SN 0932-3902 B9776 F

h/4

Independent Journal for

KKERNTECHNIK

Engineering
nergy Systems
and Radiation

nabhangige Zeitschrift fiir

nergiesysteme
' und

trahlentechnik [ -




Wasser —

natirliche Kraftquelle

FlieBendes Wasser ist eine
Kraftquelle, die schon un-
sere Vorfahren nutzten.
Seit rund 100 Jahren wird
elektrische Energie in Lauf-
wasserkraftwerken gewon-
nen; spater kamen Spei-
cherwerke hinzu. Die
Neckarwerke bauen und
erweitern bestehende
Wasserkraftwerke, wo es
technisch moglich, 6kolo-
gisch unschadlich und wirt-
schaftlich sinnvoll ist. In
Aldingen beispielsweise
haben wir gemeinsam mit
der Neckar-AG die Leistung
des vorhandenen Wasser-
kraftwerks verdoppelt.

Uber 100 Wasserkraftwer-
ke bestehen im Versor-
gungsgebiet der Neckar-
werke; davon speisen rund

A2

50 Strom in das 6ffentliche
Netz ein. Der Anteil rege-
nerativer Energien am
Gesamtstromaufkommen
der Neckarwerke belief sich
1989 auf nur 1,4 Prozent.
Der Uberwiegende Teil
davon stammt aus Wasser-
kraft.

Wir sind deshalb auf abseh-
bare Zeit auf Kohle und
Kernenergie angewiesen,
um den Strombedarf unse-
rer Kunden zu decken. Wir
arbeiten intensiv an der
Nutzung regenerativer
Energien. Und wir beraten
unsere Kunden in allen An-
wendungsgebieten Uber
den sparsamen Umgang mit
Energie. Damit leisten wir
unseren Beitrag zum Schutz
von Umwelt und Klima.

Gerne beantworten wir
Ihre Fragen zur Energiever-
sorgung und senden lhnen
den neuesten Geschaftsbe-
richt zu. Bitte verwenden

Neckarwerke
Postfach 329
7300 Esslingen

NECKARWERKE

Sie den Coupon.

Wir sind Mitglied der
Arbeitsgemeinschaft
regionaler Energiever-
sorgungs-Unternehmen

~ARE - Elektrizitdtsversorgungs-AG

________________ =
{_ Coupon |
: Name :
| Vorname |
I I
| StraBBe, Nr. |
l PLZ, Ort I

WA Beck KG



KERI\"ECHNIK Contents August 1990 Vol.55 No.4

Independent Journal for
Nuclear Engineering,
Energy Systems and Radiation

Editorial Board

Erich R. Bagge

Franz Baumgértner
Emil Baust

Anton Bayer

Edgar Bohm

Wolfgang Braun
Bernhard Brocker
Dieter Brosche
Dietrich Binemann
Wulf Birkle

Gunter Grieger
Karl-Gerhard Hackstein
Wilhelm Hanle

Archie A. Harms

Otto Hittmair
Wolfgang Jacobi
Alexander Kaul

Alfred Kraut

Bernhard Kuczera : g ”
Max Pollermann Summaries 194
Helmut Rauch

Arthur Scharmann
Walter Seifritz

Rudolf Wienecke
Friedwardt Winterberg

L a

Calendar of Event.§

Editor

Alfred Kraut

Universitat der Bundeswehr Minchen
Werner-Heisenberg-Weg 39

D-8014 Neubiberg

Telephone: (089) 6004-2017
Telefax: (089) 6004-3560
Telephone of the Editorial Office:
(089) 6014966

Advances 251

HANSER
PUBLISHERS

Carl Hanser Verlag

g

Impr)'nt - 254”

|
IKerntechnik 55 (1990) No. 4 191



S. Popp et al.: Towards a cumulative biological dosimeter

© Carl Hanser Verlag, Miinchen 1990

S. Popp, B. Remm, M. Hausmann, H. Liihrs, G. van Kaick, T. Cremer and

C. Cremer

Towards a cumulative biological
dosimeter based on chromosome
painting and digital image analysis

An approach for a long-term (cumulative) biological dosimeter
is described, based on the idea that stem cells with irradiation-
induced reciprocal translocations and their progeny would nei-
ther lose nor gain genetic material and thus should retain the
same proliferative potential as non-irradiated cells. Rapid de-
tection of chromosome translocations has become possible in ir-
radiated human lymphocytes by a newly developed fluorescent
in situ hybridization method called “chromosome painting”. We
have used this approach to score chromosome aberrations, in-
cluding translocation events, in over 8000 chromosomes painted
in lymphocytes from two patients exposed to an X-ray contrast
medium containing *>*Th and from two age-matched control
persons. The percentage of both the total fraction of aberrant
painted chromosomes and of translocations was found signifi-
cantly higher in exposed patients. A program was developed
which can automatically determine the number of normal and
aberrant painted chromosomes and classify evaluated cells as
“normal” or “aberrant” within 1 to 2 seconds.

