
Thesis for doctoral degree (Ph.D.)
2009

Ragnhild Rosengren-Lindquist

Thesis for doctoral degree (Ph.D
.) 2009

R
agnhild Lindquist

Chromosome Aberrations and 
Environmental Exposures

in Acute Leukemia

C
hrom

osom
e A

berrations and Environm
ental Exposures in A

cute Leukem
ia



 
 
 
 
 

Department of Medicine, Division of Hematology 
Karolinska Institutet at 

Karolinska University Hospital, Stockholm, Sweden 

 
 
Chromosome Aberrations and Environmental Exposures 

in Acute Leukemia 
 

 
 
 

Ragnhild Rosengren-Lindquist 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Stockholm 2009 
 

 
 



2009

Gårdsvägen 4, 169 70 Solna

Printed by

 

 

2

2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All previously published papers were reproduced with permission from the publisher. 
 
Published by Karolinska Institutet 
 
© Ragnhild Rosengren-Lindquist, 2009 
ISBN: 978-91-628-7860-3 
Printed by 
 
 
Gårdsvägen 4, 169 70 Solna 
 
 
 



 

 

3

3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To all Patients and Control-persons, who, to me, generously and with great 
enthusiasm presented information about their lives and fate with the hope and 
aim to create knowledge, that can be used to prevent the occurrence of acute 
leukemia.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

4

4

Contents 
Abstract................................................................................................................... 6 
List of publications………………………………………………………………. 7 
List of Abbreviations……………………………………………………………. 8   
Introduction…………………………………………………………………….. 10 
Acute leukemias………………………………………………………................ 11 
 Introduction……………………………………………………….11 
 Diseases that predispose to AML………………………………... 11 
 Studies of environmental factors……………………………….... 11 
 Classification of the acute leukemias……………………………. 14 
 Cytogenetic classification ……………………………………14 
 Morphology classification……………………………………….. 16  
 Immunologic classification………………………….....................17 
 Gene abnormalities………………………………………………. 17 
 Epigenetic changes…………………………………..................... 18 
 Etiology………………………………………………...................19 
 Treatment modalities…………………………………….............. 19 
 Chemotherapy………………………………………………….. 19 
 Chemical compounds……………………………………………..19 
 Vitamins…………………………………………………………. 20 
 Immune therapy………………………….………………………. 20 
 Gene therapy……………………………………………………... 20 
 Transplantation…………………………………………………... 21 
Aims of the thesis………………………………………………………………. 21 
Presentation of papers I and II 
 Background……………………………………………………..... 21 
 Aim of the study………………………………………………..... 21 
 Materials and methods…………………………………………… 21 
  Patients………………………………………………. 21 
  Controls………………………………………………22 
  Questionnaire………………………………………... 22 
  Statistical methods…………………………………... 22 
  Morphology classification…………………………... 23 
  Definitions…………………………………………... 23
 Results…………………………………………………………… 23 
  Exposure to organic solvents………………………... 23 
  Exposure to petroleum products…………………….. 24 
 Discussion………………………………………………………...25 
Presentation of paper III 
 Background………………………………………………………. 26 
 Aim of the study…………………………………………………. 26 
 Materials and methods…………………………………………… 26 
  Patients………………………………………………. 26 
  Morphology and cytogenetic analysis………………. 26
  Mutagen exposures………………………………….. 26 
 Results…………………………………………………………….27 
  Chromosome analysis……………………………….. 27 
  Morphology…………………………………………..27 
  Clinical outcome – prognosis…………………….......27 
  Mutagen exposure…………………………………… 28 



 

 

5

5

 Discussion………………………………………………............... 29 
    
Presentation of paper IV 
 Background………………………………………………………. 29 
 Aim of the study…………………………………………………. 30 
 Materials and methods…………………………………………… 30 
  Patients………………………………………………. 30 
  Morphology…………………………………………. 30 
  Cytogenetic analysis………………………………… 30 
  Statistics……………………………………………... 30 
 Results…………………………………………………………….30 
  Chromosome analysis……………………………….. 30 
  Mutagen exposure…………………………………… 30 
  Morphology…………………………………………..30 
  Discussion…………………………………………… 30 
General discussion…………………………………………………………….... 32 
General comments……………………………………………………………… 32 
Impact of the research results of this thesis....................................................... 33 
Results published after 1991……………………………………………………34 
Conclusions…………………………………………………………………….. 34 
Future perspectives.............................................................................................. 37 
References………………………………………………………………………. 38 
Acknowledgements…………………………………………………………….. 49  
Financial support………………………………………………………………. 51 
Ethics committee………………………………………………………………...51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

