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Cell-to-cell distances between tumor-infiltrating inflammatory cells have the potential
to distinguish functionally active from suppressed inflammatory cells
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ABSTRACT
Beyond their mere presence, the distribution pattern of inflammatory cells is of special interest. Our
hypothesis was that random distribution may be a clear indicator of being non-functional as a
consequence of lack of interaction. Here, we have assessed the implication of cell-to-cell distances among
inflammatory cells in anal squamous cell carcinoma and a possible association with survival data. Thirty-
eight patients suffering from anal carcinoma were studied using tissue microarrays, double staining
immunohistochemistry, whole slide scanning and image analysis software. Therapy consisted of
concurrent radiochemotherapy. Numbers of stromal and intraepithelial tumor-infiltrating inflammatory
cells (TIC) and the distances between cells were quantified. Double-staining of FoxP3+ cells with either
CD8+, CD1a+ or CD20+ cells was performed. Measured cell-to-cell distances were compared to computer
simulated cell-to-cell distances leading to the assumption of non-randomly distributed and therefore
functional immune cells. Intraepithelial CD1a+ and CD20+ cells were randomly distributed and therefore
regarded as non-functional. In contrary, stromal CD20+ cells had a non-random distribution pattern. A
non-random distance between CD20+ and FoxP3+ cells was associated with a clearly unfavorable
outcome. Measured distances between FoxP3+ cells were distinctly shorter than expected and indicate a
functional active state of the regulatory T cells (Treg). Analysis of cell-to-cell distances between TIC has the
potential to distinguish between suppressed non-functional and functionally active inflammatory cells. We
conclude that in this tumor model most of the CD1a+ cells are non-functional as are the intraepithelial
CD20+ cells, while stromal CD20+ cells and FoxP3+ cells are functional cells.
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Introduction

Inflammatory cells in the microenvironment of solid tumors
have become a crucial point in cancer research.1 The so-called
TIC are now considered an important part of the host–tumor
interaction representing a key player in both host antitumor
immunity and tumorous immunoevasion.2,3 In an effort to elu-
cidate the complex cell interactions, research has been strongly
focused on quantitative assessments of TIC in the core tumor
and the invasive margins. Recent data suggested to include an
“immunoscore” in the TNM classification of malignant tumors
(TNM).4 Yet, the interaction of inflammatory cells might not
only depend on the frequency of immune cells, but also on the
inter-individual distances as cells might interact via soluble fac-
tors but also via cell-cell contact. Accordingly, the mapping of
the tumor microenvironment has recently gained importance.5

Especially Treg interact and regulate the activation, prolifera-
tion and functions of different inflammatory cells.5,6 Tregs can
modulate the functions of at least CD4+ and CD8+ T cells, nat-
ural killer and natural killer T cells, B cells and antigen-present-
ing cells (APCs).7 Thus, many cancers induce Treg
proliferation or generation from naive T cells resulting in an

immunoevasion by active immunoediting.8,9 To exert their
immunosuppressive function, Tregs need either a direct cell-to-
cell contact or a spatial proximity to the target cells for an effec-
tive secretion of immunomodulatory cytokines.10 Therefore, a
non-random distribution of cells or short cell-to-cell distances
could be expected. New methods exists to map the spatial and
morphological patterns of cancer and normal cells and can
contribute to a more comprehensive understanding of the
highly heterogeneous tumor microenvironment.11 The follow-
ing prerequisites are necessary for the analysis of the distribu-
tion pattern of inflammatory cells. First, digital slide scanners
enable the acquisition of whole tissue images for analyzing the
distribution pattern of a representative amount of cells. Addi-
tional imaging analysis software is needed which can identify
both tissue structures and individual cells and is able to com-
pute cell-to-cell distances.11,12

Therefore, in the present study we set out to explore
whether not only the mere number of TIL in anal cancer
biopsies, but also the proximity of individual cell types
might have an influence on the outcome of the patients.
We used double staining methods to study the interaction
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of FoxP3+ cells to CD8+, CD1a+ and CD20+ cells and com-
pared the measured cell-to-cell distances with computer
simulation-predicted distances.