Zur Entwicklung eines biologischen Langzeitdosimeters mittels
chromosomaler In-situ-Suppressions-Hybridisierung und auto-
matischer Bildanalyse. Es wird ein Ansatz fiir ein biologisches
Langzeitdosimeter zur kumulativen Erfassung von Strahlen-
schéden vorgestellt. Er beruht auf der Annahme, daf3 Stamm-
zellen und daraus abgeleitete Zellpopulationen mit strahlen-
induzierten reziproken Translokationen genetisches Material
weder verlieren noch gewinnen und damit in der Regel die glei-
che Proliferationskapazitit wie unbestrahlte Zellen behalten.
Mittels einer neuen Fluoreszenz-in-situ-Hybridisierungsmetho-
de wurden Chromosomenaberrationen in iiber 8000 spezifisch
gefirbten Metaphasechromosomen zweier Thorotrast-Patien-
ten und zweier Kontrollpersonen gleichen Alters quantitativ be-
stimmt. Der Prozentsatz der aberranten Chromosomen insge-
samt sowie der Translokationen war in den Lymphozyten der
Thorotrast-Patienten signifikant hoher. Es wurde ein Pro-
gramm entwickelt, mit dem die Zahl normaler und aberranter
Chromosomen innerhalb von 1 bis 2 Sekunden automatisch be-
stimmt werden kann.

1 Introduction

Biological dosimetry of radiation-induced chromosomal
damage in human cells may lead to an estimate of the radia-
tion exposure even in cases where no reliable physical data
are available. A variety of approaches may be used to moni-
tor chromosomal damage by light microscopic observations
(for a review, see [1]). These include the scoring of dicentric
metaphase chromosomes, i.e., chromosomes with two cen-
tromeres, in cultured human lymphocytes isolated from
blood samples of exposed patients [2], and the evaluation of
interphase cells with micronuclei derived from acentric chro-
mosome fragments [3], or of prematurely condensed chromo-
somes [4]. To monitor large chromosome numbers flow cy-
tometry may also be applied [5-7].

The induction of dicentric chromosomes or acentric chro-
mosome fragments may likely result in genetically imbal-
anced cells during subsequent cell cycles. Dicentric chromo-
somes may become involved in breakage-fusion cycles, while
acentric fragments cannot be distributed properly during mi-
tosis and may be lost. As a consequence the .affected cells
may die. For this reason biological dosimeters based on the
scoring of dicentrics or micronuclei may be particularly use-
ful to evaluate irradiation damage during the first cell cycles
after an acute irradiation event. In contrast, irradiation-in-
duced reciprocal translocations do not result in gross genetic
imbalances and the affected cells may therefore be expected
to retain the same proliferative potential as normal cells. Ac-
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cordingly, a biological dosimeter based on the scoring of re-
ciprocal translocations should be particularly useful to moni-
tor the effects of a single exposure even many years after
such an event has taken place, as well as cumulative effects
of multiple or chronic exposures.

The development of such a long-term (cumulative) biolog-
ical dosimeter has been impractical so far for various rea-
sons. A reliable scoring of translocation events could only be
obtained by the analysis of banded chromosomes. Such anal-
yses depend on skilled personnel and are time consuming.
While a skilled technician may analyse some 30 homoge-
neously stained metaphase spreads per hour for dicentric
chromosomes, the rate drops to a few cells per hour at best
for a thorough analysis of structural aberrations in banded
metaphase spreads. Considerable efforts have therefore been
made to automate such analyses [8-10]. Automation becomes
particularly important in the case of low-dose irradiation,
where thousands of cells have to be evaluated to obtain sta-
tistically significant results [11]. Automatic preselection of
supposedly dicentric chromosomes by digital image analysis
has been successfully applied to homogeneously stained sam-
ples. The minimum evaluation time obtained with a multi-
processor system has been about 10 seconds per metaphase
spread [8]. A reliable automated image evaluation of banding
patterns of aberrant chromosomes following irradiation has
not been possible so far [12].

To overcome these limitations, we have developed a new
approach which is particularly useful for the unequivocal
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and easy identification of irradiation-induced chromosome
translocations in human cells [13]. This approach makes use
of recent developments in molecular genetics. Individual hu-
man chromosomes were isolated by fluorescence activated
sorting [14-16]. DNA fragments isolated from large numbers
of a given chromosome type were integrated in appropriate
vectors, e.g., lambda-phages, and amplified in bacterial
strains to form a chromosome specific DNA library. A tech-
nique called chromosomal in situ suppression(CISS)-hybridi-
zation [17-19] or “chromosome painting” [20] allows the spe-
cific binding (by DNA-DNA hybridization) of chemically
modified library DNA fragments (probes) to their respective
chromosomal target sites. These binding sites can be visual-
ized in various ways, including indirect immunofluorescence
and colorimetric procedures. In the present experiments,
probes were labeled with biotin and detected with fluores-
ceine-conjugated avidin, a protein which binds specifically to
biotin [21].

In previous experiments [13] we used CISS-hybridization
of chromosome no.1 and no.7 to establish dose-response
curves for aberrations of these chromosomes in ®Co-gamma-
irradiated human lymphocytes. In agreement with other
studies [2, 22], a linear increase of aberrations (including
translocations, inserts, deletions, fragments and dicentrics)
was obtained with the square of the irradiation dose (range 0
to 8 Gy).

In this report we describe the first application of chromo-
some painting to detect chromosome aberrations induced by
ionizing radiation in lymphocytes of patients exposed to the
X-ray contrast medium Thorotrast [23). Thorotrast consists of
a 25% stabilized colloidal solution of thorium dioxide and
contains the radioactive nuclide 2?Th (half-life 1.4 x 10"
years), which decays under emission of alpha-particles (more
than 90% of the total radioactivity) and sparsely ionizing
beta- and gamma-rays which may be neglected [24]. Thorium
dioxide proved to be an excellent X-ray contrast medium, in
particular for the visualization of the vascular system [23],
and was used as a contrast medium for radiography in man
from the late 1920s to the early 1950s despite warnings about
possible risks of late effects of its radioactivity. After intra-
vascular injection the compound is permanently stored in the
organs of the reticuloendothelial system, mainly in the liver
(59 %), spleen (29%), red bone marrow (9%), the lymph
nodes and other organs (3 %) [23]. Continuous irradiation of
tissues led to the development of malignant primary hepatic
neoplasms and myeloid leukemias. A few epidemiological
studies were performed with patients who had received injec-
tions of Thorotrast [25-28], including studies of chromosome
aberrations in these patients [29-33]. Some reports described
a correlation between the volume of intravascularly injected
Thorotrast (which is proportional to the dose rate delivered
by the decay of »2Th in red bone marrow and spleen) and
the number of chromosome aberrations in patients [29, 34]
and in animal studies [35, 36], while such a clear-cut response
was not found in other studies [37, 38).