6

6

Abstract 
The aims of this thesis are to evaluate the role of environmental exposures, especially 
professional exposure to organic solvents and petroleum products in the etiology of acute 
leukemia and to investigate if there is a correlation between the exposure to a specific 
leukemogen factor and a clonal chromosome aberration of the leukemic cells.  
Papers I and II present results of a case-control study of environmental exposures, in all 
occupations during life-time, medical treatments with medicines, chemotherapy and radiation, 
tobacco-use and the exposure to chemical compounds in private life in 120 patients with acute 
leukemia and of 120 controls, matched for age (+ 4 years), residence and sex. The patients 
were treated in one of five hospitals collaborating in the Leukemia Group of Middle Sweden. 
The controls were taken from the population register of the taxation authorities, where all 
inhabitants are listed district by district. Odds ratio (OR) and multivariate analysis with 
logistic regression on matched data were calculated. The analyses of the chromosome 
aberrations were done with the Q-banding technique ad modum Caspersson. Increased risk of 
acute leukemia was found in painters: OR: 13; 95% confidence interval (95%CI) (binomial 
distribution): 2-554, (P=0.002), in all different professions exposed to organic solvents: OR: 
4.9; 95%CI: 2.2-12.1, (P<0.001) and in drivers: OR: 3.0, 95%CI: 1.1-9.2 (P=0.02). 
Multivariate analysis showed that the significances remained, after consideration was taken to 
exposures to organic solvents (P<0.001), therapeutic radiation (P=0.008) and petroleum 
products (P=0.020). No excess risks were found after professional exposures to other non-
volatile petroleum products, as machine oil and motor oil. Thus the exposures to organic 
solvents and to petroleum products were independent risk-factors for AML.  
Paper III describes chromosome 3 aberrations in acute myelocytic leukemia and the exposure 
to mutagens. All patients with monosomy 3 and deletions of chromosome 3 were found to be 
exposed to environmental mutagens or radiation and/or chemotherapy.  They had a short 
survival. All breakpoints of chromosome 3 were found in the constitutional fragile site 
regions 3p14.2, 3q21 and 3q26-27. Dysmegakaryocytopoiesis was found in cases with 
chromosome break-points at 3q21, 3q25-29 and in monosomy 3.  
Paper IV: The relationship between the occupational exposure to benzene and the occurrence 
of specific cytogenetic aberrations was studied in 179 patients with acute myeloid leukemia. 
Fifty-seven (32%) patients had a history of daily occupational exposure to benzene and 47 
(82%) of these were men, 10 were women (P<0.001). Numerical chromosome aberrations 
(P=0.002) as well as trisomy 8 (P<0.001) were significantly more common in patients 
exposed to benzene compared to non-exposed. Benzene-exposure was not significantly 
associated with the occurrence of complex karyotypes, deletions, translocations or aberrations 
of chromosomes 1, 5, 7, 11, 15, 16, 17, 18 or 19. It is significantly correlated to monocytoid 
cell differentiation (FAB-M5).      
Conclusions: The results show an increased risk of developing acute leukemia after exposure 
to organic solvents, especially in painters, but also in drivers and other professions exposed to 
organic solvents and petroleum products as gasoline and diesel. Exposure to benzene was 
significantly correlated with numerical chromosome aberrations, especially trisomy 8. 
Monocytoid cell-differentiation was significantly more often seen in benzene exposed patients 
than in non-exposed. Women had a significantly shorter mean-time of exposure to benzene 
(12.1 years), compared to men (27.8 years) (P=0.003), which could indicate a greater 
sensitivity to benzene exposure in women compared to men. Furthermore the results create a 
possibility to take preventive actions against the exposure to leukemogenic agents.  
Keywords: acute leukemia, chromosome 3, chromosome 8, fragile site, occupational 
exposure, mutagen exposure, case-control study, trisomy, benzene, organic solvent, 
petroleum, epidemiology, environmental carcinogens, painter, driver.  
ISBN: 978-91-628-7860-3. 
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Introduction 
 
The exposure to environmental compounds in humans has changed the last two hundred years 
with the introduction of industrial production of new chemical compounds including the 
extensive synthesis of new artificial molecules. The production was mostly made in small 
scale with materials, which had been present for hundreds, even thousands of years as in 
farm-work and in handicraft. In early ages the materials were natural compounds such as iron, 
wood, animal- and plant-constituents, that were used for the creation of goods necessary for 
the living conditions as clothes, agricultural products and cooking-and farming-equipment. 
The exposure to mutagens at that time included the exposure to tar and smoke from fires, but 
mutagens were also present in preserved meat and fish, which were heavily smoked, dried, 
salted and often infected by micro-organisms.  
 