Results

Overall- and no evidence of disease (NED)-survival rates of all
patients were 77% and 65% at 5 y and 59% and 58% at 10 y
(Fig. 1C), respectively, as published earlier.13,14 Median follow
up time was 8 y (range, 2 to 147 mo). In the previous study,
only single subsets of TIC in the tumor epithelium were evalu-
ated. Here, we performed double stainings for FoxP3+ (Treg)
and CD8 (cytotoxic T cells, CTL) (Fig. 1A, B), CD1a (immature
dendritic cells, iDC) or CD20 (B cells), respectively. Addition-
ally, we quantified the numbers of inflammatory cells in both
the stromal and intraepithelial compartment and estimated the
shortest distance between two cells of the same subset or of

different subsets using an image analysis system. Distances
were calculated separately for stromal and intraepithelial cells
(Fig. 1D). We measured the shortest distances between differ-
ent cell subsets in the two respective directions, as they may dif-
fer distinctly. This is the case when different numbers of the cell
subsets are present and they are unevenly distributed. For
example, one cell of one type and two cells of the other type are
nearest together. So for the single cell, only the shortest distance
to the nearest cell of the other subset is calculated, while each of
the two other cells has a an individual shortest distance to the
single cell (Fig. 1D).

In both compartments, FoxP3+ Tregs were the predominant
inflammatory cell subtype followed by the CD8+ CTL (Fig. 2A).
FoxP3+ cells outnumbered the other cell types by a factor of 1.5 to
2.2 with the exception of the very rare stromal CD1a+ iDC which
they exceeded by a factor of 10 (Fig. 2B). CD1a+ iDC were four
times more frequent in the epithelial than in the stromal

Figure 1. Tissue microarrays and immunohistochemistry. Biopsy specimens were processed into tissue microarrays using a core diameter of 1.6 mm. Tissue microarray
tumor punches (A) were stained for FoxP3+ (red nucleic staining) and CD8+ (blue predominantly membranous staining) as shown in (B). (C) Kaplan–Meier plots for overall
survival and no evidence of disease over the whole patients collective. (D) Schematic view on the counting strategy used with the image analysis system. The shortest dis-
tance to the next cell was calculated from cell type I to cell type I (dashed line) and from cell type I to cell type II and vice versa (continuous line). Only the cells marked
with an arrow were calculated in reference to the other cell. Cells in stromal or intraepithelial compartment were analyzed separately.
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compartment while all other cell subtypes predominated in the
stroma with a factor ranging between 1.2- and 1.5-fold (Fig. 2C).

The distances of FoxP3+ Treg between each other or other
inflammatory cell subtypes varied greatly from a mean distance of
about 30 mm to more than 200 mm (Fig. 2D - F). As lymphocytic

cells in general have a diameter of about 8–10 mm ameasured dis-
tance of 10 mm to 14 mm is approximately the distance between
two adjacent cells. In our stainings, the surface stained inflamma-
tory cells had a diameter of about 12 mm and the nuclei of the
FoxP3 stained cells 6 to 8mmeach in the long axis (Fig. 1B).

