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Syntactic structure analysis in uveal melanomas
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Abstract
Syntactic structure analysis was carried out
successfully on 92 paraffin embedded uveal
melanomas, taken from patients with a mini-
mum follow up of 5 years. This simple, fast,
and reproducible method of describing the
tumour architecture has been significantly
correlated with malignancy in tumours from
several sites. Paraffin sections 5 ,um thick,
were cut and stained with haematoxylin and
eosin. Tumours were classified according to a
modification of the Callender classification. A
minimum spanning tree (MST), using the
centre points of tumour nuclei, was con-
structed in five randomly chosen fields with an
interactive digitising video overlay system.
Ten syntactic structure features were derived
from each MST; subsequently, the mean and
standard deviation of the five fields analysed
were calculated for further statistical analysis.
Reproducibility was acceptable with a mean
correlation coefficient of 070. In univariate
survival analysis, the percentage of points with
three neighbours yielded prognostic signific-
ance (p<005). Minimum spanning tree vari-
ables were compared (X2 test) with classic
tumour prognosticators and there was a
significant correlation between Callender cell
type and the following MST parameters: mean
number of points (p<0003); MST length
(p<0003); mean line length (p<001); number
of nuclei with one neighbour (p<0004);
number of nuclei with two neighbours
(p<002), and number of nuclei with three
neighbours (p<0005). Syntactic structure
analysis is an evolving technique, but may be
able to mathematically (and reproducibly)
describe melanoma architecture across the
spectrum of the Callender classes. This would
also allow architectural grading of tumours
within the specific Callender groups, providing
more precise prognostic information. Further
modifications of this technique are necessary
to optimise prognostic potential when applied
to uveal melanomas.
(Br3r Ophthalmol 1994; 78: 871-874)

The Callender classification has been used since
1931 to predict prognosis in uveal melanomas.'
Although it is possible to identify Callender cell
types at an ultrastructural level,2 the original
classification focused on the cytoplasmic
characteristics of a cell. Prognosis is actually
better reflected by nuclear and nucleolar
behaviour,3 as shown by a modification of the
Callender system in 1983.4 In a large series of 740
melanomas from the Armed Forces Institute of
Pathology, Washington, DC, Gamel et al have
demonstrated that the largest tumour dimension
(LTD) and nucleolar characteristics, both the
standard deviation of nucleolar area (SDNA) and

the mean of the 10 largest nucleoli (MTLN),
contribute equally with cell type to tumour
prognosis. Furthermore, they demonstrated a
poor correlation between LTD and cell type and
between nucleolar variables and cell type, sug-
gesting that cell type relies largely on cytological
features other than nucleolar size for its prog-
nostic value, and that tumour size is not related
closely to current measurements of cytological
features.5 DNA quantitation has also been cor-
related with cell type6 and in one study was a
superior prognosticator to the inverse SDNA.7
Recently, nucleolar organiser regions (AgNORs)
have been correlated with the inverse SDNA
(p<0-0001) and LTD (p<0Q0003) as part of the
Collaborative Ocular Melanoma Study (COMS),
although they do not differentiate between the
epithelioid and the mixed/spindle cell tumours.8
The key connection between macroscopic

LTD, microscopic histopathological variables,
nucleolar features, and patient survival may lie in
the tumour architecture. Since 1981, several
investigators have been applying simple varia-
tions of the graph theory to analyse tumours
from different sites at a relatively low magnifica-
tion." In the graph theory, any structure in
which certain elements can be distinguished can
be described by reducing the elements to points,
interconnecting the points with lines, and using a
function (the incidence function) to describe the
way in which the points are connected by the
lines. Syntactic structure analysis, derived from
the graph theory, is a simple, fast, mathematical
method of describing the basic structural units
such as cells, glands, and vessels as a network.
Different approaches of the basic graph have
been applied, depending on the tissue under
examination. One popular approach has been the
construction of the minimum spanning tree
(MST)'2 where a set of points is joined in such a
way that the sum of the lengths of the connecting
lines is minimal. The principles of the MST are
outlined in Figure 1. A major advantage of the
MST approach is that it is independent of
anisotropic tumour characteristics (for example,
angle of tumour section, direction of fascicles).
Syntactic structure analysis has been signific-
antly correlated with tumour behaviour in
tumours of the lung,'3 prostate,'4 pleura,'5
colon,'6 endometrium,'7 and breast.'8 We carried
out a pilot study to examine the role of syntactic
structure analysis, using MST features, as a
predictor of prognosis in uveal melanomas.