In our present experiments metaphase spreads were pre-
pared from phytohemagglutine-stimulated lymphocyte cul-
tures of two patients and two age-matched control persons.
In about 4000 spreads chromosomes no.1 to no.5 were indi-
vidually painted by CISS-hybridization and scored for aber-
rations. In addition, a program METSTAT was developed
for automated evaluation of metaphase spreads with painted
chromosomes. Preliminary results are reported for the rapid
automated classification of metaphase spreads as “normal”,
i.e., spreads containing two painted chromosomes as expect-
ed in normal, diploid cells, or “aberrant”, i.e., spreads con-

Kerntechnik 55 (1990) No. 4

taining more than two painted chromosomes, mostly cells
with a translocation.

2 Materials and Methods
2.1 Cell material

10 ml of blood was obtained from two control persons and
two patients suffering from the intravascular injection of ap-
prox. 10 ml of Thorotrast (no. 5597: 60 year old female, 42
years of exposure, 2.6 x 10° Bq of 2Tl measured with
whole-body counter; no. 5870: 67 year old female, 47 years
of exposure, 2.6 x 10° Bq of 2%Tl; this activity corre-
sponds to approximate dose rates of 13 ¢cGy/a in the liver, 40
c¢Gy/a in the spleen and 4 ¢cGy/a in the red bone marrow).
The control persons were treated in the same hospital and at
the same time as the patients but were not exposed to Thoro-
trast (no. 7506: 63 year old male; no. 7524: 56 year old male).
Lymphocytes were isolated, stimulated with phytohemagglu-
tine (PHA) to divide, and cultured for 72 h using standard
techniques [39]. Colcemid arrested metaphase spreads were
obtained after hypotonic treatment (0.075 M KCl) and fixa-
tion with methanol/acetic acid (3:1 per volume). In other ex-
periments, human lymphocytes from a healthy male donor
(46, XY) were cultivated, irradiated at room temperature
with 8 Gy of %Co-gamma-rays (1.17 and 1.33 MeV) and
fixed as described above (for further details, see [13]).

2.2 DNA libraries and CISS-hybridization

Phage DNA libraries from sorted human chromosomes no. 1
to no.5 were obtained from the American Type Culture Col-
lection (no.1: LAO1NSO1; no.2: LLO2NSO1, no.3:
LAO03NS02, no.4: LA04NS02, no.5: LAO5SNSO01). Amplifica-
tion of these libraries, isolation of the DNA, chemical modi-
fication by nicktranslation with biotin-11-dUTP [21] and
CISS-hybridization were carried out as described in detail
elsewhere [17]. In most experiments, biotinylated library
DNA from a single chromosome was used; in one experi-
ment the biotinylated library DNA from chromosomes 1 and
2 was combined. Hybridized chromosomes were detected by
using fluoresceine-isothiocyanate(FITC)-conjugated avidin,
which binds specifically to the biotinylated DNA (green flu-
orescence). For signal amplification the protocol of Ref. [40]
was used. Metaphase chromosomes were counterstained
with propidium iodide (PI, red fluorescence) and 4,6-diamid-
ino-2-phenylindol-dihydrochloride (DAPI, blue fluores-
cence).

2.3 Microscopy

The microscopic evaluation was performed with a Zeiss pho-
tomicroscope III equipped with epifluorescence. Pictures
were taken at high numerical aperture with Agfachrome 1000
ASA diapositive films.

2.4 Digital image analysis

Microphotographs on diapositive films were digitized using
a drum scanning densitometer (Color Scandig 2605; Joyce
Loebl) and a VAX PDP 11/3600 computer; 256 gray levels
were distinguished. Hybridized areas (FITC plus PI fluores-
cence) and non-hybridized areas (PI plus background FITC
fluorescence) could be distinguished due to their different
gray levels without the need of additional filters. The digi-
tized images were transferred to an IBM compatible personal
computer with an INTEL 80386 microprocessor and a 25
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MHz clock. For evaluation, a program called METSTAT
was written in Turbo C 2.0. This program can be divided into
four parts, viz., contrast enhancing, segmentation, counting
and surveying, and classification.

2.4.1 Contrast enhancing

The contrast of painted and unpainted chromosomes in the
digitized image of metaphase spreads may vary within a wide
range in different experiments, depending both on the effi-
. ciency with which chromosome specific sequences hybridize
to their respective target chromosome and the efficiency with
which nonspecific signals can be suppressed [17]. A low con-
trast can severely disturb the segmentation routine, i.e., the
setting of the threshold in a given metaphase spread which
separates painted chromosome regions from non-painted
ones. Therefore the algorithm analyses the gray value histo-
gram (channels 0 to 255) and determines the positions of T;
and T, where T; is the beginning of the gray value histogram
> 0, while T; is the first maximum of the gray value histo-
gram = 255. The difference T; - T is used to set a relation
between a quadratic look-up table operation and the actual
contrast. The gray value pic(x,y) of every pixel of the digi-
tized image is then replaced by

piC(.\'._v)nc“, = (pic(xo)")originnl)Z / (TZ - TI + Cl)s
where C; is an empirically determined constant.

