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Background: Malignant growth and invasiveness of can-
cers is a function of both intratumoral and stromal factors.
The accessibility to nutrients, oxygen and growth factors,
the stromal composition, and the interference with the
immune system all shape the tumor invasion front. A
recent study has shown a prognostic difference with
respect to different invasion patterns analyzed on histolog-
ical specimens of cervical cancers. The present study ana-
lyzes the spatial organization of a cervical cancer and the
relation of the tumor invasion front and the infiltration
with CD31 T-cells.
Methods: From a cervical squamous cell carcinoma spec-
imen, 84 serial sections were performed and three inter-
leaving series were stained with hematoxylin/eosin and
immunohistochemistry directed against the cervical carci-
noma biomarker p16INK4a and the T-cell marker CD3. Sec-
tions were passed through an image processing chain to
obtain a reconstructed and segmented tissue volume. For
local tumor invasion front analysis the mean curvature
was used, which in turn was related to the respective
local minimum tumor to T-cell distance as well to a T-cell
originated diffusing substance’s concentration at the tu-
mor surface.

Results: Spatial models of the tumor tissue and the infil-
trating T-cells were computed. The overall discrete com-
pactness of the tumor invasion front was 0.89, corre-
sponding to a pathological assessment of diffuse infiltra-
tion. The comparison of the tumor invasion front with the
density of T-cell infiltration revealed an increased smooth-
ening in regions with high T-cell infiltration.
Conclusions: We could demonstrate the spatial organiza-
tion of a cervical cancer and model the interaction between
infiltrating T-cells with the tumor invasion front shape.
Increased smoothening in regions with high T-cell infiltra-
tion suggests that T-cells may have an influence on the shap-
ing of the tumor invasion front, e.g., by attacking tumor
cells displaying specific antigens. The applied technique
allows visualization of the spatial organization of tissues and
could be extended to analyze multiple stains on alternating
sections. q 2007 International Society for Analytical Cytology
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Both cellular genotype and phenotype, as well as extra-
tumoral factors, such as accessibility to nutrients, oxygen,
and growth factors are important determinants of malig-
nant growth and invasiveness. Thus, the tumor invasion
front reflects both the malignant features of the tumor
itself and the interaction between the tumor and the non-
diseased surrounding tissue. Several attempts have been
made to model tumor growth based on the availability of
nutrients and growth factors. These approaches were able
to predict the tumor shape in simple models and have
shown a relationship between growth rate, nutrients and
tumor shape (1). However, several other factors, such as

tumor-stroma interactions based on direct cell–cell con-
tacts and paracrine signaling have been shown to be im-
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portant determinants of tumor invasion and progression
(2–4). Components of the immune system were found to
modulate malignant growth. Besides many inflammatory
and reactive cell types, such as macrophages, granulocytes
and other innate immune cells, components of the adapt-
ive immune system can be found infiltrating the surround-
ing tumors. Among them are cytotoxic T-cells that target
structures expressed by tumor cells and that can attack
and lyse these cells. Numerous tumor associated antigens
have been identified in various tumors that were shown
to elicit T-cell mediated immune responses (5). It is sup-
posed that many malignant cells are eliminated by the
immune system before detectable tumors develop.
Accordingly, proliferating cancers have been shown to de-
velop manifold immune escape strategies (6).