Materials and methods

PATIENTS
Uveal melanomas from 92 patients who were
referred to the Eye and Ear Hospital, Dublin
between 1964 and 1987, were selected from
a total group of 113 patients, depending on
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A,B,E: 1 neighbour
D: 2 neighbours
C: 3 neighbours

C s MST length =
BC+AC+CD+DE

Average line length=
D (BC+AC+CD+DE)/4.E s DDmin CD

Dmax =DE
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the suitability of the histological material for
MST analysis. Each patient had undergone
enucleation shortly after the diagnosis of their
melanoma, and no other form of treatment was
used before surgery. Twenty eight patients died
with metastases. The maximum follow up time
was 24 years, the median 11 years, and the
minimum, 5 years. The Callender classification
was modified for the purpose of this study, in an
attempt to identify mixed tumours with pre-
dominantly spindle cells, as opposed to mixed
tumours with predominantly epithelioid cells.
Tumours were classified as follows: two spindle
A; 28 spindle B; 11 spindle A/B mixed; 32
predominantly spindle plus a few epithelioid;
and 19 predominantly epithelioid plus a few
spindle. Two of the 92 melanomas originated in
the iris, were spindle B tumours, and were not
associated with metastasis. No direct statistical
comparison with choroidal melanoma was pos-
sible because of the small number involved.
Tumour specimens were fixed in 2% buffered
glutaraldehyde and 4% buffered formalin, and
embedded in paraffin according to standard
procedures. Sections were cut 5 itm thick and
stained with haematoxylin and eosin.

SYNTACTIC STRUCTURE ANALYSIS
Syntactic structure analysis was done with the
PRODIT digitising interactive video overlay
system (BMA, De Meern, the Netherlands),
which is composed ofa video camera mounted on
a microscope and linked to a video overlay board
in a microcomputer.
The tumour was demarcated and five fields

were chosen randomly with an automatic
scanning stage. For these five fields, syntactic
structure analysis was carried out by construct-
ing an MST. This is summarised as follows. The
centres of gravity of all nuclei per field of vision
were interactively marked on a video screen by
setting a point with the cursor. Using this set of
points, the computer composed the MST.
Figure 1 shows schematically how an MST is
built and explains the meaning of the different
spanning tree features.

The optimal and most practical magnification
for choroidal melanomas was chosen by first
measuring four tumours using both x63 and
x 40 objectives. Using a 286/287 processor based
system, it took an average of 5 minutes to
produce an MST with a mean of 78 points per
field with the x63 objective, as opposed to 20
minutes with a mean of 257 points using the x 40
objective. The x63 objective (final magnification
x 1900) was thus selected as the most efficient for
the purpose of this study.
The following syntactic structure features

were derived from the MST composed in each
field: number of points, length of the MST,
average line length, and number and percentages
of points with one neighbour, two neighbours,
three neighbours, four neighbours, and five
neighbours. For each of these features, the
mean, SD, minimum, and maximum values of
the five fields analysed were calculated. Five
neighbours (the maximum for the algorithm
used) appeared to be rare and the statistics of this
feature were not analysed further.
The intraobserver reproducibility of the

method was tested by analysing five patients
twice.

STATISTICS
Linear regression analysis was performed to
assess the reproducibility of the duplicate
measurements. Only variables showing reason-
able reproducibility (correlation coefficient
>0 50) were considered for further survival
analysis. Correlations between the MST vari-
ables and classic variables (that is, LTD, cell
type, glaucoma, and retinal detachment) were
evaluated using the X2 test.
For survival analysis, patients dying without

clinically evident metastases were censored at
that date and corrected (tumour related) survival
time was used as the follow up parameter. For
univariate survival analysis, grouping was per-
formed according to the different subgroups for
each non-continuous variable. For LTD, cut off
points were chosen at 10 mm and 15 mm
according to the literature. For the remaining
continuous variables, cut off points were chosen
in such a way that approximately equal sub-
groups resulted. Kaplan-Meier curves were plot-
ted, and the differences between the curves
analysed with the Mantel-Cox test. Multivariate
survival analysis (Cox proportional hazards
model) was performed to evaluate additional
prognostic value of the varilables studied, using
enter and remove limits of 0 10. All statistical
tests were carried out with the BMDP statistical
package, regarding probability values below
0 05 as significant.