2.4.2 Segmentation

The contrast enhancement enlarges the histogram over the
complete gray value scale. For this new gray value histogram
the values 7)., T>« are determined as described above for T,
T,. The following rather simple algorithm was developed for
the segmentation of painted chromosome material, non-
painted chromosomes and image background and proved to
be less time consuming than entropy methods:

TH = T« + (T» = Ti») Cs.

G, is an empirically determined constant which depends on
the system used for digitization of the image.

All image pixels with gray values below TH are consid-
ered to belong to painted chromosome regions.

2.4.3 Counting and surveying

A “signal” is defined as a contiguous area of pixels with a
gray value smaller than TH. The image matrix is scanned
column by column until the first pixel fulfilling this condi-
tion appears. Starting from this position, all directly neigh-
bouring pixels having also gray values less than TH are eval-
uated. Summing up, these pixel positions allow to calculate
the “center of gravity” for each signal. For further evaluation
of the image, the gray values of the recognized areas are set
to 254 and the program starts again. If no more new areas
are found, the counting routine lists up the number of sig-
nals, their area in number of pixels and their position.

2.4.4 Classification

From the number of recognized signals and their size, the
metaphases are classified as “normal” or “aberrant”. The
program first determines the size of the largest signal of the
image. All signals smaller than 1/10 of the largest one are
considered to be artifacts due to the staining procedure or to
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segmentation errors and are consequently neglected. A meta-
phase spread classified as “normal” shows two signals,
whereas an “aberrant” metaphase spread contains more than
two signals. If the number of signals below the 1/10 thresh-
old is above a certain limit (empirically chosen as 3 in the
present series of images), the whole metaphase spread is dis-
carded from the evaluation (classification: “excluded”).

3 Results

3.1 CISS-hybridization of chromosomes no. 1 to no. 5 in meta-
phase spreads from PHA-stimulated lymphocytes of Thoro-
trast patients and control persons

The CISS-hybridization experiments were performed with
the biotinylated libraries from chromosomes no.1 to no.5 as
probes. As examples, Fig.1 (a, b) shows two metaphase
spreads from the control person (no. 7524) after CISS-hybri-
dization with the combined chromosomes no.1 and no.2 lib-
raries. While the selectively stained chromosomes appear
normal in one metaphase spread (a), a deleted chromosome
no.1 and two translocations were detected in the other meta-
phase spread (b). For comparison, Fig.1 (c) shows the chro-
mosomes of this metaphase spread after DAPI staining.
Fig.1 (d) presents an example of a metaphase spread irom
the Thorotrast patient (no. 5597) after CISS-hybridization of
chromosome no.5. Besides a normal chromosome no. 5, a de-
leted chromosome no.5 and a translocation of chromosome
no.5 material can clearly be seen (compare the DAPI stained
chromosome in Fig.1 (e)).

Fig. 1. Metaphase spreads from PHA stimulated lymphocytes from
control persons (a-c) and Thorotrast patients (d, e) after CISS-hybridi-
zation with biotinylated libraries from sorted human chromosomes;
detection with avidin-FITC and counterstaining with PI (a, b, d) and
DAPI (c, e). In panels (a, b, d) painted chromosome material appears
white due to a bright, green FITC fluorescence, non-painted chromo-
somes or chromosome regions are slightly visible due to their red PI flu-
orescence.

(a, b) Metaphase spreads from a control persori (no. 7524) after simul-
taneous CISS-hybridization with library DNA from both chromosomes
no.1 and no.2. In (a) the two homologous chromosomes no.1 (closed
triangles) and no.2 (open triangles) are painted along their entire
length. In (b) another metaphase spread from the same person shows
two normal painted chromosomes no.2 (open triangles), one normal
painted chromosome no. 1 (arrowhead), one deleted chromosome no. 1
(short arrow) and two translocation chromosomes containing painted
chromosome material presumably derived from the deleted chromo-
some no.1 (large arrows point to the breakpoints of two translocation
chromosomes). (c) The same metaphase is shown after counterstaining
with DAPI. (d) Metaphase spread from a Thorotrast patient (no. 5597)
after CISS-hybridization with chromosome no.5 library DNA. A nor-
mal chromosome no.5 is indicated by an open triangle. In addition, a
painted fragment (short arrow) and a translocation chromosome con-
taining chromosome no.5 material can be seen (large arrow points to
the breakpoint). (e) The same metaphase after DA PI counterstaining
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Fig. 2. Percentages of painted aberrant chromosomes after CISS-hybri-
dization with chromosome libraries no. 1 to no.5 in human lymphocytes
JSrom 1wo Thorotrast patients (no. 5597 and no. 5870) and two control
persons (no. 7506 and no. 7524). Percentages were calculated from the
Table (number of painted aberrant chromosomes)/(total number of
painted chromosomes evaluated in all experiments from each person).
For statistical evaluation a Z-test was performed. The difference in the
aberration scores between patients and control persons was significant
with a probability = 99.8% both for the total percentage of aberrant
chromosomes and the percentage of translocation chromosomes

For aberration scoring, the CISS-hybridized chromosome
preparations from the two Thorotrast patients and the two
age-matched control persons were coded to avoid any possi-
bility of a biased evaluation. The Table shows the results ob-
tained by direct microscopic observation. Five experiments
(one for each of the chromosomes no.1 to no.5) were per-
formed with lymphocytes from each Thorotrast patient and
from the control person no. 7506. For the control person no.
7524, an additional double CISS-hybridization experiment
using the combined libraries from chromosomes 1 and 2 is
also presented (compare Fig.1 (a-c)). Some 400 (range
305..408) painted chromosomes were evaluated in each
CISS-hybridization experiment. These results are summa-
rized graphically in Fig.2. Translocations, deletions, and in
rare cases also insertions were identified both in Thorotrast
patients and in age-matched control persons. The percentage
of both the total of aberrant chromosomes and translocations
was significantly higher (p = 0.002) in the Thorotrast pa-
tients than in the control persons (see legend to Fig.2).

