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ABSTRACT

The purpose of this study is to define prognostic rela-
tionships between computer-derived nuclear morphological
features, lymph node status, and tumor size in breast cancer.
Computer-derived nuclear size, shape, and texture features
were determined in fine-needle aspirates obtained at the
time of diagnosis from 253 consecutive patients with invasive
breast cancer. Tumor size and lymph node status were
determined at the time of surgery. Median follow-up time
was 61.5 months for patients without distant recurrence. In
univariate analysis, tumor size, nuclear features, and the
number of metastatic nodes were of decreasing significance
for distant disease-free survival. Nuclear features, tumor
size, and the number of metastatic nodes were of decreasing
significance for overall survival. In multivariate analysis, the
morphological size feature, largest perimeter, was more pre-
dictive of disease-free and overall survival than were either
tumor size or the number of axillary lymph node metastases.
This morphological feature, when combined with tumor
size, identified more patients at both the good and poor ends
of the prognostic spectrum than did the combination of
tumor size and axillary lymph node status. Our data indicate
that computer analysis of nuclear features has the potential
to replace axillary lymph node status for staging of breast
cancer. If confirmed by others, axillary dissection for breast
cancer staging, estimating prognosis, and selecting patients
for adjunctive therapy could be eliminated.

INTRODUCTION

Our original goal was to develop a method to assist diag-

nosis of breast fine-needle aspirates (1, 2) based on computer- ) X . X
we found th&hd who recurred had a full axillary dissection with 10-18

generated morphological features. Subsequently,

axillary lymph nodes were given adjunctive chemotherapy.
Therefore, disease-free survival in node-positive patients could
approach that of node-negative patients. However, overall sur-
vival, which is used as an end point in this study, was not
affected by the adjunctive therapies given to our patients (4—6).

PATIENTS AND METHODS
Patients

In 1984, we started patient accrual and FNfample
acquisition. In 1992, we developed our computer-based nuclear
analytic system and analyzed the 184 previously acquired
FNAs. After 1992, we analyzed samples at the time of collec-
tion. The samples were obtained from 253 consecutive patients
who had invasive breast cancer with no evidence of distant
metastases at the time of diagnosis, and for whom follow-up
data are available. A total of 240 patients had preoperative
FNAs of palpable masses for diagnosis, and 13 had FNAs on the
surgically excised specimens. All histological tumor types were
represented because the study included all patients with palpable
masses. Pathologists determined tumor size on surgical speci-
mens. A total of 238 patients had lymph node dissection and
pathological staging. The median number of nodes examined
was 15 (range, 1-38 nodes). The mean numherSD) of
axillary nodes obtained was 8.234.23 in the 13 patients who
had axillary sampling and 16.92 6.16 in the 225 patients who
had level | and Il axillary dissection. Fifteen patients did not
have axillary surgery and were clinically staged as node nega-
tive. Of these, five patients did not have axillary surgery because
of tubular carcinoma, one patient did not have axillary surgery
because of an 8-mm low-grade infiltrating ductal carcinoma,
and nine patients did not have axillary surgery because of
complicating medical conditions. None of the clinically staged
patients received adjunctive drug therapy, none developed ax-
illary recurrences, and one developed distant recurrence after 53
months. Positive nodes were obtained in two of the six patients
in whom axillary dissection or sampling yielded fewer than five
nodes, and no axillary recurrences developed in these patients or
in the other four patients.
All five patients who were in the good prognostic group

these features were prognostically stronger than lymph nod®™MpPh nodes examined; three patients were node negative, one
status for disease-free survival (3). The previous end point of@tient had 1 positive lymph node, and the other patient had 4
disease-free survival may have underestimated the significanc%os't've nodes. All had infiltrating ductal carcinomas, four had

of lymph node involvement because only patients with positive
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breast conservation (tumor excision with histologically negative
margins and breast irradiation), and one opted for mastectomy.
The two patients who had positive nodes received adjunctive
chemotherapy.

We compared our patients’ outcomes with those of 24,000
similar patients from the SEER program of the National Cancer
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Institute (3) to determine whether our patients represented the Table 1 Comparison of breast cancer-specific survival (%) in the
population of the United States. Both groups had invasive can-SEER database and our series stratified by the extent of lymph node
cer and did not have distant metastases at the time of diagnosis metastases

For comparison, we stratified axillary lymph node involvement 5-year survival 10-year survival

at 0, 1-3, and=4 positive nodes (7, 8).