Cervical carcinomas are caused by persistent infections
with human papilloma viruses (HPV). The deregulated
expression of HPV oncogenes induces strong overexpres-
sion of the cellular p16INK4a protein, a biomarker that is
being used to improve the histological assessment of cervi-
cal cancer (7,8). In the majority of HPV infected women,
the immune system controls premalignant cells and thus
prevents the development of malignant disease (9). Many
cervical cancers show infiltrations with T-cells that are sup-
posed to be directed against proteins expressed in the ma-
lignant cells. Immunological studies have demonstrated
that reactive cytotoxic T-cells directed against viral proteins
(E6, E7) and against over-expressed self-antigens, such as
p16INK4a (10,11) can be isolated from cervical cancers. In
addition, histological studies have been performed that
have analyzed the phenotype of tumor infiltrating T-cells in
detail (12). However, the spatial interaction between tumor
cells and immunologic cells with possible effects on the tu-
mor invasion pattern has not been shown previously.
Recently, Horn et al. have shown that specific invasion pat-
terns of cervical cancers have a prognostic value. In a study
of over 600 cervical cancer cases, invasion patterns were
assessed on microscopic slides and compared to pathologic
and clinical data (13). Highly dissociative, spray-like growth
was correlated with advanced tumor stages, high recur-
rence rates, and reduced survival. A correlation between
immune infiltrations detected on hematoxylin and eosin
(H&E) slides with invasion patterns was not observed.
However, in this analysis, a clear differentiation of immune
system components was not possible. In our present study,
we used a general T-cell marker (CD3) to specifically high-
light components of the adaptive immune system that
might be involved in immunoediting.

In histological assessment of malignant tumors, usually
only a small portion of the diseased tissue can be observed
on a single slide. In many cases, serial sections have to be
performed to monitor the invasiveness of a tumor over a
larger area. With continuous spreading of digital (virtual)
microscopy technology, the potential for the further
uprating of the precision and reproducibility of morpho-
logical assessments in biomedicine is growing consider-
ably. Linked with state-of-the-art image processing technol-
ogy, at this stage automated morphometric analyses are
going to be introduced in laboratory practice. Presently, a

broad development towards computational microscopy
can be stated. Besides the development of routine applica-
tions, image processing also offers a broad spectrum for
experimental investigations regarding tissue organization.
E.g., �just� extending the well-established traditional two-
dimensional (2D) microscopy by adding the third spatial
dimension, three-dimensional (3D) analysis and morphom-
etry of tumors based on conventional transmitted light mi-
croscopy using serial sections can provide important in-
formation on tumor-stroma interaction and tumor inva-
sion. We have previously demonstrated the feasibility to
generate spatial models of tumor masses and to calculate
the compactness of the tumor invasion front (14). Lately,
this technology could successfully be extended to both
reconstruct and visualize large alternately stained histologi-
cal serial sections (15). In the present study, we have ana-
lyzed this cervical squamous cell carcinoma (SCC) with
triple alternative staining for H&E (reference stain, Fig. 1a),
p16INK4a (tumor marker, Fig. 1b) and CD3 (T-lymphocyte
marker, Fig. 1c) and assess the shape of tumor invasion with
respect to the T-cell infiltration.

MATERIALS AND METHODS
Tissue Specimen

As primary case of investigation, we have used a speci-
men of a radially-cut uterine cervix obtained from a radical
hysterectomy. The section plane exhibits a squamous cell
carcinoma including the invasion front into the cervical
stroma and was classified as follows: pT1b1, pN0, pMx, G3,
L1, V0. In total, 84-serial sections were cut from the selected
paraffin-embedded block (slicing thickness: 10 lm). The
sections were separated into three interleaving series, each
with 28 sections. Sections were immersed in xylene twice
for paraffin removal and rehydrated by decreasing alcohol
gradients (23 100%, 96%, 70% each 5 min).

Immunohistochemistry

While the first series was stained with H&E, the second
series was stained with the CINtecTM p16INK4a histology
kit (Dako GmbH, Hamburg, Germany), and the third series
with an anti-CD3 antibody according to the manufacturer’s
prescriptions (Acris Antibodies GmbH, Hiddenhausen,
Germany). In brief, p16INK4a staining was initiated by epi-
tope retrieval using TRIS/EDTA pH 9.0 at 95�C for 10 min.
After peroxidase blocking, the primary antibody directed
against p16INK4a (clone E6H4) was incubated for 30 min
on the slides. After washing and incubation with the visua-
lization reagent containing the secondary antibody (anti-
mouse), substrate chromogen solution containing DAB
was applied for 30 min and counterstaining was performed
with hematoxylin. For CD3 staining, 10 mM citrate buffer
was used for epitope retrieval in the microwave oven. The
primary antibody (Clone DM112) was incubated for
60 min and the secondary antibody incubation and detec-
tion reactions were performed using the Vectastain ABC
Elite kit (Mouse IgG, PK-6102, Vector Laboratories, Burlin-
game, CA), the substrate used was on DAB chromogen
(Liquid DAB, Dako GmbH, Hamburg, Germany). Counter-
staining was performed with hematoxylin.
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Microscopic Image Digitization