Figure 2. Frequency of inflammatory cells and their cell-to-cell distances. Mean values of infiltrating cells in the stromal and intraepithelial compartment. The counts are
given per mm2. The numbers on top of the graph give the patients included in the analysis (A). The ratio between FoxP3+ cells and the other cell subsets are displayed
(B) and the ratio of the different subsets between intraepithelial and stromal compartment (C). The distances between same cell subsets including FoxP3+ cells (D) and
FoxP3+ and the different cell subsets in the intraepithelial (E) and stromal compartment (F) are shown. The distances from FoxP3+ to the other cell subsets and from the
other cell subset to FoxP3+ was calculated separately (E, F). The significance values are marked by square brackets and the p value is given on top of it.
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We compared the distribution density of inflammatory cells
with the cell-to-cell distances (Fig. 3). One would expect that
the distances between randomly distributed cells inside an area
would be the inverse square root of the cell number per area.
The expected cell-to-cell distances in dependence of cell num-
ber per mm2 were computer simulated by generating randomly
distributed cell-coordinates and calculating the cell-to-cell dis-
tances. The expected cell-to-cell distances for randomly distrib-
uted cells are included in the graphs. Additionally, the 5% and
95% confidential interval of 200 simulation repetitions were
included. The observed experimental data were fitted by Equa-
tion 3 (see Materials and Methods). The function takes into
account that cells have a spatial extension. Therefore, an offset
value in the X and Y direction is included in the used function.

The data fits of the simulated values of randomly distributed
coordinates can be identified by a curve shape starting with low
cell density and a high cell-to-cell distance and a steep decrease
of the cell-to-cell distance and an asymptotic shape in the X
direction (Fig. 3A–D). Additionally, we used the number of
cells per area of each patient and simulated the expected cell-
to-cell distance. The computer simulated distances of the 38
patients was averaged and compared to the mean of the
observed distances in our collective (Table 1).

Cell-to-cell distances of intraepithelial and stromal CD1a,
CD20+, CD8+ and FoxP3+ cells were each compared to the
computer simulated values (Fig. 3A–D). For CD1a, cells
cell-to-cell distances were quite similar to the expected val-
ues (Fig. 3A). The same is true for intraepithelial CD20

Figure 3. Inflammatory cell-to-cell distances in comparison to inflammatory cell numbers per area. CD1a+-to-CD1a+ distances (A), CD20+-to-CD20+ distances (B), CD8+-to-
CD8+ distances (C) and FoxP3+-to-FoxP3+ distances (D) were compared to the numbers of corresponding cells per square mm2. The solid line in the middle of the gray
region is the simulated cell-to-cell distance derived from randomly distributed cells. The black lines delimiting the gray region are the 5% and 95% confidential interval
of 200 simulation repetitions. The values were fitted by equation 3. Solid red lines represent intraepithelial inflammatory cells and the dashed blue lines the stromal
inflammatory cells. Data sets which could not be fitted by equation 3 were fitted by a linear regression. NED survival rates in relation to the intraepithelial (E) and stromal
(F) numbers of FoxP3+ cells per mm2. NED survival rates in dependence of the shortest distance between FoxP3+-to-FoxP3+ (G) in the intraepithelial compartment.
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cells (Fig. 3B). Stromal CD20 cell-to-cell distances were
shorter than expected. The same is true for CD8+ cells and
FoxP3 cells (Fig. 3C, D). Especially, FoxP3-to-FoxP3 distan-
ces were distinctly shorter than expected both for intraepi-
thelial and stromal location by a factor of 0.65 and 0.54,
respectively (Fig. 3D, Table 1).

In our previous study, only intraepithelial inflammatory cell
numbers were counted and we could not find a relationship
between FoxP3 and prognosis.14 In the present investigation,
however, we found an association of low FoxP3+ cell counts
with a favorable prognosis in both the intraepithelial (p D
0.017) and stromal (p D 0.04) compartment (Fig. 3E, F). In line
with this, long distances between intraepithelial FoxP3+ lym-
phocytes were prognostically beneficial (Fig. 3G). None of
intraepithelial or stromal counts of CD8+ CTL, CD1a+ iDC or
CD20+ B cell reached a significant prognostic value (Table S1).