Lymph node metastasis SEER  Our study SEER  Our study

Node negative 90.6 89.4 82.2 82.1
FNA Preparation 1-3 positive nodes 80.9 82.0 67.5 75.7
A physician aspirated palpable breast masses with a 23-4 ©F more positive 59.8 63.0 42.6 49.0
gauge needle by multiple passes while maintaining suction and nodes
longitudinally rotating a 30-ml syringe. The aspirated material . For the same lymph node grouping and at the same time, none of
. . the differences are statistically significant.
was expressed onto two glass slides. The slides were coapteole
face-to-face, and the aspirate was spread by separating the slides
with a horizontal motion. Preparations were immediately fixed

in 95% ethanol and stained with H&E. (i) Texture was measured by finding the variance of the
gray scale intensities in the component pixels.
Computer Analysis The computer calculated the mean value, the “largest”

value, and the SE for each nuclear feature, resulting in a total of
microscope with a<2.5 ocular and a<63 objective to visually 30 features. The largest value for each feature was the mean of

select a field for analysis that was deemed to be most atypicaF.he three largest values for all nuclei in the analyzed image.
He avoided areas where the preparation distorted nuclei O'II'hr(_ee was ch_oser_1 as t_h_e s_mallest number that would guard
where nuclei overlapped considerably. A 640 400 pixel ~ 2dainst numerical instability in the shape features. _

digital image of this field was produced by a video camera on We assessed the reproducibility of nuclear border determi-

the microscope and a framegrabber card in a PC. Data storadiion by independent analysis of five images by one of the
accommodated only a single image, so analysis was performegUthors (W. H. W.) and an accomplished cytopathologist and by
on 10-20 nuclei/patient. analysis of 39 images by W. H. W. and a cytopathology fellow.

Digital Assessment Process. The operator used a mouse o .
button to outline each cell nucleus on the computer monitor. Statistical Analysis S _
Beginning with this user-defined approximate border, a deform- Ve assessed two end points, time to distant recurrence and
able spline technique (9, 10) precisely located the actual nucledpverall breast cancer-specific survival, using SPSS software (13,
border. 14).
Nuclear Features. The computer calculated the follow-
ing 10 nuclear features for each nucleus (11) using the valueRESULTS
contained within the border defined by the deformable spline Nuclear feature assay results were consistent between ob-
technique. servers. The interobserver Pearson correlation coefficients with
(a) Radius was computed by averaging the length of radialthree observers were between 0.90 and 0.99 for the nuclear size
line segments from the center of the nuclear mass to each of thieatures (radius, perimeter, area, and compactness) and were

Selection of Nuclei for Analysis. An operator used a

points of the nuclear border. about 0.6 for the shape features (smoothness, concavity, con-
(b) Perimeter was measured as the distance around theave points, symmetry and fractal dimension). Specifically for
nuclear border. largest perimeter, the Pearson correlation coefficient was 0.959

(c) Area was measured by counting the number of pixels inbetween W. H. W. and the accomplished cytopathologist and
the interior of the nuclear border and adding one-half of the0.946 between W. H. W. and the cytopathology fellow.
pixels on the perimeter. The median follow-up was 61.5 months for the 184 cases
(d) Perimeter and area were combined to give a measure afvithout recurrence, and the median recurrence time was 19
the compactness of the cell nuclei using the following formula:months for the 69 cases with distant recurrence. Breast cancer-
perimetef/area. specific survival, stratified by the extent of lymph node metas-
(e) Smoothness was quantified by measuring the differencdasis, was similar for our series and that of the SEER database
between the length of each radius and the mean length ofTable 1).
adjacent radii. The computer-derived nuclear feature largest perimeter
(f) Concavity was determined by measuring the size of anywas the strongest prognostic indicator for breast cancer-specific
indentations in the nuclear border. survival and was second to tumor size for distant disease-free
(g9) Concave points counted the number of points on thesurvival by Cox univariate analysis (Table 2). Therefore, largest
nuclear border that lie on an indentation. perimeter and tumor size, together with the number of metastatic
(h) Symmetry was measured by finding the relative differ- lymph nodes, were selected for a three-factor Cox multivariate
ence in length between line segments perpendicular to and oanalysis. In this model, largest perimeter was the strongest

either side of the major axis. prognostic factor for both distant disease-free survival and
(i) Fractal dimension was approximated using the “coast-breast cancer-specific survival (Table 3).
line approximation” described by Mandelbrot (12) that meas- Life table analysis was done for each pair of the three

ured nuclear border irregularity. prognostic featuresaj tumor size; ) largest perimeter; ana)
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Table 2 Cox univariate analysis of prognostically significant factors ~ Table 3 & obtained from Cox multivariate analysis of the three-
factor model using the number of metastatic nodes, tumor size, and