For all images, along the series, a corresponding region
of interest (ROI) was digitized (1,300 3 1,030 pixels, area
0.865 cm2, pixel size �8 3 8 lm2). This step was carried
out on an Axioskop 2 plus upright brightfield transmitted
light microscope equipped with an AxioCam MRc digital
camera using the AxioVision 3.1 image capturing software
(all products by Carl Zeiss MicroImaging GmbH, Ger-
many). To ensure an optimum image quality, several set-
tings were stipulated throughout all digitizations, i.e.,
K€ohler illumination, lamp current, damping filters, and di-
aphragm opening. Before starting to capture, a black refer-
ence image was taken. Then, under an empty optical path
the maximum exposure time was selected for an optimum
adaptation to the 8 bit dynamic range. Following, the
white balance correction was accomplished. An empty
image was taken as reference for the shading correction,
which was activated in the following. The white balance
correction was then repeated.

Image Registration and 3D Reconstruction and
Tissue Segmentation

Even though carefully accomplished, slicing and stain-
ing unavoidably may induce severe artifacts, mainly differ-
ent kinds of distortions. To a large extent, these can be
algorithmically treated using our dedicated image process-
ing chain consisting of a series of linear and nonlinear

automatic reference-free image registrations as well as an
intermediate tissue segmentation step as was described in
Ref. 14. Now, for the registration of images of alternately
stained consecutive slices a problem arises due to a partial
loss of spatial correspondences between two respective
images with possibly totally different distributions both in
the color as well as in the position space, unfortunately
preventing the direct registration of the images. As solu-
tion we newly have introduced a consistent image seg-
mentation step prior to the above mentioned nonlinear
registration. We consider this step essential in order to
obtain the optimum accuracy for the respective registra-
tion transformation. This consistent segmentation’s identi-
fication of different tissue types does not only simply con-
sider pixel color differences to build up the segmentation
vector for each pixel; statistical properties within the
pixel neighborhood may also be added to the vector, e.g.
via sampling along an Archimedean spiral, starting at the
respective pixel and analyzing the spatial frequency distri-
bution of the one-dimensional Fourier transform. Further,
the vector additionally includes color features taken from
several Gaussian smoothed image instances. We basically
apply a fuzzy c-means clustering method and estimate the
parameters of an overall distribution (described as linear
combination of normal distributions) by means of a vari-
ant of the expectation maximization algorithm (16). Using
the estimated distribution we label every pixel with a class
number to obtain the image segmentation, however, for a

FIG. 1. Histological serial section from a uterine cervix specimen exhibiting a squamous cell carcinoma. (a–c) Selected triple-sequence H&E/p16INK4a/
CD3 (scale bar: 1 mm, the irregular outline is due to the applied registration procedures); (d) stack of registered alternately stained histological serial sec-
tion (five triples); (e) multiplanar reconstruction of the complete stack (84 images); (f) virtual slicing plane within the 3D reconstructed tissue. The image
shows a plane with 2� tilt by this passing �33 consecutive sections. The upper half mainly consists of tumor invading into the stroma. While the tumor is
more or less visible in all three staining techniques, it is best delimitable at the p16INK4a slices as saturated brown structures (see (b)). Because of the high
accuracy of the obtained reconstruction, while interactively browsing through the stack, tumor structures as well as vessels and many other details
smoothly continue in the adjacent slices. The spatial localization of the inflammatory response between the tumor invasion front and the stroma as can be
seen in the middle of the virtual plane (f) is of particular tumor-biological interest.
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pair of differently stained slices the segmentation results
may still differ, e.g., with respect to the determined class
number. This basically can occur if one of the specific
staining marks certain structures which remain invisible
in the corresponding slice’s image. For such case the class
labels have to be merged to correspondingly describe the
same regions with the same labels in order to achieve the
best possible consistent segmentation. Moreover, merging
may also be advised if more than a single normal distribu-
tion is required to segment a certain histological structure
due to staining inhomogeneities.

