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Abstract t 

Thee authors developed a clinical system for computerized delineation, rating, and classifica-
tionn of breast lesions depicted in contrast material-enhanced magnetic resonance images 
obtainedd in women with increased lifetime risk of breast cancer. Initial results showed nega-
tive-predictivee values above 98% at 50% positive-predictive value with negligible inter-oper-
atorr differences. The system demonstrated potential to help exclude malignancy with high 
confidencee and reproducibility with a positive-predictive value that is acceptable in screen-
ing. . 

3.11 Introduction 

Extensivee breast-cancer screening programs are currently effective worldwide. 
Womenn with a proven genetic predisposition or a strong family history of breast 
cancerr are at increased risk at a much younger age than is the general population 
96,97,, and their lifetime risk can reach 90%. However, approximately 40% - 50% of 

thee screening mammograms obtained in premenopausal women may not provide sufficient 
diagnosticc information to exclude the presence of malignancies owing to the presence of 
densee fibroglandular tissue 2-4-5. Contrast material-enhanced magnetic resonance (MR) 
imagingg of the breast is reported to be the most sensitive modality for invasive breast cancer, 
withh sensitivities well above 90% 98, but it has demonstrated lower and variable specificities 
(20%% - 90%) 98101. Possible lack of specificity is of particular concern in the screening of 
premenopausall  women with increased lifetime risk of breast cancer, in whom the prevalence 
off  malignancy is low (1% - 2%) 102, but that of benign enhancement is considerably higher 
(>> 20%) 103104. Because of the high risk, high certainty of exclusion of malignant disease (i.e., 
highh negative-predictive value [NPV]) is desirable, but a high biopsy rate of benign lesions 
(i.e.,, low positive-predictive value [PPV]) is not desirable because of the high psychologic 
stresss and physical scarring for the patient and the difficulty of performing a biopsy of small 
lesionss that are visible at only MR imaging. The effectiveness of contrast-enhanced MR imag-
ingg for the screening of asymptomatic disease in women at increased lifetime risk of breast 
cancerr is being investigated currently in various multi-institutional trials. 
Differencess in image interpretation guidelines contribute to the different specificities reported 
9,, ioi Various investigators have focused on objective and quantitative rules to standardize the 
interpretationn of contrast-enhanced MR images on the basis of temporal or morphologic 
characteristicss of contrast material uptake 24,27 35 36'105. To date, most methods are based on 
thee rating of features such as spiculation, washout, and peripheral enhancement by radiolo-
gists,, followed by the merging of these ratings with an automated classifier 35,37,38,105. With 
thiss approach, the classification is objective, but careful construction of rating guidelines 106 

mayy be necessary to avoid substantial inter- and intra-observer variations in rating. Unlike in 
computerizedd analysis of mammograms 47,107in

) only a few investigators have pursued both 
automatedd rating and automated classification of features to optimize the objectivity and the 
consistencyy of interpretationn of contrast-enhanced MR images43"45. 
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Thee goals of this study were directed toward optimization of the efficacy of MR screening 
programss for asymptomatic disease in women with increased lifetime risk of breast cancer. 
Thee first goal was to train and validate a lesion analysis system to distinguish accurately and 
consistentlyy between malignant and benign lesions. The second goal of this study was to 
selectt a screening-specific operating point at which to attain a previously selected combina-
tionn of accuracy in exclusion of malignancy of a lesion and in avoidance of biopsy of benign 
lesions. . 

3.22 Material and methods 

Imagee database 

Thee current study was performed with data analyzed retrospectively that were obtained after 
thee institutional review board gave their approval and the patients provided their written 
informedd consent and with data analyzed retrospectively that were acquired for accepted 
clinicall  indications. A training database was constructed from 80 breast lesions that were 
smallerr than 4 cm3 (in 66 women [mean age, 47 years; age range, 20 - 84 years]), were visible 
att contrast-enhanced MR imaging, and were reported in our clinic. The database consisted 
off  40 benign lesions (in 31 women) and 40 malignant lesions (in 35 women) that were added 
consecutivelyy in our clinic between January 1999 and October 2000. Of the 31 women with 
400 benign lesions, 23 had one lesion, seven had two lesions, and one had three lesions. Of the 
355 women with 40 malignant lesions, 30 had one lesion, and five had two lesions. 
Indicationss for examination included contrast-enhanced MR breast screening (in 30 women 
withh 39 benign lesions, and one woman with one malignant lesion), a question of extent and 
multifocalityy of the lesion before breast-conserving surgery (in 32 women with 37 malignant 
lesions),, or an unclear diagnosis based on findings in conventional mammograms or ultra-
sonographicc (US) images (in one woman with one benign lesion and two women with one 
malignantt lesion each). In this study, a minimum risk assessment of 15% was used for MR 
screeningg of women at increased lifetime risk for breast cancer. Breast lesions from popula-
tionss other than a screening population were included in the current study to allow initial 
trainingg of our system with sufficient characteristics of malignant lesions despite the low 
prevalencee of malignancy in our screening population. 
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FigureFigure 3. i. Bar graph indicates size of lesions included in this study. 