One compound that is produced in great amounts in the refineries of crude oil is the organic, 
aromatic solvent benzene (1). This compound is an ever present contamination in almost all 
types of organic, aromatic solvents and used in large quantities as an additive of gasoline for 
octane-raising purposes (2,3). The decision to exclude lead as an octane-raising agent in 
gasoline introduced organic solvents in its place, where benzene can be present in up to 10 to 
20%. Its low temperature of evaporation and its almost not notable smell make it difficult to 
unveil. The large production as by-product in the refinery-process of crude oil makes it a 
inexpensive solvent to use for industrial purposes. Organic solvents can not be manufactured 
for industrial purposes with the complete exclusion of benzene, for economic reasons. Thus 
benzene is an ever present impurity in compounds in the human environment. No safe limit 
for benzene-exposure has so far been found, but studies of exposed professionals show an 
increased risk with greater exposure (1). Most studies of human exposures to environmental 
factors have been of the type case-control or cohort/register-studies (1-3).  
 
The ever present questions of the patients and their families and friends, when the diagnosis 
of acute leukemia is made: “Why did I/he/she get the leukemia?”, “Are there any toxic 
compounds in the environment”. These two questions were the basis of and the energy for the 
decision to do this case-control- and cytogenetic-study of patients with acute leukemia in 
Sweden. As the disease has a low incidence, it was necessary to investigate patients from 
many hospitals and it was with great generosity that I got the permission to investigate 
patients from five hospitals that cooperate in the Leukemia Group of Middle Sweden.  
 
The aim of this thesis is to investigate the exposures to environmental factors in acute 
leukemia in order to search for etiological factors for the disease and to investigate whether 
there is a relationship of specific inducing compounds and specific chromosomal aberrations. 
Environmental exposures were studied in a case-control study directed to the patients with 
acute leukemia and to matched controls, based on a questionnaire. It was designed to 
systematically gather information about professional, medical and environmental exposures 
with the identification of chemical compounds and the quantification of them. To be able to 
control for confounding factors, all kinds of exposures, both in occupation and in private life, 
were included as well as the exposures to medical treatments and tobacco.  
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Acute myelocytic leukemia 
 
Introduction 
The acute leukemias have an incidence of about five cases out of 100.000 individuals per year 
(4). AML accounts for 15-20% of the acute leukemias in children and 80% in adults. The first 
case of acute leukemia was described in 1857 by Friedreich (5), but the name acute leukemia 
was postulated by Ebstein in 1889 (6). In 1878 Neuman proposed myeloid cells of the bone 
marrow as the origin of the leukemia (7). Ehrlich described the staining of blood and bone-
marrow 1891 (8) and with that technique Hirschfield in 1898 (9) and Naegeli in 1900 
described the myeloblast and the myelocyte (10). 
 
Chromosome analysis by karyotyping of bone-marrow cells in acute leukemia shows distinct 
clonal chromosome aberrations in 50-70% of analyzed cases (11,12). Distinct cytogenetic 
subgroups in acute leukemia of myelocytic and lymphocytic origin are identified. These form 
prognostic entities. In myeloid leukemias t(16;16)(p13;q22), inv(16)(p13q22) or 
t(8;21)(q22;q22) are more often seen in younger individuals and have a better prognosis than  
others as monosomy 5, del(5q),  monosomy 7 and del(7q), which are not as favourable 
(11,12). In acute lymphocytic leukemia other aberrations occur such as t(9;22)(q34;q11.29) 
and t(1;19)(q23;p13.3) (11,12). 
 
The creation of a leukemic, malignant cell can be based on either the introduction of a genetic 
abnormality by an incorrect synthesis of DNA, or the occurrence of a deletion and/or a 
translocation of DNA or by an abnormal cell-division in mitosis. The incorrect DNA-
sequence must be located in a region of the DNA that is active in the blood-cell and it has to 
have proliferation capacity, to form a clonal cell group, which then forms the leukemia – a 
group of pathological cells among the normal cells in the bone-marrow. Epigenetic events as 
the methylation of DNA can, as another mechanism, take part in the process of transforming a 
normal cell into a malignant (13). Acute myeloid leukemias are clonal expansions of myeloid 
blasts. The development of acute leukemia can be associated with exposures to leukemogens, 
that target the DNA and/or the mitosis. The transformation of a normal cell to a leukemic, can 
occur as a random event, without external environmental impact on the cell. 
  