Once the segmentation was done for an image pair, we
take the respective two scalar images to compute the dis-
placement vector field for the nonlinear, nonparametric
curvature-based registration (17). The latter requires the
numerical solution of a coupled system of fourth-order
partial differential equations. Finally, with the obtained dis-
placement vector field to register one image onto its pred-
ecessor in the series, the original color image is just trans-
formed according to this transformation in order to even-
tually yield—after repeated registration steps along one
serial section—a reconstructed volume data set of the ori-
ginal image modality.

Quantitative Assessment

The reconstructed tumor volume is used to compute a
polygonal approximation of the invasion surface. From
the volume data the mean curvature j can be calculated
from the interpolated volume data c(x, y, z). This can be
accomplished as computation of the half trace of the Hes-
sian matrix (the square matrix of second partial deriva-
tives) of c(x, y, z):

jðx; y; zÞ ¼ 1

2

@2c

@x2
þ @2c

@y2
þ @2c

@z2

� �
: ð1Þ

This mean curvature is computed at each center of mass
li 5 (x*i, y*i, z*i)

T for the set of polygons building up a po-
lygonal approximation of the invasion surface.

To quantify the spatial relationship between the T-cells
and the tumor invasion front, the pairs (j(li), d(li)) are
used, where d(li) is the minimum distance from the poly-
gon center of mass li to any of the T-cells within the vol-
ume. The tumor surface has nearly half a million polygon
centers and an estimate of the density distribution pd(j,
d) can be computed. To avoid artifacts due to the finite
volume, the conditional density

pdðjjdÞ ¼ pdðj;dÞR
pdðj;dÞdj ð2Þ

will be used.
To quantify the hypothesized tumor vs. T-cell relation-

ship, and in particular to assess the T-lymphocyte infiltra-
tion strength with respect to a local tumor surface area,
i.e. the influence of assumed substances produced by the
T-cells that damage cancer cells, we assume that every T-
cell produces and emits this substances with a constant
rate ts, and the substance with concentration cs spreads
into the volume by a diffusion process with diffusion con-

stant Ds. Assuming zero-derivative boundary conditions
for the concentration cs, we have to solve the partial dif-
ferential equation

� DsDcsðx; y; zÞ ¼ tsðx; y; zÞ ð3Þ

to obtain the static concentration profile of the substance
s in the volume (D ¼ @2

@x2 þ @2

@y2 þ @2

@z2 denotes the Laplace
operator). Since, we don’t know the production rate ts
and the diffusion constant Ds, we can only compute a spa-
tial distribution that is proportional to these constants.
Having the concentration profile in the volume, we can
again sample the concentration on the polygon centers
(j(li), cs(li)) and compute an estimate of the probability
distribution ps(j, cs).

RESULTS
Two-Dimensional Analysis and Processing

of the Tumor

The conventional H&E staining of the specimen
showed a cervical squamous cell carcinoma (Fig. 1a) to-
gether with a peritumoral inflammatory response which is
difficult to be differentiated on the given level of resolu-
tion (�8 lm). The complete tumor tissue showed diffuse
staining pattern for p16INK4a (Fig. 1b). The CD3 staining
showed heterogeneous T-cell clusters at the tumor inva-
sion front (Fig. 1c). Figure 1d illustrates the stacked sec-
tions with alternating H&E, p16INK4a, and CD3 staining for
the first 15 sections. After registration of the images, a vir-
tual oblique section with a 2� angle passing through �33
sections was captured. Figure 1f demonstrates the high
quality image processing that continuously integrates the
three different stainings and allows to follow structures
seamlessly through all sections (see multiplanar recon-
struction in Fig. 1e).