Alll  premenopausal women underwent imaging between the 5th and 15th day of their men-
struall  cycle, and they underwent repeat imaging if large motion artifacts were apparent. The 
distributionn of lesion size, as estimated from the MR images, is shown in figure 3.1. 
Histopathologicc prove was available for all the malignant lesions, and for 16 of the 40 benign 
lesionss (table 3.1). Of the remaining 24 lesions, 19 showed transient enhancement 104,112, "3 

forr which further workup was recommended but that was no longer visible at follow-up. The 
remainingg 5 lesions were benign on the basis of unchanged appearance (two with 2 years of 
follow-up;; two with 3 years; and one with 4 years). Eleven of the 35 patients with 40 malig-
nantt lesions had proven BRCA1/2 germ line mutations (n = 1) or at least first-degree familial 
involvementt (n = 10). All 31 patients with 40 benign lesions had proven genetic predisposi-
tionn (n = 6) or familial involvement (n = 25). 

Withh use of clinical reporting guidelines from an ongoing multi-institutional trial, 23 biopsy 
proceduress were performed in 14 of the 39 screening-detected benign lesions in our train-
ingg database. The biopsy procedures included US-guided fine-needle aspirations, core, and 
excisionall  biopsies. By including findings at fine-needle aspiration, core, or excisional biopsy 
off  a benign lesion as false positive and by taking the estimated prevalence of malignancy into 
account,account, the clinical PPV in our screening population was estimated to be 20% (assuming 
100%% sensitivity). 
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MRR imaging technique 

MRR imaging was performed with a 1.5-T system (Magnetom; Siemens Medical Systems, 
Erlangen,, Germany) with fast low-angle shot, or FLASH, three-dimensional MR imaging 
withh the patient prone and both breasts in a double-breast array coil. One series of precon-
trastt MR images was obtained before power injection (4 ml/sec) of 0.1 mmol of gadoteridol 
(Prohance;; Bracco-Byk Gulden, Konstanz, Germany) per kilogram of body weight and was 
followedd up by acquisition of five series of postcontrast images at intervals of approximately 
900 seconds. 

Typee of lesion and finding Number of lesions 

Benignn (n - 40) 

Transientt enhancement 

Fibroadenoma a 

Adenosis s 

Normall intramammary lymph node 

Fibrosis s 

Normall breast tissue 

Malignantt (n = 40) 

Infiltratingg ductal carcinoma 

Ductall carcinoma in situ 

Infiltratingg lobular carcinoma 

Infiltratingg ductal / lobular carcinoma 

TableTable 3.1. Findings in benign and malignant lesions. 

Acquisitionn of the first series of postcontrast MR images was initiated at 45 seconds after 
thee start of contrast material injection. The following MR imaging parameters were used: 
Tl-weightedd sequence, repetition time msec / echo time msec of 8.1 / 4.0, reconstructed in-
planee matrix of 256 x 256 pixels, isotropic in-plane resolution of 1.2 x 1.2 mm2 or 1.4 x 1.4 
mm2,, section thickness of 1.6 mm or 1.4 mm, and no fat suppression. Data for all images were 
transferredd to the lesion analysis system by using the Digital Imaging and Communications 
inn Medicine, or DICOM protocol. 

Lesionn analysis system 

Thee lesions were analyzed retrospectively by a medical researcher (E.E.D.) and an imaging 
physicistt (K.G.A.G.) who independently used the lesion analysis workstation developed at 
ourr institution. This system is an extension of collaborative work between three different 
institutionss in Europe and the United States 44> m. The operators of the workstation were 
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blindedd to each others results and histologic outcome. The reviewers each performed the 
followingg steps: each lesion was localized by using the interactive detection function of the 
systemm and was verified on the basiss of radiologists' reports. The detection function offers fast 
explorationn of the MR data by means of linked cursors in three reconstructed views (sagit-
tal,, transverse, and coronal), and with two types of processing (subtraction and washout) 
simultaneouslyy (figure 3.2). 
Eachh lesion was delineated (segmented) automatically in and across sections (in three dimen-
sions)) after manual indication of a seed point in the suspicious lesion "4. The result of the seg-
mentationn was depicted by the system to verify proper coverage of the enhanced volume. 