CD1a+-to-CD1a+ cell distances corresponded much more to
the computer simulated cell-to-cell distances than FoxP3+-to-
FoxP3+. This is true for both the intraepithelial and stromal
compartment. Patients with CD1a+-to-CD1a+ cell distances
longer than 161 mm in the intraepithelial compartment had an
improved prognosis (p D 0.05) (Fig. 4A). Additionally, we
determined the distances between the different lymphocyte
subsets. As stated above, we measured the shortest distance of a
cell subset to the respective other surrounding cell subset. The
CD20+-FoxP3+ distances in the intraepithelial compartment
reached a clear prognostic value (Fig. 4B). Interestingly, the
FoxP3+-CD20+ distances had no significant prognostic value
(Fig. 4B). None of the other distances between different lym-
phocyte subsets had a clear prognostic value. All of the prog-
nostic relevant markers for NED had at least a trend for a
better overall survival (Fig. S1).

Additionally, we were interested in the correlations between
cell counts and cell-to-cell distances. We studied the correla-
tions and found that FoxP3+ numbers correlate with CD8+

numbers in the stromal and intraepithelial compartment. In
between the two compartments only CD1a+ cells had a positive
correlation (Fig. 4E). The distances of FoxP3+-to-FoxP3+ corre-
lated between stromal and intraepithelial compartment and to
the CD1a+-to-CD1a+ distances. Intraepithelial FoxP3-distances

correlated to CD20+ and CD8+ distances. Stromal FoxP3+ dis-
tances correlated to the FoxP3+-CD20+ and FoxP3+-CD8+ dis-
tances (Fig. 4F).

Discussion

Here, we used double staining of FoxP3+ cells with CD1a+,
CD20+ or CD8+, whole slide scanning and image analysis soft-
ware to determine the distances between the same cell subsets
and between FoxP3+ cells and the other cell subsets. Addition-
ally, we computer simulated the expected cell-to-cell distances
based on the cell numbers of the different cell subsets and com-
pared it to the observed cell-to-cell distances.

We hypothesize that active inflammatory cells are not
randomly distributed in the tissue, because lymphocytes
interact with antigens and therefore have a target driven,
non-random distribution. In reverse, we speculate that sup-
pressed inflammatory cells have a more random distribution
pattern and have cell-to-cell distances in accordance with
our computer simulated cell-to-cell distances. We observed
that tumor infiltrating lymphocytes have different distribu-
tion patterns. Dendritic CD1a+ cells and intraepithelial
CD20+ cells are randomly distributed. Contrary to this find-
ing, stromal CD20+ cells have a clearly non-random distri-
bution. So we might interpret that all CD1a cells and the
intraepithelial CD20+ cells in the tumor core are suppressed
by the tumor microenvironment, while stromal CD20+ cells
located in the invasive margin are not exposed to this sup-
pressive influence. Further evidence for this assumption is
that short distances between CD20+ cells and FoxP3+ Tregs
were associated with an unfavorable prognosis regarding
NED- and overall survival, indicating that Tregs provoke
this effect by suppressing CD20+ cells.

Intraepithelial and stromal CD8+ cells have a similar distri-
bution pattern and a somehow shorter cell-to-cell distance than
CD8+-to-FoxP3+ distance as expected. However, CD8+ is not
prognostically relevant and it is difficult to judge whether the
CD8+ cells are suppressed by FoxP3+ cells or not.

Especially, FoxP3+ cells have short cell-to-cell distances
regardless of the number of cells per area. FoxP3+ cells are

Table 1. Average frequency of inflammatory FoxP3+, CD1a+, CD20+ and CD8+ cells in the intraepithelial and stromal areas and simulated (expected) and observed distan-
ces between the lymphocytes.

