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Abstract. Combined measurements of integrated nuclear fluorescence (INF) and vascularization were performed on surgical
specimens of human lung carcinomas. Histological slides of formalin-fixed, paraffin-embedded tissue samples were treated
with Texas Red-labeled antibody to factor VIII and the fluorochrome DAPI. The resulting images were analyzed with an epi-
illumination fluorescence microscope and two different filter blocks. The first image displayed the vessels, and the second the
DAPI-stained nuclei of surrounding cells. The extent of vascularization was assessed by calculating the volume fraction (Vv),
the surface fraction (Sv), the area, and the minimum diameter of the vessels. The INF was measured in tumour cells and
lymphocytes, and was grouped according to the distance from the nearest vascular boundary into the intervals of 0–20,
21–40, 41–60, 61–80, and >80 µ. The numerical densities (Nv) as well as the percentages of S-phase-related tumour cell
fraction (SPRF) and of tumour cells with an INF > 5C were computed. A minimum of 50 vessels and 300 tumour cells were
examined. The material included 100 cases with primary lung carcinoma (39 epidermoid carcinomas, 39 adenocarcinomas,
13 large cell carcinomas, three small cell anaplastic carcinomas, and 6 carcinoid tumours). On the average, the volume
density of the stroma amounts to 16.7%, and that of the vessels (Vv) to 12.8%. The minimum diameter of the intratumoral
vessels is 13 µ and the measured circumference 138 µ. The numerical densities of tumour cells (lymphocytes) decrease with
increasing distance from the vascular boundary from 6.3 (1.7) to 1.0 (0.1). A reduction is also seen in the percentage of the
SPRF from 10.7 to 8.1%. The percentage of tumour cells with an INF > 5C, however, is positively correlated to the distance
from the vascular surfaces from 34.2 to 38.2%. The measurements reveal that tumour cells are densely positioned and have
an increased proportion of proliferation in the populations close to perivascular spaces, whereas chromosome abnormalities
are seen more frequently, when tumour cells are located at a distance >20 µ from the vascular surfaces.
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1. Introduction

Angiogenesis is an essential process to sustain the local expansion of tumours [8,9]. Their de-
gree of vascularization may thus have an impact on diverse cellular properties of the tumour cell
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(sub)populations. This influence can then translate into distinct aspects of the clinical behavior of the
tumour entity [3,10,11,15,21]. Evidently, it is plausible to assume that descriptive properties for a
solid tumour such as the percentage of proliferating or aneuploid tumour cells or syntactic structure
analysis-derived data sets may be correlated to the distance to the vascular boundary. Instead of a
rather global monitoring of these features, segmentation can refine the definition of distinct spatial
categories. If solid experimental evidence is provided for this assumption, strategies to interfere with
angiogenesis can eventually have a bearing on survival rates in appropriately selected groups. At
present, similar research on breast cancer has not yet enabled to come a clear-cut conclusion concern-
ing this question [3,5,6,18,20,22,35,36,39,45–47,51,52]. Tumour angiogenesis has been reported to be
associated with the prognosis in early stage breast carcinomas and with lymph node metastasis [51,52].
Similar data have been reported from melanomas, ovarian cancer, and prostatic cancer [16,21,43,50].
With respect to lung cancer no apparent correlation between the density of intratumoural microvessels
and presence of lymph node metastases could be discerned [41], although some investigators reported
an association between vascularization and tumour extent [32,33,54].

In this study, we followed the above reasoning by combining assessment of the vascular density
in lung tumours, the surface density and the minimum diameter of the vessels, cytometric properties
of tumour cells such as degree of aneuploidy, and features of syntactic structure analysis of tumour
and inflammatory host cells by stereological and segmentation techniques. The results presented here
underscore that the distance between tumour cells and the vascular surface is correlated with the
structural organization of tumour cell clusters and their content of proliferating and aneuploid cells.