FigureFigure 3.2. Processed contrast-enhanced MR images: interactive lesion detection. Top row: 
uptakeuptake images. Bottom row: washout images. From left to right: sagittal, transverse and coronal 
reconstructionsreconstructions of the processed MR images. A lesion (infiltrating ductal carcinoma} with uptake 
andand corresponding washout is selected at the center of the cross hairs for further analysis. 
MovementMovement of any of ffie six cross hairs results in instant updating of all reconstructed views to 
maintainmaintain correspondence in three directions and in two types of processing simultaneously. 

Whenn necessary, the location of the seed point was adjusted to achieve better coverage. To 
quantifyy variations in results that were due to discrepancies in the selected seed point, seg-
mentationn of each lesion was included in the task list for both reviewers. 
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Morphologicc and temporal features (table 3.2) were automatically rated with the system by 
usingg a region of interest with dimensions that were identical to those of the segmented 
lesionn or were derived from it. Each feature was determined by means of analysis in three 
dimensions,, rather than in two dimensions; consequently, no "representative" section had to 
bee chosen. In general, lesions with inhomogeneous uptake and spiculated boundaries have 
loww 'smoothness of uptake' values. Lesions with well-defined margins have large 'mean mar-
ginn sharpness' values, and lesions with partially well-defined margins have high Variation 
marginn sharpness' values. Each morphological feature was derived from the first subtraction 
(FS)) images (postcontrast 1 - precontrast) as well as from the subtraction images at the frame 
wheree the feature has the largest value (AS). The computation of the morphological features 
hass been described in full detail elsewhere u. The temporal features 'washout' and 'signal-
enhancingg ratio' (SER) have also been described 27,38. 

Firstt goal: Training and validation of the lesion analysis system 

Thee lesion analysis system was trained on the temporal and morphologic features of the 
lesionss included in the training database to provide objective estimates of the likelihood of 
malignancyy for new lesions. 
Statisticall  analysis was performed (SPSS version 9.0; SPSS, Chicago, 111). The feature values 
weree first tested for deviations from the normal distribution by using Q-Q plots and Kol-
mogorov-Smirnovv tests. 

Description n 

Smoothnesss of uptake * 

Smoothnesss of uptake * 

Meann margin sharpness * 

Meann margin sharpness * 

Variationn margin sharpness * 

Variationn margin sharpness * 

Uptakee speed 

Washout t 

Signal-enhancingg ratio 

Regionn of interest 

Boundingg box5 

Boundingg box5 

Shell' ' 

Shell: : 

Shell1 1 

Shell: : 

80%% ** 

80%% ** 

80%% ** 

Computation n 

Variancee of RGH values *" 

Variancee of RGH values "* 

Meann intensity gradient 

Meann intensity gradient 

Variancee intensity gradient 

Variancee intensity gradient 

Ratioo (CI -CO)/CO» 

Ratioo (C5-CI)/CO §5 

Ratioo (C5-CI ] / (C I - CO) « 

TableTable 3.2. Features rated automatically with computerized analysis of contrast-enhanced MR 
imagesimages by using semi-auiomatically generated regions of interest. 
** Feature derived from the first subtraction images. 
** Feature derived from the subtraction images (postcontrast minus precontrast} at the frame 

wherewhere the value is largest. 
§§ Around lesion. 
11 Around lesion surface. 
**** Of largest values in lesion. 
### RGH = Radial-Gradient Histogram ". 
§s§s CO = precontrast image, CI - first postcontrast image, C5 = fifth (last) postcontrast image. 
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Logg transformations were applied to improve the approximation to normal dispersion when 
necessaryy to avoid problems with subsequent statistical analysis. In an exploratory analysis, 
statisticallyy significant indicators of malignancy were identified by means of the Wilks X test. 
AA p-value of less than 0.05 was considered to indicate a significant ability to differentiate 
betweenn benign and malignant lesion types. 
Prospectivee performance of the lesion analysis system was estimated by means of leave-one-
outt cross validation, which involves training the system on all lesions but one, testing on the 
onee lesion, and repeating the procedure until all lesions have been tested once. In addition to 
thiss commonly used technique, a conservative splitting validation was used, which involves 
randomm splitting of the database into an independent training set and a test set of equal 
size. . 
Linearr discriminant analysis and step-wise selection (entry and removal threshold probabili-
tiess of F set to 0.10 and 0.15, respectively) were used to obtain a subset of features that makes 
aa significant contribution to the classification into benign and malignant lesion types. All fea-
turess listed in table 3.2 were included in this selection process. Possible correlation between 
featuress was taken into account at this stage, but interaction terms were not entered because 
wee expected the power of our statistics to be compromised in an attempt to avoid selection 
off  terms that are predictive by coincidence. The likelihood of malignancy of each lesion was 
quantifiedd by means of the Bayesian posterior probability U5, which was implemented in our 
lesionn analysis system. 
Thee statistical significance of the difference in results obtained by the two operators (i.e., the 
interobserverr variation) was assessed by using a paired-samples t-test of the likelihood-of-
malignancyy values for each lesion. In addition, the statistical significance of the difference 
inn the true-positive fraction (TPF) at selected false-positive fraction (FPF) was evaluated by 
meanss of receiver operating characteristic (ROC) analysis combined with univariate z score 
testss 116'117. The ROC software was provided by the University of Chicago 118, "9. 