Same cell subsets
Different cell subsets

Cell-to-cell FoxP3-to- –to-FoxP3

Cells
(mm2)

Expected
(mm)

Observed
(mm) Factor

Expected
(mm)

Observed
(mm) Factor

Expected
(mm)

Observed
(mm) Factor

FoxP3+ Intraepithelial 105.1 71.1 46 0.65 — — — — — —
Stromal 126.9 59.8 32 0.54 — — — — — —

CD1a+ Intraepithelial 51.3 73.2 74 1.01 76.6 105.1 1.37 56.2 55.6 0.99
Stromal 12.4 160.5 172 1.07 196.0 142.8 0.73 58.3 40.6 0.70

CD20+ Intraepithelial 47.4 153.2 150 0.98 167.1 168.3 1.01 75.2 71.8 0.96
Stromal 71.9 116.7 76 0.65 130.3 105.2 0.81 53.2 40.5 0.76

CD8+ Intraepithelial 71.0 83.3 55 0.66 86.1 74.6 0.87 78.0 64.3 0.82
Stromal 92.9 96.0 70 0.73 99.3 81.48 0.82 66.8 53.7 0.80

Observed distance is the estimated shortest distance between two cells of the same subset or of different subsets by the use of an image analysis system. Expected distance
is computer simulated by the use of the cell numbers of the 38 samples to simulate the expected cell-to-cell distances and to compare it to the calculated distances in the
tissue samples. The observed values were divided by the expected values to yield the portion (factor). The same was done for the distances between the FoxP3 cells and
CD1a, CD20+ and CD8+ cells and from the CD1a, CD20+ and CD8+ to the FoxP3 cells.
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closer to other FoxP3+ cells in the stromal compartment than in
the intraepithelial compartment and stromal FoxP3+ cells have
shorter distances to the different other cell subsets than
expected. This indicates that FoxP3+ cells are functionally
active cells possibly having the ability to suppress other cells.
This is supported by the finding that low numbers of FoxP3+

cells are prognostically favorable. It is in line with the general
assumption that high numbers of Tregs suppress the host
immune response against cancer cells. However, in several
tumor entities an inverse effect was found with high numbers
of Tregs associated with a good prognosis.15 Using a similar
approach in a collective of patients with gastric cancer, we
found that high numbers of FoxP3+ cells and short CD8+-to-

FoxP3 distances have a favorable metastasis-free survival. We
argued that Treg could control cancer-associated inflammation
and thus control inflammatory mediators and therefore tumor
growth.16 Here, long FoxP3+-to-FoxP3+ distances are associ-
ated with a favorable prognosis. This is in line with high FoxP3
cell numbers per square mm2 having an unfavorable prognosis.
Long distances could be a consequence of low FoxP3+ numbers
or a result of more randomly distributed FoxP3+ cells indicat-
ing a less active FoxP3+ subset. Yet, there are some limitations
to our study: given the retrospective nature of our histologic
approach, no in vivo characteristics such as chemokine micro-
environment or dynamic cells interactions could be investi-
gated. Further functional in vivo studies are necessary to

Figure 4. NED survival rates in dependence of the shortest distance between stromal CD1a +-to-CD1a+ cells (A) and distances between intraepithelial CD20+-to-FoxP3+

(B) and FoxP3+-to-CD20+ (C) cells. Correlation of FoxP3+ and CD8+ cells numbers in the intraepithelial and stromal compartment (D). Interrelations within the intraepithe-
lial and stromal regions and between the two regions for frequency of cells (E) and cell-to-cell distance (F). The double-headed arrows indicate a significance level of
p< 0.001.
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elucidate this aspect. Moreover, we selectively investigated one
tumor entity, namely anal carcinoma. Following studies will
have to focus on the validity of our findings for other tumor
entities.

Conclusions

The analysis of cell-to-cell distances between TIC has the
potential to distinguish between non-functional suppressed
and functional active inflammatory cells. We conclude that in
our anal cancer cohort most of the CD1a+ cells are non-func-
tional as well as the intraepithelial CD20+ cells, while stromal
CD20+ cells and FoxP3+ cells are functional cells.