:3.2 Digital image analysis of CISS-hybridized metaphase
spreads

The CISS-hybridization technique is particularly suited for
application of a rapid digital image analysis approach, since
digitized images of painted normal and aberrant chromo-
somes can be detected and discriminated as specifically fluo-
rescent regions of various size by an automated threshold
procedure. For this purpose a program METSTAT was de-
veloped (see Section 2.4). Every step in the image analysis
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performed by this program can be displayed on the monitor.
To reduce the execution time, only the final result is routinely
displayed for each cell (number of signals and signal areas;
classification of the metaphase spread as “normal”, “aber-
rant”, “excluded”). On an AT 80386 computer, a total of 1 to
2 seconds was required per cell to run the METSTAT pro-
gram (including the reading of the image file).

Fig.3 presents an example of the application of this pro-
gram to a metaphase spread from a control person (no. 7506)
classified as “aberrant”. To test the reliability of classifica-
tions achieved by METSTAT with the classifications per-
formed by a cytogeneticist, we used digitized images pro-
duced from color slides of 140 human lymphocyte meta-
phase spreads obtained from non-irradiated cultures and
from cultures irradiated with 8 Gy of ®*Co-gamma rays after
CISS-hybridization with the chromosome no.1 library [13].
These images were taken under various conditions, their
mean brightness differing up to almost 50%. Metaphase
spreads containing two normal painted chromosomes were
classified by the cytogeneticist as “normal”, while spreads
containing three and more signals from normal and/or aber-
rant painted chromosomes were classified as “aberrant”. In
131 out of 140 cells the classification obtained by METSTAT
was in agreement with the cytogeneticist’s classification: 118
cells were correctly classified as normal and 13 cells as aber-
rant. Seven cells were automatically excluded from scoring
according to criteria described above (Section 2.4). From
these cells, six were classified as normal and one as aberrant
by the cytogeneticist. Only two false classifications were
made by the program. One was “false positive”, i.e., the
metaphase spread was classified “aberrant” by METSTAT,
but “normal” after direct microscopic inspection. The other
one was “false negative”, i.e., classified “normal” by the sys-
tem, but judged “aberrant” by the investigator.

4 Discussion

This study has been intended as a first step towards the de-
velopment of a long-term (cumulative) biological dosimeter
(see Introduction). Using cultured lymphocytes from Thoro-

Fig. 3. Automatic segmentation of painted chromosomes in an aberrant
lymphocyte metaphase spread obtained from the control person
no. 7506 after CISS-hybridization with a chromosome no.1 library.
(a) Microphotograph of the metaphase spread before segmentation.
(b) The same metaphase spread after digitization and background sub-
traction. (c¢) The same metaphase spread after automated segmentation
of painted chromosomes by the program METSTAT. Three signals
were obtained, one signal from a normal chromosome no.1 (compare
open triangles in (a) and (c)). one deleted chromosome no.1 (compare
arrow heads in (a) and (c)) and one chromosome with a translocation
of chromosome no.1 material (compare arrows in (a) and (c)). Photo-
graphs in (b) and (c) were taken from the monitor
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Table. Evaluation of lymphocyte chromosomes from Thorotrast patients and control persons after CISS-hybridization with chromosome DNA

libraries no.1 to no.5

In one experiment (control person no. 7524) the biotinylated DNA libraries for chromosomes 1 and 2 were combined, in all other experi-

ments a single library was used
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lymphocytes irradiated with a ®Co-source as model cases,
our results indicate that two basic requirements of such a do-
simeter may be fulfilled.

Firstly, our study demonstrates the usefulness of chromo-
some painting by CISS-hybridization for the unequivocal
and rapid detection of chromosome translocations in pa-
tients chronically exposed to ionizing irradiation [13].

Secondly, it can be shown that a relatively simple algo-
rithm can be used for rapid automated classification of meta-
phase spreads with normal and aberrant painted chromo-
somes. In the following we will discuss the present limita-
tions and the potential of such an approach in biological
dosimetry.

In contrast to other types of aberrations used in biological
dosimetry, such as dicentrics or acentric fragments (micro-
nuclei), we would predict (see Introduction) that reciprocal
translocations should (a) be largely retained in an irradiated
stem cell population of the red bone marrow even many cell
cycles after an acute single irradiation event, and (b) accumu-
late in a chronically irradiated stem cell population. If so, we
would expect that the percentage of reciprocal translocation
events detectable in differentiated cells, e.g., lymphocytes,
should also reflect the level of such translocations present in
the stem cell population from which these differentiated cells
are derived. While chromosome painting will clearly facili-
tate further tests of these predictions, the long-term reliability
of a biological dosimeter based on translocation scoring may
be limited by the fact that only a fraction of the detected
translocations would be strictly reciprocal, while other trans-
locations would not. Non-reciprocal translocations would al-
so result in genetically imbalanced cells, which may be lost
from a stem cell population. Notably, cell death is not the
only important biological consequence of irradiation expo-
sure. One should also consider the possibility that the chance
induction of tumor specific chromosome aberrations, in par-
ticular tumor specific reciprocal translocations, may be caus-
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ally related with the frequent development of malignant neo-
plasms in Thorotrast patients. While the number of translo-
cation events scored in two Thorotrast patients was signifi-
cantly higher than in two age-matched control persons (range
between 56 and 67 years), more patients and control persons
have to be studied to confirm this result.