Secondd goal: Selection of screening-specific operating point 

AA clinically relevant value of likelihood of malignancy was derived to serve as a threshold 
beloww which the system advises follow-up (benign lesion), or otherwise immediate biopsy 
(malignantt lesion). In the following description, this threshold value will be referred to as the 
'operatingg point'. 
Parameterizedd ROC analysis l16 of the likelihood-of-malignancy values was performed to 
determinee the sensitivity, or TPF, of the system for specificity, or 1-FPF, values between 0 and 
1.. Proper parameterization of each ROC curve was verified by means of visual comparison 
off  the fitted curve with the unfitted data. Each point on the curve corresponds to a unique 
operatingg point. However, compared with the balanced training set used in the current study, 
thee prevalence of benign lesions is much higher than that of malignant lesions in the actual 
screeningg population. To determine a clinically relevant operating point, each pair of (TPF, 
FPF)) coordinates on the ROC curve was transformed to the corresponding pair of PPV (the 
fractionn of lesions that is correctly assumed to be malignant) and NPV (the fraction of lesions 
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thatt is correctly assumed to be benign) coordinates. The expected prevalence of malignancy 
inn the screening population was taken into account in this transformation: 

__ TPF x Prevalence 
TPFTPF x Prevalence + (1 - Prevalence) x FPF 

__ (1 - FPF) x (I - Prevalence) 
(I(I - FPF) x (1 - Prevalence) + (I - TPF) x Prevalence 

Thee resulting (PPV, NPV) curve will be referred to as the 'predictive curve'. The (TPF, FPF) 
coordinatess of the ROC 95% confidence band points - which are given by the software "8 

-- were also converted by using the equations for PPV and NPV to produce the confidence 
bandd for the predictive curve. Calculations were performed by implementing the equations 
inn a spreadsheet program (Excel 2000; Microsoft, Redmond, Wash). 
Becausee the analysis system is applied to only MR images in which enhancement of lesions is 
visiblee (images without enhancement do not raise suspicion), the estimation of prevalence of 
malignancyy was also limited to the subset of enhancing lesions. The resulting PPV is similar 
too that for the entire population because the majority of images that show no enhancement 
indicatee accurately the absence of disease (i.e., a true benign finding), and true benign find-
ingss do not affect the TPF and the PPV. For similar reasons, however, the NPV for the entire 
populationn is higher than that for the subset of suspicious lesions, and the corresponding FPF 
iss lower. The distinction between these two estimates of NPV will be indicated clearly in the 
remainderr of this chapter by using the labels 'subset of suspicious lesions' or 'total population'. 
Thee reason we refer to both estimates is that the use of the lesion analysis system is limited 
too the subset of suspicious lesions, whereas clinical impact is typically assessed in the total 
population. . 
Thee prevalence of malignant lesions in the total screening population (2%) was estimated 
preliminaryy from data for screening and those in the literature 102. The prevalence of benign 
lesionss in the total population was estimated retrospectively from clinical screening data at 
ourr hospital (23%). Consequently, the prevalence of malignancy among suspicious lesions 
wass set to 8%. The predictive curve was used to select an operating point that corresponds 
too clinically acceptable PPV where the NPV is at least 98% in the subset of suspicious lesions 
(i.e.,, less than 2% chance of misinterpreting an enhancing malignant lesion as a benign lesion 
inn the current screening round). The minimally accepted PPV in screening may vary in dif-
ferentt regions. In this study, a value of 50% was used as a guideline (i.e., one out of two 
biopsiess are of benign lesions). This guideline is in agreement with the assessment by other 
authorss 12°, and is comparable to that at mammography screening for women aged at least 50 
yearss in the Netherlands 121123. 
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3.33 Results 
Firstt goal: Training and validation of the lesion analysis system 