Materials and methods

Patient selection

A total of 112 patients with anal squamous carcinoma were
treated by combined radiochemotherapy at the Erlangen Uni-
versity Hospital between 1985 and 2001. For this study, a sub-
group of 38 patients was selected according to the following
criteria as presented in a previous study.13 Only HIV negative
patients with anal carcinoma >2 cm without evidence of dis-
tant metastases treated by radiochemotherapy and with avail-
able paraffin embedded biopsy specimen were included. For a
detailed resume of patient pathologic characteristics and treat-
ment protocols, see the study by Grabenbauer et al.14 The use
of the tissue sections and the patients’ survival data following
patient consent was approved by the Friedrich-Alexander Uni-
versity Erlangen-Nuremberg ethics committee.

Treatment protocol

The primary tumor region as well as inguinal, perirectal and
internal iliac/presacral nodes were treated by radiation using a
four-field box technique with 10 to 15 MV photons with single
fractions of 1.8 Gy and a total dose of 50.4 Gy. All patients
received a simultaneous chemotherapy with two cycles of 5-
fluorouracil and a single i.v. bolus of mitomycin C. Regular
clinical follow-ups including rectoscopy, CT scans of the
abdominal pelvis and chest X-ray were performed as previously
described.13,14

Tissue microarray and immunohistochemistry

Paraffin-embedded biopsy samples obtained from 38 patients
with anal squamous cell carcinoma before radiochemotherapy
were processed into a tissue microarray (Biocat, Heidelberg,
Germany) using a core diameter of 1.6 mm (Fig. 1A). Between
2 and 7 cores were taken per patient (mean 2.8), resulting in a
total of 120 cores. Analyzed intraepithelial and stromal area
and counted cell numbers are given in Table S2. Immunohis-
tochemistry of paraffin sections was carried out using an
immunohistochemical double staining method including strep-
tavidin biotinylated alkaline phosphatase (ABC-AP, DakoCyto-
mation, Hamburg, Germany).17,18 Each paraffin section was
double stained with the following primary antibodies FoxP3–
CD1, (Abcam, Cambridge, United Kingdom–DakoCytomation,

Hamburg, Germany), FoxP3–CD8+ (Abcam–DakoCytomation,
Fig. 1B), FoxP3–CD20 (Abcam–DakoCytomation) followed by
secondary antibody. The detailed procedure of the immunohis-
tochemical double staining method is as follows.

The paraffin sections were dewaxed using first Xylol and
then descending alcohol series. After rehydration and treat-
ment with 3% H2O2 for 10 min at room temperature to block
endogenous peroxidase paraffin sections were cooked in a
steam cooker (Biocarta Europe, Hamburg, Germany) for 5 min
with Target retrieval solution (DakoCytomation, Hamburg,
Germany), pH 6.0. Overnight sections were incubated with
diluted primary antibody for FoxP3 (polyclonal goat-anti-
FoxP3; 1:100) and then the biotin-labeled secondary antibody
(biotin rabbit-anti-goat; 1:100) was added for 30 min at RT.
Afterwards sections were incubated with streptavidin-biotiny-
lated horse-radish-peroxidase-complex for 30 min (ABC-PO,
DakoCytomation, Hamburg, Germany) followed by tyramide
signal amplification (TSA) for 10 min to enhance the signal.
Biotin was visualized using streptavidin-biotinylated horse-rad-
ish-peroxidase-complex (ABC-PO, DakoCytomation, Ham-
burg, Germany). Aminoethyl carbazole (AEC, Zytomed, Berlin,
Germany) was used as chromogen.

