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Prognostic value of automatically extracted
nuclear morphometric features in whole slide
images of male breast cancer
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Numerous studies have shown the prognostic significance of nuclear morphometry in breast cancer patients.
Wide acceptance of morphometric methods has, however, been hampered by the tedious and time consuming
nature of the manual segmentation of nuclei and the lack of equipment for high throughput digitization of
slides. Recently, whole slide imaging became more affordable and widely available, making fully digital
pathology archives feasible. In this study, we employ an automatic nuclei segmentation algorithm to extract
nuclear morphometry features related to size and we analyze their prognostic value in male breast cancer. The
study population comprised 101 male breast cancer patients for whom survival data was available (median
follow-up of 5.7 years). Automatic segmentation was performed on digitized tissue microarray slides, and for
each patient, the mean nuclear area and the standard deviation of the nuclear area were calculated. In univariate
survival analysis, a significant difference was found between patients with low and high mean nuclear area
(P=0.022), while nuclear atypia score did not provide prognostic value. In Cox regression, mean nuclear area
had independent additional prognostic value (P=0.032) to tumor size and tubule formation. In conclusion, we
present an automatic method for nuclear morphometry and its application in male breast cancer prognosis. The
automatically extracted mean nuclear area proved to be a significant prognostic indicator. With the increasing
availability of slide scanning equipment in pathology labs, these kinds of quantitative approaches can be easily
integrated in the workflow of routine pathology practice.
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Histologic grading of breast cancer is liable to inter-
and intra-observer variability and it has suboptimal
reproducibility! because of the subjective nature of
the three components that constitute the grading
system: nuclear pleomorphism, tubule formation
and mitotic count. The wusefulness of nuclear
morphometry by image analysis in providing more
objective and reproducible prognosis for breast
cancer patients has been recognized for a long
time.2® Prognostically important features express
the nuclear size and shape (and in some cases the
nuclear texture and the architecture of the tissue?)
in a quantitative manner. Incorporating nuclear
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morphometry features into grading would therefore
make sense, but wider acceptance of such an
approach to histological grading has been hampered
by the tedious and time consuming nature of the
manual segmentation of nuclei. Another contributing
factor has been the lack of technology for high
throughput digitization of histological slides.
Recently, whole slide imaging'®!! has become more
affordable and thus more accepted into pathology
labs, with the scanning and processing time
constantly decreasing. Thus, fully digital pathology
archives are already feasible.'? This development of
scanning equipment has in turn prompted the
development of automatic image analysis methods
of histopathology images that aim at reducing or
completely eliminating the manual input to the
quantitative analysis of the tissue.'3

In this study, we demonstrate the usefulness of
automatic image analysis in breast cancer grading
by employing a segmentation method to extract
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prognostically relevant morphometric features re-
lated to size from cancer nuclei in male breast cancer
patients. This relatively rare type of cancer repre-
sents less than 1% of all breast cancers. Despite this,
the mortality and morbidity of the disease are
significant. Owing to the rare occurrence, large series
are lacking and most of the knowledge is generalized
from breast cancer in females. One previous study on
50 male breast cancer patients revealed that nuclear
morphometry features from manually produced
segmentations are predictive for the survival of the
patients.” In the work presented here, we extract two
morphometric features, the mean nuclear area and
standard deviation of the nuclear area, using a fully
automatic segmentation method on whole slide
images, and we analyze their prognostic value.