Withh the lesion analysis system, results obtained by the medical researcher (E.E.D.) were 
usedd as the reference standard in the following validation. Lesions with better average defini-
tionn of the margin were found to show higher speed of uptake and larger variation in defini-
tionn along the margins (p < 0.001). This trend was significant in both the benign and the 
malignantt subgroups. No significant correlation was found between the feature values and 
thee size of the lesion. 
Thee efficacy of each computer-rated feature, as shown in table 3.3, was ranked from high to 
loww ability to differentiate between benign and malignant lesions. Positive correlation indi-
catess that higher values correspond with a higher likelihood of malignancy, whereas negative 
correlationn indicates that higher values correspond with a lower likelihood of malignancy. 
Inn accordance with findings in other studies, washout and signal-enhancing ratio were stron-
gestt indicators of malignancy. They are followed by the morphologic features of smoothness 
off  uptake and mean margin sharpness. 
Stepwisee selection resulted in the combination of one temporal and three morphologic fea-
tures:: washout, smoothness of uptake (maximum across subtractions), mean margin sharp-
nesss (first subtraction), and variation in margin sharpness (maximum across subtractions) 
(pp < 0.001 for the combined features). Signal-enhancing ratio was excluded because of its 
strongg correlation with washout. With cross validation and stepwise feature selection, the 
estimatedd prospective performance of the system was 0.95  0.02 (area under the ROC curve 
[Az]]  1 SD). This Az measure indicates the relative area under the ROC curve in figure 3.3. A 
perfectt performance without false-positive and false-negative findings would yield a relative 
areaa under the ROC curve of 1.0. Although variation margin sharpness (maximum across 
subtractions)) is a poor indicator of malignancy by itself (table 3.3), it provides a statisti-
callyy significant contribution in combination with the other selected features. On average, 
thee margins of the malignant lesions were not only found to be more sharply delineated than 
thosee of the benign lesions, but they also showed less variation in sharpness. 
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Feature e 

Washout t 

Signal-enhancingg ratio 

Smoothnesss of uptake' 

Meann margin sharpness * 

Smoothnesss of uptake * 

Uptakee speed 

Meann margin sharpness" 

Variationn margin sharpness * 

Variationn margin sharpness * 

Areaa under ROC curve 

0.877 + 0.04 

0.855 + 0.04 

0.71+0.06 6 

0.700 + 0.06 

0.688 + 0.06 

0.644 + 0.06 

0.61+0.06 6 

0.566 + 0.06 

0.555 + 0.06 

Significancee

p<< 0.001 

p<< 0.001 

pp < 0.01 

p<0.01 1 

pp < 0.01 

pp < 0.05 

NS S 

NS S 

NS S 

Correlation n 

Positive e 

Positive e 

Negative e 

Positive e 

Negative e 

Positive e 

Positive e 

Negative e 

Negative e 

TableTable 3.3. Area under ROC curve and significance of discrimination between benign and 
malignantmalignant lesions on the basis of computer-rated features. 

 NS = not significant. 
** Feature derived from the first subtraction images. 
'' Feature derived from the subtraction images (postcontrast minus precontrast) at the frame 

wherewhere the value is largest. 

Eightt of the 40 benign lesions exhibited positive washout. These findings include fibroad-
enomaa (in five of 15 lesions), transient enhancement (in two of 19 lesions), and intramam-
maryy lymph node enhancement (in one of one lesion). Conversely, 11 of the 40 malignant 
lesionss exhibited negative washout (i.e., continuous wash-in). These findings include infil -
tratingg ductal carcinoma (in eight of 33 lesions), infiltrating lobular carcinoma (in two of two 
lesions),, and ductal carcinoma in situ (in one of four lesions). However, most benign (seven 
off  eight) and malignant (nine of 11) lesions with deviating washout behavior were properly 
characterizedd on the basis of their morphologic properties. 

Secondd goal: Selection of screening-specific operating point 

Figuree 3.4 illustrates that the maximum PPV of the system is estimated to remain greater 
thann 50% at an NPV of at least 98% for prevalence values roughly between 0.5% and 10% (in 
thee total screening population). The peak performance of the system is estimated to occur 
att a prevalence of approximately 1%. The predictive curve at the expected prevalence in our 
screeningg population (2%) is depicted in figure 3.5. The estimated prospective performance 
att the operating point of PPV = 50% is summarized in table 3.4. We emphasize that these 
aree first estimates of prospective performance derived from the tuning process of the lesion 
analysiss system. 
Resultss in the current study indicate the feasibility of achieving a PPV of 50% at an NPV of 
98%% in the subset of suspicious lesions and at an NPV of 99% in the total population. These 
resultss are roughly in agreement with those obtained from four independent splitting valida-
tions.. At 98% NPV in the subset of suspicious lesions, the following averages were derived 
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fromm the four individual curves: PPV = 47.3%  6.9 (mean  1 SD), TPF = 78.4%  0.5, and 
FPFF = 7.9% . The splitting validations are considered to be conservative estimators of 
prospectivee performance because only half the total number of benign and malignant cases 
iss used during training, which results in fewer selected features. 
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FigureFigure 3.3. Graph of the ROC curve shows the prospective estimate of the true-positive traction 
ofof the system at various false-positive fraction values in the task of discriminating between 
benignbenign and malignant lesions. The curve was derived from leave-one-out validation of the 
trainingtraining set of suspicious lesions. The fitted binormal ROC parameters a and b are 2.02 and 0.66. 
respectively. respectively. 
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FigureFigure 3.4. Graph shows estimates of the largest feasible positive-predictive value (PPVj with the 
systemsystem at negative-predictive value (NPV) of of at least 98% for various values of prevalence of 
malignancymalignancy (PM) (top axis) in the total population (i.e., including normal images) and (bottom 
axis)axis) in the population of suspicious lesions only. The maximum (PPV = 87%) is at a prevalence 
1.27o1.27o (totalpopulation). 
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-Predictivee curve 95%% confidence interval 

