the whereas in the free search experiment, the observers per-

measured values of Pc for each number of locations in the MAFC experiformed equivalently in the real and in the filtered noise back-

ments(from top to bottomM =2, 4, 9, 16 andM*). . N .

grounds. This characteristic is explained by the absence of

location uncertainty in the 2AFC experiment: The image rec-
negnizable structures of the real mammograms seem to help
dhe observers in the 2AFC experiment whereas in the free

cifically tested whether the correlation across internal reS€&rch experiment, recognizable structures are of no help.

sponses increased with decreasing interlocation distance. TH&'® important point about the results of Burgessal. is

results suggest that the correlation does not significanti{'€ir ability to predict the free search performance with the
change as a function of interlocation distance. It has to pbeAFC results obtained with the filtered noise backgrounds.

noted that this is not the case for any kind of low-pass backFor that, they simply define the effective number of locations

ground. Other resuft& showed that coronary angiographic M* @s being the ratio of the search and signal areas, compute
backgrounds induce a model response correlation of abolearc With the filtered white noise backgrounds and the
0.4 at very small distances only. This can be explained by th&aussian assumption, and then compute Pc using3Eépr

fact that the amount of high frequencies is higher in mamM™ locations. If they had performed with the same proce-

mographic than angiographic backgrounds. In conjunctiorﬁj”re and the 2AFC results obtained with the real mammo-

with observer independent internal noise, this high frequencgr@Phic backgroundginstead of the filtered white noise
content can reduce any possible correlation. hey would have largely overestimated the observer re-

sponse. In this case, they would have needed to increase
further moreM* to fit the free search results from the 2AFC
experience obtained with real mammographic backgrounds.

In the present study, the effective number of locatibts

As no correlation could be emphasized in mammographidés a bit lower than Burgesst al. This discrepancy may be
backgrounds, this leaves only one obvious explanation: a detue to the differences of the displayed backgrounds. In the
parture from the usual Gaussian pdf. A global fit of all thepresent free search experiment, the detection of microcalci-
data obtained at the microcalcification scale at five signafications, all images are magnified by a factor 8. In the ex-
contrasts, four numbers of locations and the free search exyeriment of Burgeset al, the study was performed at the
periment, allowed us to quantitatively estimate the pdf asnass or tumor scale and all images are magnified by a factor
being slightly more compact than the Gaussian pdf with betaf about 2. As shown by Bochuet al,?® anatomical varia-
just below 3[see Eq.(6)]. This is coherent with previous tions are especially perceived as a source of noise at the
results obtained with x-ray coronary angiogratfor which ~ tumor or mass scale rather than at the microcalcification

man internal responses induced by the low frequencies in t
mammographic backgrounds. Our psychophysical study sp

C. Probability density function for observer internal
responses
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scale. This means that the anatomical fluctuations are mudtity of California Los Angeles who made the digital mam-

more disturbing at the tumor or mass scale and that they ammograms available for this study. We would also like to ac-
more prone to appear randomly as the observer is looking &nowledge Darko Vodopich for long sessions spent
the signal. Therefore, once we try to predict free search desbserving images. This work was funded by the Swiss Na-
tection results from MAFC results, the scale of the back-tional Fund for Scientific Research Fellowship to F.O.B. and
ground is important. At the mass or tumor scale, Burgesfational Institute of Health(NIH) RO1-HLB 53455 to

et al?* could derive their free search data with an effectiveM.P.E.

number of locationdM* greater than the straightforward ra-

tio of the search and signal areas, whereas in the preseriElectronic mail: francois.bochud@hospvd.ch
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