Diseases that predispose to AML 
There are diseases that can predispose to acute leukemia such as aplastic anemia (polyclonal 
T-cells disorder) (14), myelom (monoclonal B-cells disorder) (15) and rarely HIV-infection 
(acquisited polyclonal T-cell disorder) (16). Other diseases that can transform into acute 
leukemia are idiopatic myelofibrosis, primary trombocytosis, CML, PCV, clonal sideroblastic 
anemia or oligoblastic myelogenous leukemia (17,18). The clonal progression can be 
enhanced by the exposure to mutagens as for example radiation and/or chemo-therapy (19). 
Thus in the inherited syndromes at least three pathogenic types of gene alterations are noted: 
DNA-repair defects as Fanconi anemia (20), susceptibility genes favouring a second mutation 
as familiar platelet syndrome (21) and tumour suppressor defects in congenital dyskeratosis 
(22). But there are also unknown mechanisms as in ataxia-pancytopenia (23). There is a 
documented increased risk of acute leukemia in Down´s syndrome, in variable 
immunodeficiency syndromes and in autoimmune diseases (24). 
 
Studies of environmental factors 
The first observation of an excess risk of cancer was published by Ramazzini: De Morbis 
Artificum Diatribe in 1700. He had observed cases of mammary-cancer in nuns and he 
correctly suggested, that the risk reflected celibacy and not occupational exposure (25). The 
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first connection between an occupational exposure and risk of a specific cancer was made by 
Pott in 1775, as he postulated that those who worked with chimney sweeping also had a 
higher risk of scrotal cancer. The disease was very rare in the general population (26). In 1895 
the German surgeon Rehn suggested a relationship between the work as dyer and bladder-
cancer. The used agents were naphthylamine and benzidine, two aromatic hydro-carbons (27). 
 
Exposures to certain factors have been observed preceding the occurrence of acute leukemia. 
Examples of such factors are radiation (28), chemotherapy-treatments (29) and exposures to 
hydrocarbons of aromatic and poly-aromatic origin (1). The constant and heavy environment 
exposures were introduced in the industrial revolution with huge amounts of production in 
poorly ventilated areas. At the same time the knowledge of chemistry increased, which led to 
the production of new chemical compounds, which were introduced in work-environment. 
The knowledge of these compounds, considering the toxic effects to humans, was limited.  
 
The negative effect on bone-marrow cells of inhaling vapours of tar and burning carbon was 
observed by CG Santesson, who suggested in 1897 that exposure to charcoal tar, containing 
benzene could cause myelo-toxicity (30). Professor Carl Gustaf Santesson (1862-1939) was 
born in Stockholm. Both he and his father were professors at the Karolinska Institute. In 1928 
Delore and Borgomano described the first case of acute leukemia in heavily benzene-exposed 
workers (31). In experimental studies in 1932 by Lignac six leukemias and four lymphomas 
were diagnosed in 54 benzene-exposed mice, compared to no bone-marrow disease in non-
exposed control-mice (32). In Italian (33) and Turkish (34) leather-industries the manufacture 
was accomplished with glues and paints based on benzene. Observations of high incidence of 
aplastic-anemia and leukemia in workers, pointed at a possible relationship to the exposure to 
benzene.  
 
It was not until after 1970 that publications in this field by Aksoy (34), Snyder (35), and 
McMichael (36) et al. further described this relationship. The result was the prohibition of 
benzene as a pure solvent in many countries, among them Sweden. Later studies by Snyder 
further expanded the knowledge of the metabolism of benzene (37). Zhang & Smith et al. are 
now conducting studies of benzene-exposed workers in China and of benzene exposed human 
lymphocytes in vitro to investigate the non-clonal effects of benzene in healthy individuals. 
Interestingly, monosomies of chromosomes 5 and 7 as well as trisomy of chromosome 8 were 
significantly elevated in lymphocytes of benzene-exposed workers (38). In another study of 
healthy individuals with high occupational exposure to benzene, there was a 15-fold increase 
of trisomy 8 in peripheral lymhocytes compared to lymphocytes of non-exposed workers (39). 
 