Counting of the number and size of automatically
segmented, painted chromosomes was sufficient for a re-
liable classification of metaphase spreads by the program
METSTAT. While this classification was in agreement with a
cytogeneticist’s classification with few exceptions, it should
be noted that color slides from well analyzable spreads were
used as material for this comparison. The time needed for di-
gitization of these slides by a drum scanning densitometer
was excessively long (about 10 minutes per metaphase
spread) as compared to the image analysis time. To acceler-
ate the analysis, the scoring routine should be combined with
an automatic metaphase finder and digitization should be
made directly from the microscopic specimen. This may be
achieved, for example, by a highly sensitive CCD-camera
suitable for fluorescent imaging. Such a system could consid-
erably shorten the evaluation time necessary for the fully au-
tomated analysis per cell with an envisaged goal of several
hundred metaphase spreads per hour. While an improved
version of METSTAT necessary for such an automated clas-
sification of unselected metaphase spreads will require con-
siderably more sophistication, it should be noted that the
segmentation of painted chromosome material can be
achieved even in spreads with clumped chromosomes which
could not be used for normal cytogenetic evaluation.

In contrast, image analysis procedures used for the auto-
mated detection of chromosome aberrations after conven-
tional staining [10] require the separate segmentation and
analysis of all individual chromosomes of a metaphase
spread. In the latter case it is much more difficult to define
algorithms which can rapidly discriminate between normal
and aberrant chromosomes with high reliability.
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The sensitivity of our present experiments to detect meta-
phase spreads with aberrant chromosomes was limited by the
fact that (with one exception, see the Table, control person
no. 7524) only one chromosome type was “painted” per cell.
The yield of detectable aberrations per cell could be largely
increased if several chromosome types were simultaneously
hybridized. For theoretical reasons (J. W. Gray. personal
communication) the simultaneous painting of human chro-
mosomes no.1 to no.4 (including some 20% of total human
genomic DNA) is expected to give a maximum yield of de-
tectable aberrations if one labeling method and one color
(e.g., fluoresceine) is used for all hybridized chromosomes.
Note that exchanges between chromosomes can be obscured
if the participating chromosomes are both painted with the
same color. This limitation, however, may be overcome in the
future by application of multi-probe hybridization and multi-
color detection protocols [41], which make use of probes la-
beled by different chemical procedures and detected by dif-
ferent fluorochromes. Double in situ hybridization protocols
allow the painting of two chromosomes participating in re-
ciprocal translocations in different colors. As a long-term
goal, these procedures should make it possible to stain sever-
al subsets of chromosomes simultaneously in different colors
and thus include most or even all chromosomes of a given
metaphase spread in translocation scoring.

Finally, biological dosimetry based on chromosome aber-
ration scoring would be very much facilitated if a rapid auto-
mated detection of aberrations could be implemented direct-
ly in interphase nuclei. In this respect, it is an intriguing
thought to apply the possibilities of the rapidly evolving field
of interphase cytogenetics (e.g., [13, 19, 40, 42-48]) also to the
problem of biological dosimetry.

Acknowledgments

One of the authors (7. C.) is the recipient of a Heisenberg-Stipen-
dium from the Deutsche Forschungsgemeinschaft. We thank Mrs. 4.
Wiegenstein for excellent photographic work.

(Received on April 19, 1990)

References

1 Eisert, W.G.; Mendelsohn, M. L.: Biological dosimetry, cytomet-
ric approaches to mammalian systems. Springer Verlag, Berlin

2 Llovd, D. C.: An overview of radiation dosimetry by convention-
al cytogenetic methods. In: Eisert, W. G.; Mendelsohn, M. L.
(Eds.): Biological Dosimetry. Springer Verlag, Berlin 1984, p. 3

3 Prosser, J. S.: Moguet, J. E.; Lloyd, D. C.; Edwards, A. A.: Radia-
tion induction of micronuclei in human lymphocytes. Mutat.
Res. 199 (1988) 37

4 Bedford, J. S.: Goodhead, D. T.: Breakage of human interphase
chromosomes by alpha particles and X-rays. Int. J. Radiat. Biol.
55 (1989) 211

5 Gray, J-W.; Langlois, R. G.: Chromosome classification and puri-
fication using flow cytometry and sorting. Ann. Rev. Biophys.
Chem. 15 (1986) 195

6 Cremer, C.; Délle, J.; Hausmann, M.; Bier, F. F.; Rohwer, P.: La-
ser in cytometry: Applications in flow cytogenetics. Ber. Bun-
senges. Phys. Chem. 93 (1989) 327

7 Cremer, C.; Hausmann, M.; Zuse, P.; Aten, J. A.: Barths, J.;
Biihring, H. J.: Flow cytometry of chromosomes: principles
and applications in medicine and molecular biology. Optik 82
(1989) 9

8 Piper, J.: Lundsteen, C.: Human chromosome analysis by ma-
chine. Trends Genet. 3 (1987) 309

9 Lundsteen, C.: Piper, J.: Automation of Cytogenetics. Springer
Verlag, Berlin 1989

10 Léreh, T.: Wittler, C.; Stephan, G.; Bille, J.: An automated chro-
mosome aberration scoring system. In: Lundsteen, C.. Piper, J.
(Eds.): Automation of Cytogenetics. Springer Verlag, Berlin
1989, p. 19