All slides stained in a second step using a double staining
enhancer (Zymed, San Francisco, California, USA) for 30 min
at RT followed by an avidin and biotin block (Avidin/Biotin
Blocking Kit, Vector Laboratories, Inc.. Burlingame, CA) for
15 min each at RT to hinder unspecific bindings. Thereafter,
slides were incubated with primary antibodies against CD1a
(DakoCytomation, Hamburg, Germany; mouse-anti-CD1a;
1:2), CD8+ (DakoCytomation, Hamburg, Germany; mouse-
anti-CD8+; 1:100) or CD20 (DakoCytomation, Hamburg, Ger-
many; mouse-anti-CD20; 1:500) for 1 h at RT. After applying a
post-Block-solution, secondary antibodies connected covalently
with an AP-Polymer (ZytoChem-Plus, Berlin, Germany).
Finally, Fast Blue was used as chromogen.

Stained slides were scanned with a high throughput scanner
(Zeiss, Mirax MIDI Scan, G€ottingen, Germany) at a magnifica-
tion of 1:200 and transferred to a PC (resolution 0.2308 mm/
pixel). TIC were counted using the semiautomatic image analy-
sis program COUNT (Biomas, Erlangen, Germany).14,19 The
software automatically identifies cells with a high specificity.
With the subsequent visual adjustment, a high sensitivity is
reached. We used a three-color thresholding approach to detect
the two different colors of the double staining. Numbers of
labeled tumor-infiltrating cells were determined per 1 mm2 and
the shortest mean distance between cells of the same subset
and of the different subsets was calculated (Fig. 1D). According
to histopathology, two distinct compartments were investi-
gated: on the one hand cells were counted intraepithelially in
the tumor core, on the other hand cells counts were determined
in the surrounding stromal compartment.

Cell-to-cell distances

When measuring the cell-to-cell distance some points have to
be considered: There is a relationship between the distribution
density of cells and the distances between the cells. For uni-
formly distributed cells inside an area the distances between
cells would be expected to be the inverse square root of the
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lymphocytes per area:

Equation 1:Cell--to--cell distance ¼ p06 ffiffiffi
n

p

where n is the number of cells per area and p0 is the matching
coefficient. However, this equation is only true for theoretical
cells without any extension and with a uniform spatial distribu-
tion. Therefore, to fit the data points we used a similar equation
and introduced a constant for the Y offset due to the diameter
of the cells and the non-uniform distribution of the cells to fit
the data points:

Equation 2:Cell--to--cell distance ¼ p06 ffiffiffi
n

p C p2

where p2 is an offset in the Y direction (Fig. 1 SB). Additionally,
this function is not defined for zero. Toward zero the function’s
value goes to infinity. As there are no infinite distances between
cells, another parameter is introduced which moves the func-
tion to the left:

Equation 3:Cell--to--cell distance ¼ p06 ffiffiffiffiffiffiffiffiffiffiffiffiffi
nC p1

p C p2

where p1 is an offset in the X direction (Fig. S1C). The con-
stants p0, p1 and p2 are calculated by the computer algebra sys-
tem Techplot (Techplot7, SFTek, Braunschweig, Germany).

Simulation of the cell-to-cell distances

Mean cell-to-cell distances of randomly distributed cell-coordi-
nates were simulated for certain cell frequencies per mm2. The
random positioning of the cells is carried out with the aid of
random numbers that are generated by visual basic software of
the spreadsheet program Excel. The x and y coordinates of the
desired quantity of “cells” were generated and the shortest dis-
tance of each cell to the nearest cell was calculated and then the
shortest distances were averaged. This procedure was repeated
for 200 times and the mean and 5% and 95% confidential inter-
val was calculated.

Statistical methods

Overall survival and NED survival rates were calculated accord-
ing to Kaplan–Meier20 and the log-rank test was used to com-
pare survival rates 21 between patients with good and poor
prognosis. Therefore, the median value was used as cut-off. All
methods were analyzed by the statistical software SPSS (SPSS
Inc., Chicago, IL). The interval between end of radiochemo-
therapy and last follow-up or death was regarded as follow-up
time. Death from anal squamous carcinoma was defined as the
end point in overall survival, whereas the appearance of local,
nodal, or distant recurrence was defined as the end point in dis-
ease-free survival (NED survival).
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