In 1944 March found that radiologists had 10 times increased risk of leukemia after having 
scanned the obituary notices in the Journal of the American Medical Association for the 
period 1935-1944 (40). In 1950 he did a follow up for the period 1929-1948 and reported that 
4.7 % of deaths in radiologists were due to leukemia compared to 0.5% in other physicians 
(41). There are other reports suggesting increased risk of leukemia in physicians exposed to 
radiation. The results suggest that repeated relatively small dosages of radiation of 0.4-2 rads 
per week could increase the risk of leukemia (42,43).  
 
Investigations of the atomic bomb survivors in Hiroshima and Nagasaki have shown that 
exposure to radiation (mainly gamma rays and neutrons) could be exactly estimated in dose 
and time-point of exposure. The amount of γ-radiation-exposure is based on the position of 
the person at the time of explosion and the time of exposure is exactly known. An increased 
incidence of leukemia of myeloid origin - both acute and chronic - but not of chronic 
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lymphocyte leukemia (CLL) was observed. The peak incidence was noted 5 to 7 years after 
the exposure. About 24000 persons had radiation doses greater than 10 rad. Leukemia was 
first noted in 1948 for those who survived and were exposed to greater doses. Thus the 
minimum latent period was a little more than two years. The incidence reached a peak in 1951 
to 1952 thereafter declining slowly. In 1970 to 1972 leukemia death rates were significantly 
elevated over the general population in survivors who had received more than 100 rads. The 
relative risk (RR=O/E) in 19472 exposed persons, elder than 10 years, and with external dose 
10-600 rads (mean: 86) was 3.7. In 4507 persons younger than 10 years and with mean 
radiation-exposure of 69 rads, the RR was estimated to 6.5 (44,45). 
 
Another classical investigation was carried out by Court Brown and Doll. They studied 14000 
British patients with spondylitis, for periods ranging from 5-25 years after partial-body 
irradiation. Death-certificates were the source of information. The death rates of leukemia was 
almost ten times the expected (52 versus 5.48) and of aplastic anemia nearly 30 times (15 
versus 0.51). The latent period was almost the same as in the atomic bomb survivors as the 
mortality reached a peak 3 to5 years after irradiation. There was only a single death after 15 
years post irradiation, but few persons were observed as long as twenty years. CLL was not 
increased. Eigthy percent of the leukemias were of the acute type and the rest chronic 
myelocytic leukemia. The RR was estimated to 9.5 (46,47).  
 
Iodine-131 treatment for thyroid cancer has shown an increased risk of leukemia but for the 
treatment of hyperthyroidism it has not been shown. The treatment dose for cancer is much 
higher than that for hyperfunction of the thyroid gland, which probably explained this 
difference (48,49). Patients who had x-ray investigation done with the Thorotrast® (thorium 
dioxide α-particle emitter) contrast-medium showed a significantly increased incidence of 
leukemia, when studied in patients exposed during the period 1930 to1955, where five times 
more cases of leukemia than expected were found (50). 
 
Radium-226 and thorium-232 have long half-lives, when internalized in the body. The subject 
receives continuous radiation. Radon-222 has a short half-life but its radioactive daughters 
(isotopes of polonium, lead and bismuth) have half-lives ranging up to 21 years. These 
daughter products attached to small airborne particles are inhaled and deposited in the 
bronchial tree. Radium has chemical activity like calcium and is therefore accumulating in the 
bone-marrow. On the contrary the isotope radium-224 used for therapy in tuberculosis and in 
ankylosing spondylitis has a half life of less than four days and most of its radiation is 
released before reaching the bone-marrow (51,52). In patients treated with chemotherapy and 
irradiation there is an increased risk of developing leukemia after treatments of for example 
mammary cancer (53), ovarian carcinoma (54), cancer of the uterus (55), multiple myeloma 
(56) and lymphomas as Hodgkin´s lymphoma (57).  
 
In 1972 Mitelman et al. performed studies of rats inoculated with 7, 12-dimethyl-benz(α)-
anthracene (DMBA), which were shown to develop sarcomas significantly more often than 
untreated animals. Numerical aberrations of the chromosomes in the tumours were observed 
(58). In the group of Georg Klein in 1978, Wiener et al. showed in mice that trisomy 15 was 
the first detectable specific chromosome aberration in (DMBA)-induced T-cell lymphoma 
(59). These experiments suggest that specific chromosome aberrations are related to the 
inducing agent DMBA. 
 