Kerntechnik 55 (1990) No. 4

1

12
13

14

16
17

18

19

20

21

22

23

24

25
26

27

28

29

30

31

32

33

34

Evans, H. J.; Buckton, K. E.; Hamilton, G. E.; Carothers, A.: Ra-
diation-induced chromosome aberrations in nuclear-dockyard
workers. Nature 277 (1979) 531

Piper, J.; Granum, E.: On fully automatic feature measurement
for banded chromosome classification. Cytometry 10 (1989) 242
Cremer, T.; Popp, S.; Emmerich, P.; Lichter, P.; Cremer, C.: Rapid
metaphase and interphase detection of radiation-induced chro-
mosome aberrations in human lymphocytes by chromosomal
suppression in situ hybridization. Cytometry 11 (1990) 110
Davies, K. E.: Young. B. D.; Elles, R. G: Hill, M. E.; Williamson,
R.: Cloning of a representative genomic library of the human X
chromosome after sorting by flow cytometry. Nature 293 (1981)
374

Cremer, C.; Rappold, G.; Gray, J. W.;: Miiller, C. A.; Ropers, H.
H.: Preparative dual beam sorting of the human Y chromosome
and in situ hybridization of cloned DNA probes. Cytometry 5
(1984) 572

Van Dilla, M. A.; Deaven, L. L.: Construction of gene libraries
for each human chromosome. Cytometry 11 (1990) 208

Lichter, P.; Cremer, T.; Borden, J.; Manuelidis, L; Ward, D. C.:
Delineation of individual human chromosomes in metaphase
and interphase cells by in situ suppression hybridization using
recombinant DNA libraries. Hum. Genet. 80 (1988) 224

Lichter, P.; Cremer, T.: Chang Tang, C. J.; Watkins, P. C.: Manue-
lidis, L.; Ward, D. C.:Rapid detection of chromosome 21 aberra-
tions by in situ hybridization. Proc. Natl. Acad. Sci. USA 85
(1988) 9664

Cremer, T.; Lichter, P.; Borden, J.; Ward, D. C.; Manuelidis, L.:
Detection of chromosome aberrations in metaphase and inter-
phase tumor cells by in situ hybridization using chromosome-
specific library probes. Hum. Genet. 80 (1988) 235

Pinkel, D.; Landegent. J.; Collins, C.: Fuscoe, J.; Segraves. R.; Lu-
cas, J.; Gray, J. W.: Fluorescence in situ hybridization with hu-
man chromosome-specific libraries: detection of trisomy 21 and
translocations of chromosome 4. Proc. Natl. Acad. Sci. USA 85
(1988) 9138

Langer, P. R.; Waldrop, A. A.; Ward, D. C.: Enzymatic synthesis
of biotin-labeled polynucleotides: novel nucleic acid affinity
probes. Proc. Natl. Acad. Sci. USA 78 (1981) 6633

Lucas, J. N.; Tenjin, T.; Straumes, T.; Pinkel, D.; Moore 1I, D.;
Litt, M.; Gray, J. W.: Rapid human chromosome aberration
analysis using fluorescence in situ hybridization. Int. J. Radiat.
Biol. 56 (1989) 35

Van Kaick, G.: Muth, H.; Kaul, A., et al.: Report on the German
Thorotrast study. In: Gdssner, W.: Gerber, G. B.; Hagen, U.; Luz,
A. (Eds.): The radiobiology of radium and Thorotrast. Urban &
Schwarzenberg, Miinchen 1986, p. 114

Kaul, A.; Noffz, W.: Tissue dose in Thorotrast patients. Health
Phys. 35 (1978) 113

Faber, M.: Malignancies in Danish Thorotrast patients. Health
Phys. 35 (1978) 153

Mori, T.: Kumatori, T.: Hatakeyama., S.: Irie, H.; Mori, W.; Fuku-
tomi, K.; Baba, K.; Maruyama, T.; Ueda, A.; Iwata, S.; Tamai,
T.; Akita, Y.: Current (1986) status of the Japanese follow-up
study of the Thorotrast patients, and its relationship to the statis-
tical analysis of the autopsy series. British Institute of Radiology
Report 21 (1989) 119

Van Kaick, G.; Wesch, H.; Liihrs, H.; Liebermann, D.; Kaul, A.;
Muth, H.: The German Thorotrast study - report on 20 years fol-
low-up. British Institute of Radiology Report 21 (1989) 98
Motta, L. C. da; Silva Horta, J. S. da: Tavares, M. H.: Pros-
pective epidemiological study of Thorotrast-exposed patients in
Portugal. Environm. Res. 18 (1979) 152

Kemmer, W.; Muth, H.; Tranekjer, F.; Edelmann, L.: Dose de-
pendence of the chromosome aberration rate in Thorotrast pa-
tients. Biophysik 7 (1971) 342

Steinstrdafler, A.: Kemmer, W.; Muth, H.: Microdistribution of
Thorotrast conglomerates in lymph nodes and radiation expo-
sure of single lymphocytes. Environm. Res. 18 (1979) 23
Teixeira-Pinto, A. A.: Azevedo, E.; Silva, M. C.: Chromosome ra-
diation-induced aberrations in patients injected with thorium di-
oxide. Environm. Res. 18 (1979) 225