2. Material and methods

2.1. Material

Histological slides (4–6 µ thick) were obtained from 100 surgical specimens of primary human
lung tumours excised at the Thoraxklinik (Heidelberg, Germany) during the period of 01.01–30.06.
1994. Only specimens from lobes and lungs with potentially curative resection were investigated in
this study. A detailed macroscopic examination including the analysis of at least one complete tumour
cross-section, accurate postsurgical TNM classification, and a determination of the tumour cell type
according to the WHO classification was routinely performed [53]. The material consisted of 94
carcinomas of the major cell type, and 6 rare tumours (see Table 1). The tumour cell classification
was based upon HE-, PAS- and Feulgen-stained slides, and on immunohistochemical techniques, if

Table 1
Synopsis of material (number of cases and mean age)

N Age (years)
Sex
- males 78 63
- females 22 58

Cell type
- epidermoid 39 61
- adeno 39 62
- small cell 3 62
- large cell 13 59
- others (carcinoid, mesothelioma) 6 62
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necessary. A random sectioning (nucleator) of the tumours according to the technique described
by Gundersen [17] was performed. This technique permits a non-biased estimation of volumes and
volume fractions of the segmented vessels. In addition, it can be used to analyze whether the vessels
have a preferred orientation, i.e., are anisotropic.

2.2. Staining

The sections were cut from formalin-fixed, paraffin-embedded tissue blocks. After deparaffination,
a part of the sections was incubated with Texas Red (sulforhodamine 101 acid chloride)-labeled
monoclonal antibody against factor VIII (Dako, Hamburg, Germany) at room temperature for 30 min.
A 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI)-containing solution (MoBiTec, Göttingen,
Germany) was applied at a concentration 15 ng/ml of phosphate-buffered saline at 40◦C for 10 min.
After short but intensive rinsing to remove the free dye the sections were mounted in Entellan (Merck,
Darmstadt, Germany).

2.3. Technical equipment and measurements

The stained slides were analyzed with an epi-illumination fluorescence microscope (Fluovert, Leica,
Bensheim, Germany) using a 100 W mercury arc lamp and a NPL fluorar objective (×25), 0.6.
Filter blocks TX13833 (Texas Red) and A513824 (DAPI) were used to distinguish the different
fluorescence images. The distribution profiles of the dyes were captured with an one chip black/white
CCD camera (Leica, Bensheim, Germany) connected to a frame grabber (Leutron XFP, Munich,
Germany). The measurements were performed with an automated image-analyzing system based
upon a commercially available image-analyzing system (DIAS, Towersoft, Berlin, Germany), and
self-written programs. The software was installed on a 100 MHz Pentium PC equipped with a
220 MB magnetic-optical disk. The areas of interest were selected interactively, and the images were
recorded directly after staining. The measurements included an interactive segmentation of the vessels
in the Texas Red image, and a semi-automatic segmentation of the nuclei in the DAPI image. The
vascular walls were segmented, and expanded in 4 discrete steps. Each step increased the minimum
diameter for 20 µ in both directions, and the maximum diameter in respect to the relationship of the
minimum/maximum diameter. The perivascular spaces were then computed by artificial expansion
of the vascular boundaries in accordance to the new minimum and maximum diameter, and then the
INF of those cells located within the computed area was computed. The individual steps comprised 4
expansions of additional 20 µ in diameter, respectively. If a nucleus was part of two different spaces,
that of the nearest vessels was taken into account. The following features were computed:

(a) vessels: minimum diameter, circumference, area, volume fraction (Vv), surface fraction (Sv),
stroma (volume fraction of stained endothelium);