Electromagnetic irradiation as an etiological factor of cancer has been extensively studied in 
adults and in children. Possible mechanisms for effect on cell-metabolism, DNA, proliferation 
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and mitosis have been investigated. Flodérus et al. studied the exposure to low-frequency 
electromagnetic fields (EMF) in 250 adult patients with leukemia, diagnosed in 1983-87 and 
compared them to a group of 1121 controls, randomly selected in the mid-region of Sweden. 
The exposure assessment was based of measurements from 1015 different workplaces. On the 
basis of the job held longest during the 10 year period before diagnosis, there was an 
association between the average daily mean level of EMF exposure and chronic lymphocytic 
leukemia. The risk increased with increasing level of exposure. OR (95% confidence interval) 
(CI) for the three levels of exposure were: 1.1 (CI: 0.5-2.3); 2.2 (CI: 1.1-4.3); 3.0 (CI: 1.6-5.8) 
respectively. No association was observed for acute myeloid leukemia (60). 
 
The role of exposures to metals such as arsenic, beryllium, cadmium, chromium, cobalt and 
nickel has not been settled in acute myeloid leukemia. There are investigations that show 
carcinogenic properties of inhaled metal-dust. It has been proposed to be associated with 
cancer of lung and nasal cavity (61,62). The effect is suggested to be expressed as a reduction 
of the DNA-repair function of the cells and a possible influence on cell-cycle control (63).  
 
Professional exposures to environmental factors in Swedish work environment need to be 
constantly evaluated, as there is an ongoing exposure to old and newly introduced chemical 
compounds as sole agents and in different combinations. The exposure to benzene is 
considered as leukemogenic in mice and in humans (WHO, IARC), when reviewed in 1989 
(1). Exposures to gasoline, diesel and its combustion products are prominent environmental 
exposures in professional workplaces but also in cities as a result of traffic, a non-professional 
exposure. Mutagens are present in gasoline with the additive of organic solvents, mostly 
aromatic solvents as benzene, toluene, xylene, trimethyl-benzene for octane-raising properties 
of the fuels. The poly-aromatic-hydrocarbons as benze-pyrene and carbon-particles formed by 
the combustion-motors driven by diesel are mutagens (2,3). 
 
Classification of the acute leukemias 
 
A short description of means of classification of the different acute leukemias is here 
presented. The acute leukemias in this thesis were classified according to the French-
American-British (FAB) classification by Bennet et al. (64). This classification have been 
further developed by the WHO in the the publications  Pathology and Genetics: Tumours of 
Heamatopoietic and Lymphoid Tissues, Lyon 2001, edited by Jaffe, Harris, Stein and 
Vardiman (11) and in the Classification of Tumours of Hematopoietic and Lymphoid Tissues, 
Lyon, 2008, edited by Swerdlow, Campo, Lee Harris, Jaffe, Pileri, Stein, Thiele and 
Vardiman (12).  
 
Cytogenetic classification 
An overview of the cytogenetic classification is here briefly presented (11,12,65,66). 
 
AML t(8;21)(q22;q22);(AML1(RUNX1)/ETO (eight-twentyone) has generally in the 
neutrophil lineage a mature cell type and 5-12% of all the AML cases are of this type. It 
occurs predominantly in younger patients. Tumour manifestations, such as myeloid sarcomas 
may be present at presentation. Eosinophil precursors are frequently increased but they do not 
exhibit the cytological and cytochemical abnormalities characteristic of acute 
myelomonocytic leukemia with abnormalities of chromosome 16. Prognosis is considered as 
relatively good, but adversely less favourable prognosis is present when combined with other 
chromosome and gene aberrations.  
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AML inv(16)(p13q22) or t(16;16)(p13;q22);(CBFβ/MYH11)(=Core Binding 
Factorβ(16q22)/smoth muscle myosin heavy chain(16p13)) is usually presented with 
monocytic and granulocytic differentiation, and an abnormal eosinophil component in the 
marrow and referred to as AML with eosinophilia. It is found in 10-12% of all cases with 
AML and can occur in all ages but predominantly in younger patients. Myeloid sarcomas can 
occur at diagnosis and/or relapse in some of the patients. By conventional cytogenetics the 
inv(16) is very subtle and can be overlooked. The use of FISH and/or RT-PCR may be 
necessary to document the genetic disorder.  
 