Three-Dimensional Reconstruction of the Tumor,
Analysis of Invasion Front

The reconstructed tumor appears as a sponge-like mass.
The tumor invasion-front pattern exhibits a 3D discrete
compactness of 0.89, which basically corresponds to the
pathologist’s assessment ‘‘diffuse’’ (cp. 14). The combined
reconstructed tissue was automatically segmented with
respect to the tumor (p16INK4a, Fig. 2a) and the T-cells
(CD3, Fig. 2b) and resulting segments were visualized in
3D using a polygonal approximation of the surfaces of the
tumor invasion front and the T-lymphocytes, respectively.
Now, the spatial relationship of the tumor invasion and
the inflammatory response can be visually inspected inter-
actively and further assessed quantitatively (Fig. 2c).
Within an overall reconstructed tissue volume of 60.9 mm3

the tumor within this volume of interest (VOI) fills
11.6 mm3, and T-lymphocytes have been detected for
another 1.1 mm3.

Relationship Between Tumor Shape and T-Cell
Infiltration

New measures both plausibly and illustratively describ-
ing the spatial relationship (colocalization) between tu-
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mor and T-lymphocytes have been applied. In Figure 3a,
we again depict the tumor segment (as in Fig. 2a) but now
apply a color code for all tumor surface polygons expres-
sing the respective shortest distance to the T-lymphocyte
segments (cp. Fig. 2b). While this mapping only allows to

roughly estimate some dependence between the tumor-T-
lymphocyte distance and the tumor shape, we go another
step further and have identified the association between
this distance and the respective shape of the tumor sur-
face (Fig. 4) using the above introduced mean curvature
[Eq. (1)]. In this plot we depict the estimated conditional
probability pd(j|d) [Eq. (2)]. In summary, this plot sug-
gests that the longer the distance, the more surface
regions with a high magnitude of curvature can occur.
Roughly speaking, the region with a relatively high proba-
bility can be delineated by an upright ‘‘V’’ shape in the dia-
gram. This also means, in regions with T-cells close to the
tumor invasion front, a smoothening of the cancer surface
was observed. In tumor surface regions more distant from
T-cells, larger curvature values occur more frequently.
In Figure 3b we illustrate how the T-lymphocytes may

penetrate the tumor by emitting substances by means of
diffusion precisely under the colocalizational conditions
we have found (cp. Fig. 2c). This was done by solving the

FIG. 2. In the 3D surface rendering both the automatically segmented tu-
mor (a) and those tissue regions exhibiting T-lymphocytes (b) are shown.
(c) Illustrates how close the T cells regions surround the tumor invasion
front. The overall height of the 3D reconstructed tissue volume is 0.84 mm.

FIG. 3. Tumor-related colocalizational analysis of the neighboring T-lym-
phocytes. (a) Shortest distance between tumor invasion front and T-cells
(red: short, yellow: medium, and light blue: far). (b) Logarithm of the con-
centration of T-lymphocyte emitted substances diffusing towards the tu-
mor invasion front. The color denotes the respective concentration (red:
high, yellow: medium, and light blue: low) when impinging the invading
tumor’s surface.

331COMBINED SERIAL SECTION-BASED 3D RECONSTRUCTION OF CERVICAL CARCINOMA INVASION

Cytometry Part A DOI 10.1002/cyto.a



Eq. (3) providing us information on the local penetration
strength of the diffusing molecules on the tumor surface.
Therefore, every surface polygon was assigned a color
indicating the logarithm of the local substance concentra-
tion. What basically can be seen roughly comparing Figure
3b with Figure 2b is that the thicker the T-lymphocyte
margin appears, the higher is the concentration at the tu-
mor surface. We therefore can assume that the concentra-
tion measure well reflects the level of T-cell invasion.
Again, we would like to analyze if we see some interrela-
tion of the colocalizational measure—T-cell emitted sub-
stance concentration in this case—and the local shape tu-
mor shape. In Figure 5 the distribution shows that in areas
with low concentrations of T-cell secreted molecules tu-
mor surfaces with a broad range of values for the mean
curvature are found, expressing a rather irregular tumor
surface shape. The higher the concentration, the more
this range shrinks to low absolute curvature values indicat-
ing an increasing smoothness of the shape. This kind of
probability distribution which can be roughly delineated
with a ‘‘V’’ turned upside down, shows that high concen-
trations lead to a smoothing of surface areas (with before-
hand high absolute values for the mean curvature), while
in regions with low concentrations less compact tumor
structures appear.