Materials and methods
Patients

The study population comprised 101 invasive male
breast cancer patients. These are consecutive cases
from the years 1986 to 2010 from four pathology labs
in the Netherlands: St Antonius Hospital Nieuwe-
gein, Diakonessenhuis Utrecht, University Medical
Center Utrecht and Laboratory for Pathology East
Netherlands. This group of patients was previously
used to analyze the molecular sub-typing, fibrotic
focus and hypoxia in male breast cancer.'*'® The
patients for whom survival data was not available
were excluded in the current study. Age, tumor size
and lymph node status were extracted from the
pathology reports. Cases with isolated tumor cells
were considered as lymph node positive.
Hematoxylin and eosin (HE) slides were reviewed
by three experienced observers (PJvD, RK, AHJV-M)
to confirm the diagnosis and to characterize the
tumor. Histological type (WHO), tubule formation,
nuclear grade, mitotic activity index (MAI'®) and
histological grade according to the modified Bloom
and Richardson!” score were recorded. The grades
were assigned by consensus of the three observers in
one microscope session. Prognostic information was
obtained from the Integral Cancer Centre, the
Netherlands. A summary of the clinicopathological
data is given in Table 1.

Tissue preparation and slide scanning

HE-stained slides were used to identify representa-
tive tumor areas. From these areas three 0.6mm
punch biopsies from formalin-fixed and paraffin-
embedded tissue blocks were obtained and em-
bedded in a recipient paraffin block to produce a
tissue microarray as described previously.'* Sections
of 4 ym were cut and stained with HE. The tissue
microarray slides were digitized using a ScanScope
XT whole slide scanner (Aperio, Vista, CA, USA).
The digitization was done at x40 magnification

MODERN PATHOLOGY (2012) 25, 1559-1565

Table 1 Summary of clinicopathological features of 101 male
breast cancer patients

Total number of patients 101
Age
Median 67
Range 32-88
Tumor type
Ductal 90
Lobular 3
Mixed type (ductal/lobular) 2
Invasive cribriform 1
Papillary 1
Mucinous 2
Invasive micropapillary 1
Adenoid cystic carcinoma 1
Tumor size
<2.0cm 47
>2.0cm 51
Unknown 3
Lymph node metastases
Absent 42
Present 47
Unknown 12
Nuclear atypia
I (mild) 7
II (moderate) 60
III (severe) 34
Tubule formation
I(>75%) 9
11 (10-75%) 41
I (<10%) 51
Mitotic activity index
<8 46
>8 55

Bloom and Richardson grade

I 21
II 44
111 36

with a resolution of 0.25um/pixel. To reduce the
storage requirements, JPEG2000 compression with
high quality factor was used. The tissue microarray
cores were manually extracted and stored as separate
image files. Entire cores, or parts of them, were
removed from the analysis in certain cases like
folded tissue, non-tumor tissue, poor fixation and
poor digitization due to failed autofocusing. The
latter two negatively affect the automatic segmen-
tation method. In total, 16 cores were completely
removed and 16 cores were partially removed. This
includes two patients for whom all three cores were
completely removed.

Image analysis

For the task of automatic nuclei segmentation of the
epithelial nuclei, we used an extension to our
previously developed method!8 of which we give a



short outline here, also illustrated in a block-
diagram in Figure 1.

The segmentation procedure consists of four main
steps: (1) preprocessing, (2) multi-scale marker-con-
trolled watershed segmentation, (3) postprocessing
and (4) merging of the results from multiple scales.
Color unmixing!? (also called color deconvolution),
which is a special case of spectral unmixing,?° and
series of mathematical morphology operators?! are
used to preprocess the image, removing irrelevant
structures and substructures that may hamper the
segmentation. Image transformation that highlights
points of high radial symmetry?? and the regional
minima of the preprocessed image are used to mark
candidate nuclei locations. Watershed regions?? are
grown from the markers, after which spurious regions
are removed based on shape, texture and boundary
saliency. The contours of the remaining regions are
approximated with ellipses. The results from
multiple scales, where the scale is defined by the
size of the structuring elements for the preprocessing,
are merged into a single segmentation using a region
fitness criterion to resolve spatial concurrences.