Distant dis'ease- Breast can_cer-specific largest perimeter
free survival survival
Distant disease-freeBreast cancer-specific
Wald Wald survival survival
Factor statistic P statistic P

Tumor size 1824 <0.0001 1682  <0.0001 Eactor ol o ad
Largest perimeter 13.68 0.0002 2496 <0.0001
No. of metastatic nodes 11.91 0.0006 14.77 <0.0001 No. of metastatic nodes 3.7829 0.0518 6.5123 0.0107
Largest radius 12.53 0.0004 22.42 <0.0001 Tumor size 6.5108 0.0107 4.4071 0.358
Mean area 12.22 0.0005 22.00 <0.0001 Largest perimeter 11.8163 0.0006 24.9303<0.0001
Mean perimeter 12.16 0.0005 21.73 <0.0001
Mean radius 11.98 0.0005 20.61 <0.0001
Largest area 11.50 0.0007 21.90 <0.0001
SE of area 3.85 0.0497 10.19 0.0014 . . . .
SE of perimeter 381  0.0508 10.91 0.0010 Pperimeter values for node-negative and node-positive patients.
SE of radius 3.24  0.0720 9.35 0.0022 The mean largest perimeter was 39:18.6 for node-negative

patients and 41.3 9.4 for node-positive patients. Additionally,
there was a poor correlation between tumor size and largest
perimeter (Pearson correlation coefficient 0.1426; P =

lymph node positivity. Patients were assigned to groups basefl-023). However, tumor size and the number of lymph nodes
on the median split for tumor size (2.4 cm), largest perimete,c_ontalnlng _metastatlc tumor were correlated (Pearson correla-
(38.6.m), and lymph node positivity. This created four groups fion coefficient= 0.4537;P < 0.001).

for tumor size and largest perimetes) 6mall size, small largest

perimeter (SS/SP)bf small size, large largest perimeter (SS/ DISCUSSION

LP); (c) large size, small largest perimeter (LS/SP); adf)ddrge The major objectives in staging breast cancer are to esti-
size, large largest perimeter (LS/LP). This is illustrated in Fig. 1,mate prognosis and determine the need for adjunctive therapy.
where individual values for patients recurring or nonrecurring The size of the primary tumor, metastases to the axillary lymph
relative to the median value cut points for tumor size and largeshodes, and the presence or absence of known distant metastases
perimeter are shown. Similarly, patients above and below there the basis for the classical tumor-node-metastasis (TNM)
median split values for tumor size and largest perimeter weresystem for breast cancer staging. Axillary lymph nodes are
paired according to node-positive (Nod€ or node-negative removed for staging because of their prognostic importance (15,
(Node —) status to give four groups each. Life table analyses of16). Sampling procedures (17—-20) that require less than a com-
disease-free survival and breast cancer-specific overall survivgllete axillary dissection are of current interest. Although this is
showed no differences at either 5 or 10 years between SS/LR single-institution study, we believe our findings are generally
and LS/SP, between Node/SS and Node-/LS, or between applicable because our patients’ breast cancer-specific survival
Node+/SP and Node-/LP. Therefore, these were consolidated was comparable to that of the large, multi-institutional SEER
into “intermediate” groups. This left a “good” group consisting study. This indicates that our patient population behaved in a
of SS/SP, Node-/SP, or Node—/SS, and a “poor” group manner similar to the global breast cancer population and is
consisting of LS/LP, Node+/LP, or Node+/LS. probably a representative subset.