AML t(15;17)(q22;q12);(PML/RARα)(promyelocytic leukemia gene(15q22)/retinoic receptor 
α (17q12)) and variants have abnormal promyelocytes, that can be granulated in a typical way 
but also hypogranular type exists. It comprises 5-8% of the AML cases and can occur at any 
age but adults in midlife predominate. The microgranular type is frequently associated with 
disseminated intravascular coagulation (DIC). In microgranular APL unlike typical APL the 
leukocyte count is very high with a rapid doubling time. Acute promyelocytic leukemia is 
sensitive to trans-retinoic acid, which act as a differentiating agent. There are variant 
translocations involving RARα, described as t(11;17)(q23;q21), t(5;17)(q23,q12) and 
t(11;17)(q23;q21). The cell of origin is the myeloid stemcell. APL has a therapeutic 
sensitivity to all-trans retinoic acid which acts as a differentiating agent. The APL with variant 
translocations are also sensitive except for the t(11;17)(q23;q21)(PLZF(promyelocytic 
leukemia zinc finger gene); RARα). The prognosis is in t(15;17) considered as good. 
 
AML with 11q23 (MLL(Drosophila trithorax gene) (HRX)). Translocations can involve at 
least twenty different chromosomes. Exampels of these are AML t(9;11)(p21;q23), 
t(11;19)(q23;p13.1) and t(11;19)(q23;p13.3). The possibility to identify the abnormality 
11q23 is not always present by conventional cytogenetic studies. The cell of origin is the 
hematopoietic stem-cell with multi-lineage potential. The prognosis is considered as 
intermediate in 11q23 abnormalities.  
 
AML with multilineage dysplasia is an AML with >20% blasts in the bone marrow and at 
least dysplasia in two myeloid cell-lines, generally including megakaryocytes. It may follow a 
myelodysplastic syndrome but it can also occur de novo. Chromosome abnormalities often 
involve gain or loss of major segment of certain chromosomes as -7/del(7q), -5/del(5q), 
+8,+9,+11, del(11q), del(12p), -18, +19, del(20q), +21 and less often translocations as t(2;11), 
t(1;7) and translocations involving 3q21 and 3q26. The origin is the hematopoietic stem-cell. 
Multilineage dysplasia in AML has an adverse effect on the probability of achieving complete 
remission.  
 
Therapy-related AML  
AML related to the exposure to alkylating agent/s and/or radiation (secondary AML) usually 
involves all myeloid cell-lines. They are primarily unbalanced translocations or deletions 
involving chromosomes 5 and 7, but also chromosomes 1, 4, 12, 14 and 18. Complex 
chromosome aberrations are often identified. The cell of origin is the hematopoietic stem-cell. 
The prognosis is bad and associated with short survival (19,29). 
 
AML related to the exposure to topoisomerase II inhibitors. This AML is often of monocytoid 
or myelomonocytoid type and can have an involvement of chromosome 11q23, where the 
MLL gene is located as in the translocations t(9;11), t(11;19) and t(6;11). AML and ALL can 
be accompanied by t(4;11)(q21;q23). Other abnormalities have also been reported after this 
exposure as t(8;21), t(3;21), inv(16), t(8;16), t(6;9), t(15;17) (19). 
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AML not otherwise categorised according to the above groups  
AML minimally differentiated has no evidence of myeloid origin by morphology and light 
microscopy cytochemistry. Its myeloid origin is demonstrated by immunological markers 
and/or ultrastructural cytochemistry. These cases comprise about 5 % of the AML and are 
mostly seen in adults. Chromosome aberrations are usually complex, +13, +8, +4 or 
monosomy 7. The cell of origin is the hematopoietic stemcell in the earliest stage of myeloid 
differentiation.  
 
Morphology  
 
Acute leukemia with and without transformation from MDS with multilineage dysplasia 
Following a myelodysplastic syndrome 
Without antescendent myelodysplastic syndrom 
 
Acute myeloid leukemia and myelodysplastic syndromes, therapy-related 
Alkylating agent-related 
Topoisomeras type II inhibitor-related 
Other types 
 
Acute myeloid leukemia not otherwise categorised 
AML minimally differentiated 
AML without maturation 
AML with maturation 
AMML 
Acute monoblastic and monocytic leukemia 
Acute erythroid leukemias 
Acute megakaryoblastic leukemia, acute basophilic leukemia 
Acute panmyelosis with myelofibrosis 
Myeloid Sarcoma 
 
Acute leukemia of ambiguous lineage 
Undifferentiated acute leukemia 
Bilineal acute leukemia 
Biphenotypic acute leukemia 
 
Cytochemistry 
Myeloperoxidase (MPO) activity is specific for myeloid differentiation and is concentrated in 
the myeloblasts as granulation and in the Golgi zone. Lymphoblasts and megakaryoblasts are 
negative, but monoblasts may be negative or positive with scattered fine granules. Sudan 
black B (SBB) reactivity is similar to MPO in myeloblasts and monoblasts and is stable for 
months in unstained slides. Non-Specific Esteras (NSE): Alpha Naphthyl Butyrate (or 
Esterase) (ANB) has its reactivity in the monoblasts. The ANB positivity in monoblasts is 
totally inhibited by NaF (64). 
 