Results
Table 1 displays the p values and Mantel-Cox
values for the MST parameters that were further
tested. All variables listed in Table 1 showed
correlation coefficients for intraobserver repro-
ducibility ranging from 0-50-0-86, with a mean
of 0 70.
The percentage of points with three neigh-

bours provided significant prognostic value

4
Figure I Schematic
explanation of the algorithm
for building the minimum
spanning tree and
calculation ofthe related
minimum spanning tree
features. Block I: field
containingfive nuclei with
their centroids marked.
Block 2: after calculating the
distances between all the
centroids, the distance
between C andD has been
found to be the shortest, so C
andD are connected by a
line. Block 3: ofthe
remainingfree centroids, A is
closest to one ofthe centroids
already connected to the tree,
namely C, soA and C are
connected. Block 4: ofthe
remainingfree centroids, B is
closest to one ofthe centroids
already connected to the tree,
namely C, soB and C are
connected. Field 5: the last
remainingfree centroid, E, is
closest to D, soE is taken into
the tree by connectingE with
D. The minimum spanning
tree is now completed for this
field, and thefeatures
calculatedfrom it are shown
at the bottom right.
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Table I Univariate survival analysis ofminimu;
melanomas

Variable Cut off I
(mean value) points n

Points (n) 673-7 46 1
>73-7 46 1

MST length <638 46 1
>638 46 1

Mean line length <8-67 45 1
>8-67 47 1

Line length (min) <3-84 46 1
>384 46 1

Line length (max) <15 4 46 1
>154 46 1

Line length (SD) <2-31 45 1
>231 47 1

1 Neighbour (n) 619 5 46 1
>195 46 1

1 Neighbour (%) A26 1 45 1
>26.1 47 1

2 Neighbours (n) <38 5 47 1
>38.5 45 ]

2Neighbours(%) <51 8 46 ]
>51-8 46 ]

3Neighbours(n) <15 5 44 ]
>155 48 ]

3 Neighbours (%) %2105 45
>21 05 47 ]

4 Neighbours (n) <0 9 43 ]
>09 49 ]

4Neighbours(%) <127 46 ]
>127 46 ]

Figure 2 Survival curve of
92 patients with uveal
melanoma for the percentage
ofpoints with three
neighbours.
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Table 2 Correlation ofminimum spanning tree I
melanoma prognosticators
Parameter (mean value) Metastases Cell t

Points (n) NS p<O4
MST length NS p<O z
Mean line length NS p<O z
Line length (SD) NS NS
1 Neighbour (n) NS p<O4(
1 Neighbour (%) NS NS
2 Neighbours (n) NS p<O(
2 Neighbours (%) NS NS
3 Neighbours (n) NS p<O4(
3 Neighbours (%) p<0008 NS

RD= retinal detachment; LTD= largest tumour dimt

m spanning tree (MST) variables in 92 uveal Discussion
In this preliminary study, syntactic structure

Metastases Alive Mantel- analysis of 92 uveal melanomas by construction
In) (%) p Value Cox of the MST showed the percentage of nuclei with
15 67 0-89 0-02 three neighbours to be prognostically significant
13 72 (p<005). In multivariate analysis, MST vari-
15 67 0-86 0-03 ables did not provide any additional prognostic
[3 72
11 76 0 38 0-76 information to LTD, cell type, or glaucoma but
17 67 097 0-002 there was a strong correlation between MST
13 72 variables and cell type.
12 74 0-38 0-78 The relevance of number of neighbours per
16 65
14 69 0-80 0-06 tumour cell depends on the tissue under observa-
146 70 0-48 tion. A tubular adenomatous structure would be
12 74 characterised by the presence of a maximum of
11 76 0-68 0-17 two neighbours per cell, whereas the presence of
17 64
17 64 0 25 1-3 an average of three to five normally distributed
17 63 043 063 neighbours is more typical of solid tissue such as
11 76 liver, brain, or muscle.20 A cycling tumour cell
14 68 0-53 0-39 will produce first generation stem cells that
14 71
9 80 0-05 3-6 would be expected to be more closely related to it
16 63 024 14 geometrically than second generation cells. In a
12 76 study of lung carcinomas, Kayser et al demon-
15 67 0.97 0-001 strated that tumour cell nuclei of epidermoid cell
13 72

lesions, with two to three neighbours, showed a
higher DNA content than the isolated tumour
cell nuclei. Exactly the opposite was demon-
strated for large cell anaplastic carcinoma. 13 Van
Diest et al strongly correlated mean and standard
deviation values ofnuclear area, volume percent-

. 21% age epithelium, and mitotic activity index with
* 21% MST analysis of invasive breast carcinoma.20 It is