Life table analyses showed similar disease-free survival Our data include invasive cancers of various histological
and breast cancer-specific overall survival at both 5 and 10 yearypes because we were interested in determining how cytolog-
when patients were stratified according to all criteria pairs,ical features predicted breast cancer outcome rather than explor-
tumor size/node status, node status/largest perimeter, and tuminrg differences between various histological types. Moreover,
size/largest perimeter (Tables 4 and 5). The Wilcoxon (Gehanhistological grade and type are somewhat intermingled (21), and
test statistics for the difference in separation between the goodiifferent typing criteria can create significant differences be-
intermediate, and poor groups shows that the best results wete/een histological groupings (22).
obtained from the tumor size/largest perimeter combination Histological grading of tumor differentiation is prognosti-
(Table 6). Kaplan-Meier plots are shown in Figs. 2 and 3. cally important. The grading system of Bloom and Richardson

The independence of the prognostic factors was demon{23) combines cytological and histological criteria. This system
strated by the overlap of patients in the various groups wherhas been modified by Elston and Ellis and incorporated, together
stratified by the three criteria. Fifty patients were classified aswith tumor size and axillary lymph node status, in the Notting-
good, and 50 patients were classified as poor by all threeham index (24). Prospectively, the Nottingham index has been
stratification criteria. However, 75 patients were classified asshown to reflect prognosis (25-27). The Nottingham histologi-
good by one stratification criterion and classified as intermedi-cal tumor grading method evaluates nuclear size/pleomorphism,
ate by two stratification criteria. An additional 78 patients were tubule formation, and mitotic count. On multivariate analysis,
classified as poor by one stratification criterion and classified azumor grade emerged as the most powerful and the only signif-
intermediate by two stratification criteria. Further demonstrationicant prognostic factor (28). Tumor grading systems depend on
of the prognostic independence between largest perimeter arglibjective assessment of various features, with nuclear pleomor-
nodal status was shown by the Wilcoxon test, in which nophism being the least reproducible feature (29). Computer tech-
significant difference was demonstrated between the largestology objectively assesses these nuclear size/pleomorphism
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Table 4 Distant disease-free survival SE (%)
Groups
5-year survival 10-year survival
Stratificatior? Good Interm Poor Good Interm Poor
Node/size 85.1- 4.6 77.3+= 4.8 55.1+= 5.8 774+ 6.7 71.5+ 6.0 42.9+ 6.6
Node/LP 87.4- 45 74.2+ 4.6 55.0+ 6.2 79.8+ 6.6 64.7+ 6.0 45.0+ 7.3
Size/LP 94.8+ 2.9 68.2+ 5.0 55.9*+ 6.2 87.6+ 5.6 58.1+ 6.3 46.3+ 7.2

@ Node/size, axillary lymph node positivity and tumor size; Node/LP, axillary lymph node positivity and the nuclear feature largest perimeter;
Size/LP, tumor size and the nuclear feature largest perimeter.
b Interm, intermediate.

Table 5 Breast cancer-specific survival SE (%)

Groups
5-year survival 10-year survival
Stratificatior? Good Internt Poor Good Interm Poor
Node/size 89.9- 3.9 90.3+ 35 62.5+ 5.7 85.8+ 5.5 78.3x 6.4 547+ 6.5
Node/LP 98.2- 1.8 81.6+4.1 63.5+ 6.1 90.1+= 5.7 76.6*= 5.2 50.1+ 7.6
Size/LP 96.5+ 2.4 88.4+ 4.0 60.6+ 6.1 92.8+ 4.3 73.4x 6.2 51.3+ 7.2

2 Node/size, axillary lymph node positivity and tumor size; Node/LP, axillary lymph node positivity and the nuclear feature largest perimeter;
Size/LP, tumor size and the nuclear feature largest perimeter.
® Interm, intermediate.

features and should be more reproducible than visual grading.  Five-year survival and the percentage of patients in each
Although we analyzed the nuclear morphology of cytological group (in parentheses) reported for the Nottingham good, inter-
preparations, others have shown that both visual and imagenediate, and poor groups are 88% (27.1%), 69% (53.9%), and
analyzed cytological characteristics are related to histologicaP2% (19.0%), respectively (25). For comparison, our results
grade (30-32). Therefore, we believe that similar results will bewhen patients were stratified by largest perimeter and tumor size
obtained when our methods are applied to histological analysesvere 96.5% (29.6%), 84.3% (41.5%), and 60.6% (28.9%).
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Table 6 Wilcoxon (Gehan)Ps for significance between groups