The segmentation method was evaluated in a
separate study on a set of 39 regions of size 1 x 1 mm
from digitized breast cancer slides. The evaluation
included detection (sensitivity and positive predic-
tive value) and segmentation accuracy (median Dice
coefficient), as well as the correspondence between
the manual and automatic estimations of the
mean and standard deviation of the nuclear area
(correlation analysis). The sensitivity, median Dice
coefficient and correlation were evaluated by com-
parison with manual segmentations produced with
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Figure 1 Overview of the automatic nuclei segmentation method.
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systematic random sampling.?4?® The positive
predictive value was evaluated by annotating a
subset of the segmented regions as correct segmenta-
tions or spurious regions. The method showed
overall good results in terms of sensitivity
(0.86 £0.09), positive predictive value (0.90 + 0.07),
median Dice coefficient (0.89 + 0.02) and correlation
of the mean nuclear area (2=0.84), and the
standard deviation of the nuclear area (r2=0.81)
between the manual and automatic estimations.
Automatic nuclei segmentation was performed on
all tissue microarray cores after which the mean and
standard deviation of the nuclear area were calcu-
lated for all patients. The values were corrected to
compensate for the systematic over- and under-
estimation error with linear regression trained on
the 39 regions mentioned before. Some example
segmentation results are given in Figure 2.

Statistical analysis

A result was considered statistically significant if
P<0.05. As the number of patients with score I for
nuclear atypia, tubule formation and Bloom and
Richardson grading system was very low, scores I and
IT were pooled. The mean and standard deviation of
the nuclear area were correlated with clinicopatho-
logical features using the independent sample t-test.

The median follow-up time for the patients was
5.7 years, so all survival analysis was based on the 5-
year survival rates. For the univariate survival
analysis, patients were divided into groups of high
and low mean, and standard deviation of the nuclear
area. The low group included the patients in the first
two tertiles, whereas the high group included the
last tertile. The rationale behind this kind of
dichotomization was to establish an analogy with
the nuclear and Bloom and Richardson grades, for
which approximately one third of the patients were
assigned a high grade. Tumor size and MAI were
dichotomized using previously defined cutoff va-
lues.’® Univariate survival analysis was done by
plotting the Kaplan—Meier survival curves and
performing the logrank test.

Features that proved significant in univariate
analysis were entered in multivariate survival
analysis using Cox’s proportional hazards model
(forward stepwise selection). Due to the relatively
high median age of the patients, age was also taken
as a covariate in multivariate survival analysis.

Results

The comparison of the mean and standard deviation
of the nuclear area between patients grouped by
clinicopathological features is summarized in
Table 2. Significant differences were found for the
mean nuclear area between patients with low and
high nuclear atypia (P=0.032), low and high MAI
(P=0.011), and Bloom and Richardson grades I and
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Figure 2 Example of the automatic nuclei segmentation results in whole slide images of male breast cancer (all images are reproduced at
the same scale). The tumors in the first row have low mean nuclear area and the tumors in the second row have high mean nuclear area.

IT vs III (P=0.007). For the standard deviation of the
nuclear area, significant differences were observed
between patients with low and high MAI (P=0.014),
and Bloom and Richardson grades I and II vs III
(P=0.047).

Results from the univariate survival analysis are
given in Table 3, and the survival curves according
to the mean and standard deviation of the nuclear
area are presented in Figure 3. Large tumor size
(P=0.036), low tubule formation (P=0.019), high
MAI (P=0.015), high Bloom and Richardson grade
(P=0.027), and high mean nuclear area (P=0.022)
were associated with poor survival. Five-year survi-
val rates for low and high mean nuclear area were 77
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and 52%. The standard deviation of the nuclear area
was not a significant predictor of outcome.

In Cox proportional regression, tumor size
(P=0.017), tubule formation (P=0.035) and mean
nuclear area (P=0.032) were retained as indepen-
dent prognostic factors. The coefficients for the
model are given in Table 4.