Steinstrdfler, A.: Kemmer, W.: Biophysical investigations of the
dose-effect relationship in chromosome aberrations of human
lymphocytes caused by Thorotrast deposits. 1I. Biological and
medical aspects. Radiat. Environm. Biophys. 19 (1981) 17
Sasaki, M. S.; Takatsuji, T.: Ejima. Y.: Kodama, S.; Kido, C.:
Chromosome aberration frequency and radiation dose to lym-
phocytes by alpha-particles from internal deposit of Thorotrast.
Radiat. Environm. Biophys. 26 (1987) 227

Fisher, P.; Golob, E.; Kunze-Miihl, E.; Ben Haim, A.; Dudley, R.
A.; Miillner, T.; Parr, R. M.; Vetter, H.: Chromosome aberrations

209



Books - Biicher

35

36

37

38

39

40

41

42

43

in peripheral blood cells in man following chronic irradiation
from internal deposits of Thorotrast. Radiat. Res. 29 (1966) 505
Brooks, A. L.; Guilmette, R. A.; Evans, M. J.; Diel, J. H.: The in-
duction of chromosome aberrations in the livers of Chinese ham-
sters by injected Thorotrast. Strahlentherapie-Sonderb. 80 (1985)
197

Heinze, B.: Steinstrdfer, A.: Lymphocyte doses and chromosome
aberrations in Chinese hamsters after injection of Thorotrast and
Zirconotrast. Strahlentherapie-Sonderb. 80 (1985) 202

Buckton, K. E.: Langlands, A. O.; Woodcock, G. E.: Cytogenetic
changes following Thorotrast administration. Int. J. Radiat. Biol.
12 (1967) 565

Kemmer, W.; Steinstrdfer, A.; Muth, H.: Chromosome aberra-
tions as a biological dosimeter in Thorotrast patients: dosimetric
problems. Environm. Res. 18 (1979) 178

Schwarzacher, H. G.: Praparation von Mitose-Chromosomen. In:
Schwarzacher, H. G.; Wolf, U. (Hrsg.): Methoden in der medizi-
nischen Cytogenetik. Springer Verlag, Berlin 1970, p. 55

Pinkel, D.: Straume, T.; Gray, J. W.: Cytogenetic analysis using
quantitative, high sensitivity, fluorescence hybridization. Proc.
Natl. Acad. Sci. USA 83 (1986) 2934

Nederlof, P. M.; van der Flier, S.; Wiegant, J.; Raap, A. K.;
Tanke, H. J.; Ploem, J. S.; van der Ploeg, M.: Multiple fluores-
cence in situ hybridization. Cytometry 11 (1990) 126

Rappold, G.; Cremer, T.; Hager, H. D.; Davies, K. E.; Miiller, C.
R.; Yang T.: Sex chromosome positions in human interphase
nuclei as studied by in situ hybridization with chromosome spe-
cific DNA probes. Hum. Genet. 67 (1984) 317

Burns, J.; Chan, V. T. W.; Jonasson, J. H ; Fleming. K. A.; Taylor,
S.; McGee, J. O'D.: Sensitive system of visualizing biotinylated
DNA probes hybridized in situ: rapid sex determination of intact
cells. J. Clin. Pathol. 38 (1985) 1085

Cremer, T.: Landegent, J. E.; Briickner, A.; Scholl, H. P.; Schar-
din, M.; Hager, H. D.; Devilee, P.; Pearson, P. L.; van der Ploeg,
M.: Detection of chromosome aberrations in the human inter-
phase nucleus by visualization of specific target DNAs with

45

46

47

48

radioactive and non-radioactive in situ hybridization techniques:
diagnosis of trisomy 18 with probe L1.84. Hum. Genet. 74 (1986)
346

Cremer, T.: Tesin, D.; Hopman, A. H. N.: Manuelidis. L.: Rapid
interphase and metaphase assessment of specific chromosomal
changes in neuroectodermal tumor cells by in situ hybridization
with chemically modified DNA probes. Exp. Cell Res. 176 (1988)
199

Devilee, P.; Thierry. R. F.; Kievits, T.: Kolluri, R.: Hopman, A. H.
N.: Willard, H. F.: Pearson, P. L.; Cornelisse, C. J.: Detection of
chromosome aneuploidy in interphase nuclei from human pri-
mary breast tumors using chromosome-specific repetitive DNA
probes. Cancer Res. 48 (1988) 5825

Hopman, A. H. N.: Ramaekers, F. C. S.: Raap, A. K.: Beck, J. L.
M.. Devilee, P.; van der Ploeg. M.; Voijs, G. P.: In situ hybridiza-
tion as a tool to study numerical chromosome aberrations in sol-
id bladder tumors. Histochemistry 89 (1988) 307

Popp, S.; Scholl, H. P.; Loos, P.; Jauch, A.; Stelzer, E.;: Cremer, C.;
Cremer, T.: Distribution of chromosome 18 and X centric het-
erochromatin in the interphase nucleus of cultured human cells.
Exp. Cell Res. (1990), in press

The authors of this contribution

Dipl.-Biol. Susanne Popp, Priv.-Doz. Dr. Thomas Cremer, Institut fur
Humangenetik und Anthropologie, Universitit Heidelberg, Heidel-
berg, Federal Republic of Germany.

Burkhard Remm. Dr. Michael Hausmann, Prof. Dr. Christoph

Cremer, Institut fiir Angewandte Physik 1, Universitit Heidelberg,
Heidelberg, Federal Republic of Germany.

Dr. Hertha Liihrs, Prof. Dr. Gerhard van Kaick, Institut fiir Ra-

diologie und Pathophysiologie des Deutschen Krebsforschungszen-
trums, Heidelberg, Federal Republic of Germany.

(Correspondence to Prof. Dr. C. Cremer)

Kerntechnik 55 (1990) No. 4