Groups
Distant disease-free survival Breast cancer-specific survival
Goodvs Intermvs Goodvs Intermvs
Stratificatior? Goodyvs poor interrP poor Goodvs poor interm poor
Node/size <0.0001 0.1877 0.0002 0.0002 0.9124 0.0001
Node/LP <0.0001 0.0393 0.0021 <0.0001 0.0093 0.0006
Size/LP <0.0001 0.0001 0.0114 <0.0001 0.0151 <0.0001

2 Node/size, axillary lymph node positivity and tumor size; Node/LP, axillary lymph node positivity and the nuclear feature largest perimeter;
Size/LP, tumor size and the nuclear feature largest perimeter.
® Interm, intermediate.
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Fig. 2 Kaplan-Meier curves for distant recurrence for the three groups determined by the median cut points for tumor size and largest perimeter.
Good (size= 2.4 cm/largest perimetes 38.6 um), ; intermediate (size= 2.4 cm/largest perimeter 38.6 um and size> 2.4 cm/largest
perimeter= 38.6 pm), —————— ; and poor (size> 2.4 cm/largest perimeter 38.6 um), e .

Therefore, our system classified more patients with a bettephometry (nuclear area and axes ratio) to other prognostic
prognosis than did the Nottingham system and did so withoufactors (38).
including axillary lymph node information. In our analyses, an operator selected nuclei from an area
Our results are provocative because they indicate that theleemed to be the most atypical. Such selection may be subject
nuclear feature largest perimeter, when combined with tumoto operator bias when compared with random selection. How-
size, was a better predictor of distant disease-free survival andver, a study by Baaét al. (39) supports our approach. In their
breast cancer-specific overall survival than the classical combiseries of breast cancers, an operator made nuclear size meas-
nation of tumor size and lymph node status. In support of oururements from areas selected as maximally atypical and found
data, it should be noted that of the three features used in ththat these measurements correlated closely with systematic ran-
Nottingham index (tumor size, axillary lymph node stage, anddom measurements over the entire slide. Our interoperator re-
tumor grade), tumor grade emerged as the most indicative angroducibility was very good for nuclear size features and spe-
the only significant prognostic factor (28). Other computer- cifically for largest perimeter. We attribute the differences in
based studies demonstrated that larger nuclear size portendsnhaclear shape feature measurements to the way that different
poor prognosis (33—-37). As in our study, other investigators (33pperators traced irregular nuclear borders during initialization.
34) have found that variation in nuclear size is prognosticallyDifferences between operators in initialization can produce sub-
unfavorable. Currently, a large trial is comparing nuclear mor-stantially different results. We developed automated segmenta-
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Fig. 3 Kaplan-Meier curves for breast cancer-specific survival for the three groups determined by the median cut points for tumor size and largest
perimeter. Good (sizes 2.4 cm/largest perimetes 38.6 um), —— ; intermediate (size= 2.4 cm/largest perimeter 38.6 wm and size>
2.4 cm/largest perimetes 38.6 um), —————— ; and poor (size> 2.4 cm/largest perimeter 38.6 [Lm), «wseweese .

tion to overcome this problem (40—42). After automated seg-gorize patients. Our goal was accomplished by demonstrating
mentation is incorporated into our program, a group of blindedthat a single computer-derived feature, largest perimeter, when
FNAs will be sent to collaborators to assess the influence ofcombined with tumor size, has the potential for replacing axil-
field selection. lary lymph node status for prognostic staging of breast cancer.
Our study was not controlled for the use of adjuvant Because survival is unaltered by removing the affected lymph
chemotherapy. Axillary lymph node-positive patients were gen-nodes only if they become clinically apparent (44, 45), many
erally given adjunctive chemotherapy, whereas node-negativevomen could avoid lymph node dissection and its attendant
patients were not. However, it is unlikely that our conclusionsmorbidities, expense, and recovery time. This may avoid axil-
are affected because lymph node positivity and largest perimetdary surgery and help identify patients, even preoperatively, who
were demonstrated to be independent. Moreover, the protocalo not need adjunctive chemotherapy.
adjunctive chemotherapy that was given to our node-positive
patients was shown to prolong distant disease-free survival b
did not increase overall survival (4-6). UI&EFERENCES
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