Discussion

The goal of this study was to analyze the prognostic
significance of automatically extracted nuclear
morphometric features from whole slide images in



Table 2 Association between automatically assessed mean and
standard deviation of the nuclear area on whole slide images with
classical clinicopathological features in male breast cancer
patients (t-test)

Prognostic value of nuclear area in breast cancer

M Veta et al

Table 3 Univariate survival analysis results of male breast cancer
patients according to classic clinicopathological features and
automatically extracted mean and standard deviation of nuclear
area on whole slide images

Standard

Mean nuclear deviation of the

Feature area (um?)  P-value nuclear area (um?) P-value

All patients  42.80 (8.98) 17.03 (4.34)

Tumor size
<2.0cm 43.02 0.884 16.84 0.802
>2.0cm 42.75 17.06

Lymph node metastases
Absent 42.85 0.976 16.47 0.321
Present 42.79 17.42

Nuclear atypia
Tand II 41.26  0.0322 16.32 0.065
I 45.37 18.02

Tubule formation
Tand II 42.56 0.938 16.94 0.909
1T 42.70 16.84

Mitotic activity index
<8 40.18 0.011? 15.75 0.0142
>8 44.76 17.87

Bloom and Richardson grade
Tand II 40.85 0.0072 16.25 0.0472
III 45.90 18.05

8Significant at the 5% level.

male breast cancer patients. From the two examined
features, only the mean nuclear area provided
significant prognostic value. In contrast to others
studies, the lymph node status was not a univariate
prognostic predictor of survival. It should be
pointed out that this remains the case even if the
patients with isolated tumor cells (n=4) are re-
garded as node negative. A significant difference in
mean nuclear area was found between patients with
low to moderate and high nuclear atypia as graded
by an expert pathologist. This was expected as
subjective assessment of the size of the nuclei is a
major part of the nuclear atypia scoring. Interest-
ingly, nuclear atypia score on its own was not a
significant prognostic factor, which is in agreement
with previous studies in female breast cancer.?® In
Cox regression, automatically extracted mean
nuclear area was an independent prognostic factor
to tumor size and tubule formation. These results are
in agreement with multiple studies that have shown
the prognostic significance of nuclear morphometry
in female and male breast cancer patients.?®
Altogether, this suggest that prognostication in
male breast cancer could benefit from replacing
classical nuclear atypia scoring according to the
Bloom and Richardson grading system by automated
nuclear morphometry of whole slide images.
Careful examination of the results revealed that
many of the cases that have nuclei of small or
intermediate size were given grade III for nuclear

5-year
Feature N survival s.e. P-value
Tumor size
<2.0cm 47 0.79 0.07 0.036%
>2.0cm 51 0.59 0.07
Lymph node metastases
Absent 42 0.82 0.06 0.132
Present 47 0.66 0.08
Nuclear atypia
Tand II 67 0.71 0.06 0.430
1T 34 0.62 0.09
Tubule formation
Iand II 50 0.82 0.06 0.0192
I 51 0.55 0.08
Mitotic activity index
<8 46 0.81 0.06 0.0152
>8 55 0.57 0.07
Bloom and Richardson grade
Tand II 65 0.77 0.06 0.0278
III 36 0.53 0.09
Mean nuclear area
<46.19 um? 66 0.77 0.06 0.0222
>46.19 um? 33 0.52 0.09
Standard deviation of the nuclear area
<18.31 um? 66 0.72 0.06 0.328

>18.31 um? 33 0.61 0.09

8Significant at the 5% level.

atypia due to the irregular chromatin texture and
presence of large nucleoli and vice versa. Chromatin
texture and presence of nucleoli are more easily
evaluated by visual examination than nuclear size,
and thus, arguably, they are more influential in the
grading process. In this study, we did not consider
automatically extracted nuclear texture features or
nucleolar size, but this presents an interesting topic
for future work.