100 20 30 40 50 60 70 80 90 100 

Positive-predictivee value (%) 

FigureFigure 3.5. Graph shows the estimate of the predictive curve of the lesion analysis system at 
2%2% prevalence of malignancy in the subset of suspicious lesions. Details at the operating point 
(arrow)(arrow) are listed in table 3.4. 
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Operatingg point PPV = 50% 

Performancee Performance (%) * 95% CI (%) 

Suspiciouss lesions 

NPVV 98.7 

PPVV 50.0 

TPFF 85.7 

FPFF 7.5 

Totall population 

NPVV 99.7 

PPVV 50.0 

TPFF 85.7 

FPFF 0.02 

TableTable 3.4. Estimates ot prospective performance of lesion analysis system to discriminate 
betweenbetween benign and malignant lesions in screening population of women at increased lifetime 
risk. risk. 
** Estimated prevalence of malignancy in the screening population: 8% (subset of suspicious 

lesions)lesions) and 2% (total population). 
"" Uncertainty in the FPF has been accounted for in the CI of the TPF. 

Att operating point of PPV - 50% (TPF - 85.7%), false-negative findings were of infiltrating 
ductall  carcinoma (lesion volumes of 0.2, 0.3, 0.5, and 2.9 cm5). None of these misclassified 
lesionss were associated with a genetic predisposition or familial involvement. False-positive 
findingss were transient enhancement (lesion volumes of 0.5, and 1.4 cm3) and fibroadenoma 
(lesionn volume of 0.5 cm3). A systematic difference in values for likelihood-of-malignancy 
obtainedd by the first and second operators could not be found (p > 0.6). In fact, the differ-
encess in computed likelihood were less than 5% for 72 of the 80 lesions. The differences were 
nott caused by discrepancies in interpretation of the likelihood of malignancy by the two 
operators,, but by variations in selection of the seed point during segmentation of the lesions. 
Thee effect of these variations is small. At the selected operating point, only one of the 80 
lesionss was characterized differently, which resulted in a difference in TPF between the two 
operatorss that was less than 1.5% (not significant [p > 0.9]). 

3.44 Discussion 

AA computerized analysis system was developed to assist identification of subgroups of lesions 
withh characteristics that can be correlated accurately with a low likelihood of malignancy. 
Thee system was made to help optimize the consistency of differential diagnosis of breast 
lesionss at contrast-enhanced MR imaging and to allow selection of operating points at prior 
estimatess of NPV and PPV. Such methods may contribute substantially to the benefit of MR 
screeningg programs for asymptomatic women at increased lifetime risk. 
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Itt is always possible to achieve a PPV equal to the prevalence of malignancy in the popula-
tionn because if all lesions are called malignant, then both the TPF and the FPF equal 1 and 
thee PPV becomes equal to the prevalence. Consequently, in a symptomatic population asso-
ciatedd with high prevalence of malignancy, the follow-up of suspicious findings by means 
off  biopsy is more easily accepted than it is in an asymptomatic population associated with 
loww prevalence. For symptomatic indications, computerized analysis may still help achieve-
mentt of consensus in triple assessment (i.e., physical examination, imaging, and pathologic 
examination),, but more benefit is expected in screening, where the annual prevalence of 
malignancyy is considerably lower than the desirable PPV. A first estimate of PPV obtained in 
ourr clinic for asymptomatic screening is 20%. The lesion analysis system has been tuned to 
achievee the desirable 50% PPV guideline at high NPV in a consistent and reproducible man-
ner.. Although the 50% PPV may not be representative for clinics in al regions, the system is 
easilyy tunable to other PPVs along an estimated curve of performance. 