DISCUSSION

In the current study, we have analyzed the spatial orga-
nization of a cervical carcinoma and its interaction with
surrounding infiltrating T-lymphocytes by 3D reconstruc-
tion of serial sections including three interleaving staining
for H&E, p16INK4a, and CD3. The 3D reconstruction of the
tumor tissue was based on the H&E staining and the

p16INK4a staining, while the T-cell infiltration was recon-
structed using the CD3 stain. The reconstruction resulted
in a highly accurate spatial tumor model that allows to
perform quasi-seamless virtual oblique sections through
the tumor tissue. Using an interactive software, the tumor
can be viewed from all angles, substructures can be high-
lighted and interactions can be viewed.
On the basis of spatial reconstruction, the overall dis-

crete compactness of the tumor surface was calculated. In
addition, the distribution of the infiltration of T-cells was
analyzed and compared to the tumor surface. First, the
direct correlation of the distance of T-cells from the tumor
surface was compared to local tumor surface properties
expressed by the mean curvature, a measure which can
be interpreted as related to a surface smoothness or com-
pactness. Second, since the distribution of T-cells varied
substantially more than the distance from the invasion
front, a diffusion model was used to put weight on the
infiltration density of T-cells. Based on this diffusion
model, a correlation was observed between a smooth tu-
mor surface and a higher number of T-cells in the sur-
rounding tissue.
While the majority of experimental oncologic studies

are based on the examination of tumor cells or tumor tis-
sue, it is becoming more and more clear that the tumor-
stroma interaction and the immunoediting of tumors are
very important determinants of malignant behavior.
Schmeichel and Bissell have called for the use of models
that are based on the spatial organization of tumor
progression (18).
Our study shows the feasibility to perform spatial stu-

dies from primary tissues applying molecular markers. We
have analyzed the infiltration of T-cells in the surrounding

FIG. 4. Conditional probability pd (j|d) for the mean curvature j at a
certain distance d from the T-cells. The longer the distance d, the more
surface regions with a high magnitude of curvature j occur. Under the
influence of the T-cells a smoothening of the tumor surface (at close dis-
tances) arises, while for tumor regions more far apart from the T-cells
larger curvature values occur more frequently. Negative curvatures
denote convex surface areas, positive concave ones.

FIG. 5. Estimated probability distribution ps(j,cs) for curvature j and
substance concentration cs emitted by the T-cells. The distribution indi-
cates how areas with low concentrations of T-cells the surfaces of tumor
invasion exhibit a broad range of values for the mean curvature, expres-
sing a rather irregular tumor surface shape. With rising concentration,
this range shrinks to low absolute curvature values. This goes along with
an increasing smoothness of the tumor surface.
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of a cervical cancer. The results suggest that dense T-cell
infiltration altered the tumor surface to a more compact,
smooth structure. The marker used for this analysis, CD3,
is expressed by almost all groups of T-cells, including
helper, effector and regulatory T-cells. The pure presence
of CD31 cells can therefore not give any functional evi-
dence that these cells are indeed involved in shaping of
the tumor. However, the association between infiltration
and tumor shape observed in our study suggests that there
might be a direct relationship at least in the tumor we
have analyzed.

Many other aspects of tumor growth can be analyzed
using the spatial modeling approach we applied in this
study. Expression of matrix metalloproteinases (MMPs) and
tumor vascularization might be other interesting targets to
analyze invasive growth. Since image registration is mainly
based on the hematoxylin counterstain used in most IHC
protocols, spatial reconstruction would be feasible using
more than three interleaving stains. To summarize, with
our reconstruction method using large histological serial
sections combined of different stainings we could demon-
strate a powerful new technique for detailed 3D visualiza-
tion and analysis of complex tissue intersections.
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