As mentioned before, the recent advancements in
slide scanning equipment and automatic image
analysis methods of histopathology images may
increase the use of quantitative methods in pathol-
ogy. Software applications for analysis of immuno-
histochemically stained slides are already available
from commercial vendors, some of which have
approval by the USA Food and Drug Administra-
tion.?” Such applications should be considered as
additional decision support tools for the pathologists;
not overruling them.?® One application example
would be presenting the automated mean nuclear
area to the pathologist at the time of grading a
particular case, together with mean nuclear area
values of reference cases and their nuclear atypia
score. This additional quantitative input would help
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Figure 3 Kaplan—Meier survival curves for male breast cancer
patients grouped by automatically extracted nuclear morpho-
metry features. (a) Mean nuclear area (P=0.022) (b) Standard
deviation of the nuclear area (P=0.328).

‘steer’ the decision for the nuclear atypia grading.
These ‘hybrid’ approaches, however, are yet to be
examined in an experimental setting.

It should be pointed out that the automatic
estimation has some drawbacks. Poorly fixed or
poorly stained tissue, inclusion of regions with
severe necrosis or lymphocytic infiltration and failed
autofocusing during the digitization may negatively
affect segmentation performance, which in turn
affects the estimation of the prognostic features.
These situations, however, can be easily identified in
a revision step by an experienced observer.

In conclusion, we here present an automatic
method for nuclear morphometry in male breast
cancer grading. This approach using whole digital
slides offers all the benefits of a quantitative
method while eliminating the tediousness of the
previous interactive methods. With the increasing
availability of slide scanning equipment in pathol-
ogy labs, this kind of quantitative approach can be
easily integrated in the workflow of routine pathol-
ogy practice.
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Table 4 Coefficients for the Cox proportional hazards model
analyzing the additional prognostic value of classical and nuclear
morphometry features in male breast cancer

Feature Coefficient s.e. P-value
Tumor size 1.060 0.445 0.017
Tubule formation 0.942 0.447 0.035
Mean nuclear area 0.858 0.399 0.032

Variables were encoded with 0 for the group with better prognosis and
with 1 for the group with worse prognosis. Age, mitotic activity index,
and Bloom and Richardson grade were not included in the model.

Disclosure/conflict of interest

The authors declare no conflict of interest.

References

1 Robbins P, Pinder S, de Klerk N, et al. Histological
grading of breast carcinomas: a study of interobserver
agreement. Hum Pathol 1995;26:873-879.

2 Baak JPA, Van Dop H, Kurver PHJ, et al. The value of
morphometry to classic prognosticators in breast
cancer. Cancer 1985;56:374-382.

3 Krongqvist P, Kuopio T, Collan Y. Morphometric grading
of invasive ductal breast cancer. 1. Thresholds for
nuclear grade. Br ] Cancer 1998;78:800—805.

4 Pienta KJ, Coffey DS. Correlation of nuclear morpho-
metry with progression of breast cancer. Cancer
1991;68:2012-2016.

5 Tan PH, Goh BB, Chiang G, et al. Correlation of nuclear
morphometry with pathologic parameters in ductal
carcinoma in situ of the breast. Mod Pathol 2001;14:
937-941.

6 Cui Y, Koop EA, van Diest PJ, et al. Nuclear morpho-
metric features in benign breast tissue and risk of
subsequent breast cancer. Breast Cancer Res Treat
2007;104:103-107.

7 Chiusa L, Margaria E, Pich A. Nuclear morphometry in
male breast carcinoma: association with cell prolifera-
tive activity, oncogene expression, DNA content and
prognosis. Int ] Cancer 2000;89:494-499.

8 Mommers ECM, Page DL, Dupont WD, et al. Prognostic
value of morphometry in patients with normal breast
tissue or usual ductal hyperplasia of the breast. Int J
Cancer 2001;95:282—-285.

9 van Diest PJ, Fleege JC, Baak JP. Syntactic structure
analysis in invasive breast cancer: analysis of reprodu-
cibility, biologic background, and prognostic value.
Hum Pathol 1992;23:876—883.

10 Pantanowitz L, Evans A, Pfeifer J, et al. Review of the
current state of whole slide imaging in pathology.
J Pathol Inform 2011;2:36.