MRR screening 

Initiall  literature reports on the screening of asymptomatic women at increased lifetime risk 
indicatee detection of breast tumors in a substantially earlier stage of malignancy when the 
womenn are under surveillance rather than when they are referred because of symptoms 102. 
Inn 109 asymptomatic women at high risk, Tilanus-Linthorst and colleagues U4 report 100% 
sensitivityy (three of three tumors), 94% specificity (100 of 106 women), and no false-negative 
findingss with a follow-up of 1 year (i.e., NPV = 100%, PPV - 33%). In 105 asymptomatic 
women,, Kuhl and colleagues 104 report 100% sensitivity (nine of nine tumors), 95% specificity 
(911 of 96 women), and no false-negative findings with a follow-up of at least 1 year (i.e., NPV 
== 100%, PPV = 64%). However, this relatively large PPV is difficult to compare with findings 
inn other studies because the false-positive findings were taken from a smaller population (n 
== 105) than were the true-positive findings (n = 192) to guarantee at least a 1 year follow-up 
off  benign findings. In addition, the prevalence of malignancy (approximately 5% [nine of 
1922 women]) was found to be somewhat higher than that reported in other studies and that 
observedd in our hospital (approximately 2%). 
Differencess in sensitivity and specificity reported in the examination of the asymptomatic 
populationn compared with that in the symptomatic population may be attributed to the 
smalll  number of screening cancers accumulated thus far. In addition, differences in specific-
ityy may be caused by differences in prevalence of normal findings (no enhancement) in the 
symptomaticc and asymptomatic groups, because normal findings are typically interpreted as 
true-negativee findings until proven otherwise at follow-up. Other differences may be caused 
byy discrepancies in follow-up guidelines for suspicious findings and differences in image 
interpretationn 101*104. Nonetheless, first results in the screening of asymptomatic women at 
highh risk indicate high certainty of excluding malignant disease. At a PPV of much less than 
50%,, however, fewer biopsies of benign lesions are desired without compromising the NPV. 
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Features s 

Thee margin of malignant lesions was found to be sharper (i.e., better defined) than that 
off  benign lesions (p < 0.01); this observation may seem inconsistent with observations of 
suspiciouss masses in mammograms. However, margins depicted in mammograms reflect 
differencess in tissue density, whereas margins depicted in contrast-enhanced MR images 
reflectt differences in uptake of contrast material. The higher speed of uptake and peripheral 
enhancementt l25 of malignant lesions may explain the superior sharpness of their margins 
comparedd with that of benign lesions. In the present study, the mean margin sharpness in the 
firstt subtraction images appeared to be a better indicator of malignancy than was the mean 
marginn sharpness maximized for all the subtraction images for all time frames (maximum 
acrosss subtractions). Apparently, the difference in definition of benign and malignant mar-
ginss decreases over time. 
Thee temporal features were computed in a region of interest that was limited to 80% of the 
segmentedd lesion with the largest feature values. Smaller percentage values had no obvious 
effectt on the performance of the system. The 80% value was chosen to reduce possible influ-
encee of the partial volume effect while maintaining a sufficient number of voxels in smaller 
lesions. . 
Thee features selected in a pilot study that was performed with a much smaller independent 
databasee 44 are in agreement with a subset of the features selected in the current study: in the 
pilott study, smoothness of uptake and variation in margin sharpness resulted in an area under 
thee ROC curve of 0.96. In the current study, temporal features were added, a larger indepen-
dentt set of lesions from a different imager and clinic were used, and semi-automated seg-
mentationn was used rather than manual segmentation. Consequently, two additional features 
weree selected, which resulted in an area under the ROC curve of 0.95. These observations are 
ann encouraging indication of the generalizing behavior of the computerized analysis. 