(b) nuclei: numerical density (Nv), area, S-phase-related tumour cell fraction (SPRF: 2.75 < INF
< 3.25), percentage of tumour cells with an INF > 5C, modified entropy according to Stenkvist
and Starande (INF entropy) [44], surface current of entropy as described by Kayser et al. [27],
vascular current of entropy (see below), the distance between nearest neighboring cells grouped
into the categories of tumour cells, SPRF-cells, cells with an INF > 5C or lymphocytes, the
structural entropy as described by Kayser (MST entropy) [27], surface current of entropy, and
vascular current of entropy (see below). Calculation of distances between cell nuclei was
based on the construction of the minimum spanning tree (MST), following a procedure outlined
elsewhere [25–28]. A minimum number of 50 vessels and of 300 tumour cells per case was
measured. Intratumorous lymphocytes served for the calculation of the 2C peak.
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2.4. Comments on the calculation of features derived from cytometry

In flow cytometry, the DNA content of nuclei can be associated with the stage of the cell cycle,
and cells belonging to the S/G1 phase or with an obnormal DNA content can in general be identified.
Although cytometric data derived from tissue sections are not as precise as those derived from flow
or image cytometry, the contents of integrated optical densities (IOD) still reflect the cytometric “gold
standard”. Tumour cells with 2.75 < IOD < 3.25 and with an IOD > 5C are of specific biological
importance in lung carcinoma patients. Patients suffering from lung carcinomas with a high percentage
of one of these tumour cell fractions have a poor prognosis [26,28]. These tumour cell fractions have
been measured on tissue sections, and are called S-phase-related fractions (SPRF) and tumour cell
fraction, where INF > 5C. The reader should be aware that the terms do not imply that the actual
percentages of these fractions are measured but only estimate tumour cell fractions with a proven
biological significance.

2.5. Calculation of the vascular current of entropy

The current of entropy is a feature which measures the distance of a thermodynamically open system
from its equilibrium stage [27]. The heat produced by all energy-generating processes within a tumour
has to be carried off through the surfaces of the tumour. These include the surrounding boundary
(surface), and the inner surfaces (vessels). It seems, therefore, appropriate to define the current of
entropy flowing through the vascular surfaces (vascular current of entropy) by the following equation:

ECV = E× SPRF/Sv,

ECV = current of entropy passing through the boundaries of the vessels, E = entropy, SPRF =
S-phase-related tumour cell fraction, Sv = surface/volume fraction of the vessels. This equation
was used for the computation of the currents of INF entropy and structural entropy (based upon the
construction of the MST). The concept is derived from the assumption that the entropy changes are
mainly related to those cells which are proliferating [27], i.e., these cells are responsible sources for
entropy differences which have to be transferred through the inner surface.

3. Results

Synopsis of the material is given in Table 1. The average age of the patients at the time of surgical
treatment and the frequency distribution of the pTN classification (Table 2) is comparable to the
tumour parameters of the patients treated surgically within the last years [24,28]. The ratio of tumour
volume/volume of surgical specimens is 7% on average. Therefore, more than 90% of healthy tissue
had to be excised for a potentially curative resection. The features of the vascular system within the
tumours are shown in Table 3. The area of the vascular cross-sections measured 1510 µ2 on average
with a minimum diameter of 13 µ. The volume fraction of stroma and of vessels is similar, and about
30% of the tumour volume appears to belong to non-tumourous structures. The cytometric features
are summarized in Table 4. The S-phase-related fraction amounts to 10.5%, as measured with the
fluorescent dye, and is therefore comparable to results obtained with Feulgen-stained tissue collections
[25,28]. The technical equivalence of the two methods is further supported by the percentage of tumour
cells with an INF > 5C which is nearly identical to the value based on the integrated optical density
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Table 2
General features – macroscopy (mean and standard deviation)

Feature Mean Standard deviation
Tumour volume 80 cm3 147 cm3

Specimen volume 1,1240 cm3 1,021 cm3

Ratio 7% 10%
Number of excised lymph nodes/case 7.2 2.5

Tumour stages N Mean tumour volume (cm3)
- pT1 32 6
- pT2 54 106
- pT3 9 129
- pT4 3 170

- pN0 53 68
- pN1 21 76
- pN2 18 121
- pN3 6 132

Table 3
General features – stereology (distance in µ, area in µ2)

Feature Mean Standard deviation
Vv stroma 16.7 15.8
Vv vessels 12.8 7.7
Sv vessels 1.6 0.5

Area 1510 1010
Minimum diameter 13 7
Circumference 138 79

Theoretical circumference 95 82
Tc∗
∗Calculated according to (Tc = 2πrmin); rmin = minimum vascular diameter.