11 Al-Janabi S, Huisman A, Van Diest PJ. Digital
pathology: current status and future perspectives.
Histopathology 2012;61:1-9.

12 Huisman A, Looijen A, van den Brink SM, et al. Creation
of a fully digital pathology slide archive by high-volume
tissue slide scanning. Hum Pathol 2010;41:751-757.

13 Gurcan MN, Boucheron LE, Can A, et al. Histopatho-
logical image analysis: a review. IEEE Rev Biomed Eng
2009;2:147-171.



14

15

16

17

18

19

20

21

Kornegoor R, Verschuur-Maes AHJ, Buerger H, et al.
Molecular subtyping of male breast cancer by immu-
nohistochemistry. Mod Pathol 2012;25:398-404.
Kornegoor R, Verschuur-Maes AHJ, Buerger H, et al.
Fibrotic focus and hypoxia in male breast cancer. Mod
Pathol 2012; Accepted for publication.

van Diest PJ, Baak JPA, Matze-Cok P, et al. Reprodu-
cibility of mitosis counting in 2,469 breast cancer
specimens: Results from the Multicenter Morpho-
metric Mammary Carcinoma Project. Hum Pathol
1992;23:603-607.

Elston CW, Ellis IO. Pathological prognostic factors in
breast cancer. I. The value of histological grade in
breast cancer: experience from a large study with long-
term follow-up. Histopathology 1991;19:403—4010.
Veta M, Huisman A, Viergever MA, et al. Marker-
controlled watershed segmentation of nuclei in H&E
stained breast cancer biopsy images. IEEE Interna-
tional Symposium on Biomedical Imaging. Chicago,
IL, USAApril 2011, pp 618-621.

Ruifrok AC, Johnston DA. Quantification of histo-
chemical staining by color deconvolution. Anal Quant
Cytol Histol 2001;23:291-299.

Garini Y, Young IT, McNamara G. Spectral imaging:
Principles and applications. Cytometry 2006;69A:735—747.
Vincent L. Morphological grayscale reconstruction in
image analysis: applications and efficient algorithms.
IEEE Trans Image Processing 1993;2:176—-201.

Prognostic value of nuclear area in breast cancer

M Veta et al

22

23

24

25

26

27

28

Loy G, Zelinsky A. Fast radial symmetry for detecting
points of interest. IEEE Trans Pattern Anal Mach Intell
2003;25:959-973.

Fernand M. Topographic distance and watershed lines.
Signal Process 1994;38:113-125.

Jannink I, Bennen JN, Blaauw J, et al. At convenience
and systematic random sampling: effects on the
prognostic value of nuclear area assessments in breast
cancer patients. Breast Cancer Res Treat 1995;36:
55-60.

Fleege JC, van Diest PJ, Baak JP. Systematic random
sampling for selective interactive nuclear morpho-
metry in breast cancer sections. Refinement and
multiobserver evaluation. Anal Quant Cytol Histol
1993;15:281-289.

Abdel-Fatah TMA, Powe DG, Ball G, et al. Proposal for
a modified grading system based on mitotic index and
Bcl2 provides objective determination of clinical out-
come for patients with breast cancer. ] Pathol 2010;
222:388-399.

Rojo M, Bueno G, Slodkowska ]. Review of imaging
solutions for integrated quantitative immunohisto-
chemistry in the pathology daily practice. Folia
Histochem Cytobiol 2009;47:349-354.

Hipp J, Flotte T, Monaco J, et al. Computer aided
diagnostic tools aim to empower rather than replace
pathologists: Lessons learned from computational
chess. J Pathol Inform 2011;2:25.

1565

MODERN PATHOLOGY (2012) 25, 1559-1565



	Prognostic value of automatically extracted nuclear morphometric features in whole slide images of male breast cancer
	Main
	Materials and methods
	Patients
	Tissue preparation and slide scanning
	Image analysis
	Statistical analysis

	Results
	Discussion
	References