Performancee and limitations 

Too achieve highly reproducible results, semi-automated segmentation of lesions has been 
combinedd with computerized rating and classification of features. The results indicate clini-
callyy acceptable PPV (approximately 50%) at an NPV of at least 99% in the total screening 
population.. Moreover, variations in results obtained by two independent operators of the 
systemm were found to be negligibly small. 
Thee lesion analysis system is intended to be a tool that will provide radiologists with objective 
andd consistent guidelines to attain prior selected PPVs and NP Vs derived from statistics of past 
cases.. Detection of suspicious lesions is accomplished exclusively by radiologists, although 
thee interactive detection function of the system is currently in clinical use as an add-on fea-
turee to the existing image reading system. The efficacy of contrast-enhanced MR imaging in 
thee detection of lesions in a screening population lies outside the scope of our current study, 
butt it is one of the main focus points of multi-institutional trials on MR screening. The deci-
sionn to focus on computerized characterization before computerized detection follows from 
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thee known high sensitivity of contrast-enhanced MR imaging for invasive lesions. Because 
off  the limited sensitivity of contrast-enhanced MR imaging to depict ductal carcinoma in 
situu 126,127, it is especially important that any enhancement related to ductal carcinoma in 
situu is interpreted accurately and consistently. Cross validation of the system resulted in cor-
rectt labeling of all cases of ductal carcinoma in situ in our database - although there were 
onlyy a limited number - as malignant disease. Because automated rating and classification 
aree currently tested independently from the determinations of the radiologists in our clinic, 
thee interaction between the radiologists and the system has not yet been examined. We will 
investigatee this topic in the future. 
Thee current study was limited because most benign lesions were found at screening of asymp-
tomaticc women at increased lifetime risk, whereas the majority of malignant lesions were 
foundd in symptomatic patients. In this preliminary study, we combined the two populations 
too allow initial training of the system. Because of the low prevalence of malignancy in the 
screeningg population, approximately 2000 asymptomatic women would need to be screened 
too allow detection of 40 malignant lesions. Provision of comparably sized sets of benign and 
malignantt lesions is crucial to train the system to recognize the typical differences in char-
acteristics.. We emphasize that the combining of populations requires careful analysis and 
interpretationn of data, while taking the limitations into account. 
First,, the distribution of sizes of benign and malignant lesions in the asymptomatic screening 
populationn is currently unknown and may be different from that in a symptomatic popula-
tion.. For example, the differences in size between the benign and malignant lesions in our 
databasee may be due in part to the fact that most malignant lesions were symptomatic (and 
weree therefore more likely to be detected at a larger size), but they may also be a result of the 
inherentlyy large difference in growth rates between benign and malignant lesions, as would 
alsoo be true in an exclusive screening population. Given this uncertainty, size was not used 
ass a feature in the current study, nor were any features used that were significantly correlated 
withh size. 
Second,, differences may exist in MR image characteristics between sporadic cancers and 
thosee associated with a genetic predisposition. Differences in histological phenotype, such as 
pushingg margins, have been reported in cancers associated with BRCA1/2 128, but the statisti-
call  significance of these observations on contrast-enhanced MR screening images is yet to 
bee determined in larger sets of malignant tumors from both sporadic and high-risk popula-
tions.. It is possible that pushing margins will improve the depiction of margin sharpness and 
decreasee the variation in sharpness along the margin. If so, identification of these cancers 
byy means of the analysis system will be facilitated, but such an effect can be assessed only in 
actuall  prospective application. We could not find an indication for increased failure of the 
systemm to characterize the 11 malignant lesions in our database that were associated with 
geneticc predisposition or familial involvement. 
Third,, with a combined symptomatic and asymptomatic population, the PPV and NPV for 
ann exclusive screening population cannot be determined in a straightforward manner. By 
transformingg the ROC curve to a predictive curve based on a-priori estimates of prevalence 
off  malignancy in a screening population, the PPV and NPV in a screening population could 
bee estimated from our training database. Although the actual prevalence may vary slightly 
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inn prospective application, the effects of such variation are not expected to result in large dif-
ferencess in performance of the system. Prospective estimates of PPV remained greater than 
50%% for a wide range of prevalence values. 
Too estimate the prospective performance of the system on the basis of the training popula-
tion,, a common test (cross validation) was used, and results were corroborated with conser-
vativee splitting validations. In addition, a simple classification method (linear-discriminant 
analysis)) was used to minimize the risk of obtaining results that were specific for only the 
trainingg population in our study. Nonetheless, prospective testing of the system on a larger 
sett of multi-institutional screening images remains necessary to validate its clinical perfor-
mancee and to fine-tune selection of the operating point. Currently, all lesions that are visible 
onn MR images obtained in our clinic are added to the lesion analysis system. 
Anotherr topic of future investigation concerns the effect of the imaging technique. In the 
currentt study, a standard fast low-angle shot three-dimensional acquisition technique was 
chosenn that balances temporal and spatial resolution at a voxel size of approximately 0.003 
cm3.. The size of the training population did not allow breakdown of the performance into 
multiplee categories of lesion volume without the loss of statistical power. It is likely, however, 
thatt differentiation between very small benign and malignant lesions is more challenging 
thann that between larger lesions. One way to compensate for this effect is to allow the analy-
siss system to automatically adjust the operating point for small lesions to a different (but 
knownn a-priori) trade-off between NPV and PPV. Automatic switching between operating 
pointss is feasible, because the volume of the lesion is known after the segmentation process 
iss complete. 

Inn conclusion, the lesion analysis system has been tested successfully in a clinical environ-
ment.. The combination of computer-rated washout, smoothness of uptake, mean margin 
sharpness,, and variation of margin sharpness yields a significant contribution to character-
izationn into benign and malignant lesion types. In the current study, first estimates of pro-
spectivee performance indicate that the system is capable of excluding malignant disease with 
highh confidence and reproducibility, at a clinically acceptable PPV in a screening setting. The 
abilityy to reproducibly select operating points on the basis of prior estimates of NPV and PPV 
mayy contribute substantially to the success of contrast-enhanced MR screening programs for 
asymptomaticc women at increased lifetime risk, but prospective validation in an exclusive 
screeningg population remains necessary. 
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