Table 4
General features (cytometry)

Feature Mean Standard deviation
S-phase-related fraction 10.5 2.5
Percent > 5C 36.5 11.8
2CV 5.5 2.7

INF entropy 1.73 0.16
Current of entropy (surface) 7.2 4.9
Current of entropy (vessels) 25.2 20.1

Table 5
General features (syntactic structure analysis, distances in µ)

Feature Mean Standard deviation
Distance between
- tumour cells 15.8 2.6
- proliferating tumour cells 66.7 13.5
- tumour cells with INF > 5C 25.2 20.1
- tumour cells–lymphocytes 22.9 2.8

MST entropy 21.5 10.3
Current of entropy (surface) 10.7 8.4
Current of entropy (vessels) 37.3 34.6
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Table 6
Nuclear features (mean) in relation to cell distance from the vascular surface

Feature Distance (µ)
0–20 21–40 41–60 61–80 >80

Nuclear area (µ2) 53∗ 58 57 58 58
Tumour cell Nv 6.3∗ 1.6 1.0 0.8 1.0
Lymphocyte Nv 1.7∗ 0.4 0.3 0.2 0.1
S-phase-related fraction Nv 0.7∗ 0.1 0.09 0.04 0.04
INF > 5C Nv 2.3∗ 0.5 0.4 0.3 0.4
S-phase-related fraction (%) 10.7∗ 8.1 8.1 8.1 8.2
Tumour cells with INF > 5C 34.2∗ 39.0 39.0 38.5 38.2
∗Statistically significant (p < 0.01).

Fig. 1. Mean of nuclear area of tumour cells grouped according to their distance from the nearest vascular surface (area
in µ2; distance in µ).

(IOD > 5C), reported previously [28]. The various features obtained by syntactic structure analysis
are presented in Table 5. It is notable that the distances between tumour cells appear to be smaller than
the distances between tumour cells and neighboring lymphocytes. The amount of entropy transported
through the vascular surface is markedly larger than that through the tumour boundary. This difference
emphasizes the importance of the vascular system for the thermodynamical equilibrium of a malignant
lung tumour. The cellular features depend upon the distance of tumour cells to the nearest vessel,
as demonstrated in Table 6 and Figs 1, 2. The tumour cell nuclei are smaller, the numerical density
of tumour cells and lymphocytes is higher, and the relative number of proliferating tumour cells is
larger, if the tumour cells are located within a distance of 20 µ from the vascular boundary.
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Fig. 2. Nuclear volume densities (Nv) of tumour cells with an integrated nuclear fluorescence (INF) within the S-phase-related
tumour cell fraction (2.75 < INF < 3.25), and an INF >5C grouped according to their distance from the nearest vascular
surface (distance in µ).

4. Discussion

The basic idea of this analysis is based on the assumption that the structural organization of tumour
cell populations and the spatial distribution of the parameters derived from measurement of DNA
content-related features (IOD, INF) is commonly heterogeneous. Since the spatial expansion and the
viability of solid tumours depend on their vascularization, it is an intriguing question as which to
extent the factor of spatial vicinity to vessels can have a bearing on these topological and biochemical
tumour cell properties.