< 0.05 possible that the significant correlation of the
C= 3.6 percentage of nuclei with three neighbours in

uveal melanoma cells with metastatic death may
40 60 80 100 120140160 180 200 also reflect increased nucleolar activity and cell

Time (months) proliferation.
39 18 10 6 1 . 21% We were particularly interested in the relation
37 19 10 1 1 > 21% between syntactic structure analysis and the

Callender classification. Spindle cells and epithe-
lioid cells, while obeying the basic Callender

awn in Figure 2. In multivai criteria for classification, vary considerably in
wne of FigueMST vInlmultivied size and arrangements from tumour to tumour,
n of te MST variables showed hence the difficulties encountered with repro-
rognostic value to significant vanl- ducibility of this classification.2" The fascicular
tablished in a previous report of arrangement of the spindle cell categories, in
his group of melanomas'9 (such as contrast with the more haphazard (and more
:ype, glaucoma, or retinal detach- malignant) mixed and epithelioid cell categories,

sasignifican correlationbetwe
suggested a possible architectural association

sa signficant correlation between with poor prognosis. The strong correlation
the following MST parameters (see between Callender cell type and MST analysis

hean number of points (p<OnO3); may indeed provide a numerical parameter
h (p<oint3); meanlone length reflecting these differences. Comparing MSTs

nmberof points with one neighbour from epithelioid and spindle cell tumours, it

number of points with two neigh- could be seen that the cohesive fascicular

02);andnumberofpointswiththree arrangement of the spindle cells was associated
P<O °°S). with shorter distances between nuclei and an

increase in points per field. The epithelioid cells
reflect the pleomorphism, obvious nucleoli, and
loss of cohesiveness typical of cells with more
aggressive behaviour.

ype RD Glaucoma LTD A major advantage of construction of an MST
303 NS NS NS over conventional morphometric measurements
003 NS NS NS is that it is unaffected by anisotropic properties
01 NS NS NS of the tumour cells.'3 A tree drawn of a cross

NS NS NS
004 NS NS NS section of spindle cells provides the same results
32 pNS5 NS NS as one constructed of cells aligned in the same02 p<005 NS NS

NS NS NS plane. However, one of the dilemmas posed by305 NS NS NS the current use of the Callender classification isNS NS NS
the separation of mixed cell tumours into prog-

ension; NS=not significant. nostically significant categories. An MST drawn
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in a spindle area of such a tumour would have
very different features to that drawn in an

epithelioid cell region. The average MST over

five fields would not necessarily reflect this
variation. This raises the question of the method
of syntactic structure analysis best suited to uveal
melanomas.
To date, four methods of application have

been used, and the condition for the most
appropriate algorithm depends on the organ

studied. Voronoi's neighbourhood condition
was first described in 1902 and uses each point in
the field (for example, the nucleus) as the centre
of a circle. Connections between circles allow
simulation of cellular boundaries.22 This has
been shown to significantly classify bladder
mucosa9 and muscle disease,'0 and has been
suggested to be most useful for solid tissue such
as skin, liver, or brain.20 For adenomatous tissue,
the neighbourhood condition of O'Callaghan
seems suitable, while the MST can be applied to
any kind of tissue. The fourth method, adapted
for soft tissue tumours, has been a decomposi-
tion of the MST to identify clusters cells. This
has been used to significantly re-classify a range

of sarcomas. Fibrosarcoma and malignant
fibrous histiocytoma showed a lower number of
clusters with a higher number oftumour cells per
cluster, when compared with rhabdomyosar-
coma and osteosarcoma.23 The variation in
clusters may be of particular use in mixed cell
uveal melanomas.

Syntactic structure analysis is a simple, fast
but newly evolving technique. This is the first
study to our knowledge on melanotic tumours.
The prognostic significance of the percentage of
cells with three neighbours, associated with the
strong correlation of MST variables with cell
type, has emerged using the MST approach.
There were, however, only 28 tumour related
deaths in the 92 patients studied. Further studies
of even larger sample sizes should reveal addi-
tional information regarding the significance of
MST variables. Greater numbers of measure-

ments per tumour, either by lower magnification
or larger field sizes, may further enhance repro-

ducibility. Alternative applications, such as

cluster analysis at various magnifications, decom-
position of the MST, or use of O'Callaghan's and
Voronoi's neighbourhood conditions, remain to
be investigated. In conclusion, this preliminary
study has established a strong correlation
between tumour architecture, as described
numerically by syntactic structure analysis, and
the Callender cell types. Further investigations
of this new and easy technique are necessary to

optimise the role of syntactic structure analysis
in the prediction of prognosis in patients with
ocular melanoma.
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