Form the technical point of view, the technique of quantitative fluorescence microscopy was chosen.
As indicators for vessel localization and DNA content a Texas Red-labeled antibody to factor VIII
and the fluorescent dye DAPI, respectively, were used. The application of the fluorochrome DAPI
is fast, allowing even an intraoperative evaluation [23], and as reliable as the Feulgen stain [23,49].
Thus, it had to be proven that measurements of the integrated optical density (IOD) and of integrated
nuclear fluorescence give comparable results. The prerequisite is fulfilled in this series: all cytometric
data obtained from integrated fluorescence measurements are in accordance with the results of lung
tumour analyses performed with Feulgen-stained slides [26–28].

The measurements of vascular density are commonly assessed by quantitation of positivity for
an endothelial cell-specific marker in a predefined area, which is supposed to be representative for
the complete tumour specimen [3,5,6]. Using a monitoring at low magnification, areas with dense
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vessel presence can preferentially be evaluated, establishing the hot-spot technique [3,5,20]. Since
the pattern of growth in angiogenesis may not necessarily be isotropic, it is expedient to account for
this fact by a deliberate randomization, i.e., cutting the specimen at a series of angles. Moreover, the
detailed computation of volume densities, surface densities and numerical volume densities, provided
by stereological approaches [17], can establish a further refinement of the current status in this field.
Therefore, we used the technique of a non-biased sectioning of the surgical specimens described by
Gundersen et al. [17].

The experimental series reveal that the vascular density is equivalent to approximately 15% of the
tumour volume. Another 12% of the entire volume is occupied by the extracellular matrix surrounding
the vessels. Their average minimum diameter is 13 µ2, and the average length of a vascular profile
is 138 µ. Since the average surface density exceeds the value calculated on the basis of the average
minimum diameter by a factor of 1.5, the orientation of the vessels is likely to be anisotropic, i.e.,
without a predefined direction. This irregular growth calls for adequate randomization of cutting
angles to avoid a faulty representation.

The measurements presented here have addressed the questions as to whether the structural organi-
zation of tumour cells and/or DNA content-related features can depend on the extent of their vicinity
to vessels. Indeed, parameters from both types of analysis, i.e., density of the tumour cell population
and the size of the S-phase-related fraction, reveal a negative correlation with the tumour cell-vessel
distance, whereas the percentage of aneuploid cells displays a positive correlation. The markedly
increased cellular and numerical density of tumour cells close to the vascular surface may reflect, in
addition, the interaction between endothelial cells and tumour cells [1,2,31,37].

The interpretation of the results is difficult. No similar experiment has been reported until now
to our knowledge. In addition, the present lack of a precise knowledge about the molecular factors
which effect this behavior and the reported heterogeneity of the endothelial cell populations [4,7,30,
34,38,40,42,48,55] notwithstanding, it is pertinent to extend such studies to the delineation of the
putatively causative features, namely the expression of the defined biochemical determinants. As
one graphic example, we refer to the regulation of expression of lectins, which are involved in a
variety of physiological processes encompassing growth control mechanisms [12]. Distinct changes
in the composition of tissue culture medium in vitro, e.g., addition of retinoic acid or phorbol es-
ter, or alterations of a biochemically less defined nature, e.g., transfer of tumour cells to different
microenvironments, lead to a marked alteration of lectin presence, quantitatively and/or qualitatively
[13,14]. Notably, initial combined studies have previously documented that the presence of receptors
for certain oligosaccarides such as histo-blood group A/H-trisaccharides is connected to parameters
focused on in this report and to the survival of lung cancer patients [24,25]. This type of combined
investigation is therefore proposed to provide a guideline to eventually disclose the identity of factors
which mediate the recognitive interactions establishing clinically relevant characteristics [26,29].

Future analyses will take into consideration the influence of additional factors, especially the dif-
ferent tumour cell types and their interactions with the immune system. Within this framework, the
influence of the vicinity to vessels deserves further attention [56]. Besides tumour cell properties, the
potential functional heterogeneity of this population [7,19,42] will also have to be taken into account.
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