The most significant change from the FAB-classification to the WHO-classification is the 
recommendation that the requisite blast percentage for a diagnosis of acute myeloid leukemia 
is >20% blasts in the bone-marrow compared to >30% in the FAB-classification. Clinical 
findings and other diagnostic tools as the cytogenetic analysis cooperate to form the 
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diagnosis, even when the blast percentage can be less than 20% as in association with 
inv(16)(p13q22) or t(16;16)(q13;q22). 
 
Immunological classification 
 
It has its central role in distinguishing between minimally differentiated AML and ALL, in the 
recognition of acute megakaryoblastic leukemia and in the separation of B and T cell ALL. It 
can be performed by flow cytometry or by immunohisto-chemistry on slides. Antigens most 
frequently used for assignment of particular lineages are for the hematopoietic precursors: 
CD34, HLA-Dr, TdT, CD45, for the B-lineage lymphopoietic cells: CD19, CD20, CD22, 
CD79a, for the T-lineage lymphopoietic cells CD2, CD3, CD5, CD7, for the myeloid cell 
lineage: CD13, CD33, CD15, MPO, CD117 and for the megakaryocytic lineage: CD41 and 
CD61 (67).  
 
Gene abnormalities 
 
By conventional chromosome analysis, based on stained bone-marrow cells in metaphase, 50 
to 60 percent of the investigated patients show clonal chromosome aberrations. The leukemias 
where no clonal chromosome aberration is found, have earlier been named AML with 
“normal” karyotype, but with new techniques gene disturbancies, not detected by 
conventional cytogenetic analysis, can be found.   
 
The development of the malignant cell in leukemia is in most cases dependent upon more than 
one gene-abnormality. When two or more abnormal gene-regions are combined it may lead to 
dysmaturation and disturbances in the proliferation. In animal models it has been shown, that 
the presence of the t(8;21) as a sole aberration in bone marrow cells does not lead to changes 
morphologically consistent with AML, but a second genetic aberration is necessary to 
transform the stemcell into a leukemia cell. When only t(8;21) is present there can be found 
signs of dysmaturation of the bone marrow, but per definition no AML according to the 
diagnostic criterias. Additional genetic abnormalities are supposed to transform the myeloid 
cell into a leukemic cell (68,69).  
 
Type I and II mutations 
The gene abnormalities can be divided into two categories. Type I mutations have their main 
effect on cell-proliferation, with its impact on the intracellular signal-systems. Abnormal 
mutated genes are FLT3, RAS, C-KIT, C-FMS, JAK2, and PTPN11. The type II mutations do 
influence transcription factors in the differentiation process of the cells and are based on 
translocations as PML-RARα, PLZF-RARα, AML1-ETO(RUNX1-MTG8), CBFβ-MYH11, 
RUNX1-EVI1, MLL fusion-genes and HOX-gene fusions, but also mutated genes as Pu.1, 
CEBPA, AML1(RUNX1) (70). 
 
Among the proliferation inducing abnormalities the FLT3 mutations are some of the most 
common gene-mutations in AML. FLT3 encodes type III receptor thyrosine-kinase, a trans-
membrane-protein, which stimulates proliferation of immature myeloid cells and stem-cells. 
Two types of such mutations have been found, the internal tandem repeat (ITD) and the 
activation loop mutations. The activation loop, often a point mutation aberration, stops the 
availability of ATP and substrate, which gives rise to a constant active aberrant FLT3-gene. A 
sole FLT3-ITD abnormality does not lead to an overt leukemia, but to a pre-leukemic state 
with a change to a myeloproliferative like status of the bone-marrow. Generally the prognosis 
in AML with this type of abnormality is poor with great difficulties in reaching remission and 
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in case of remission early relapse. Inhibitors of FLT3-ITD are now evaluated in clinical trials 
in humans. Thus type I and II mutations as sole aberrations normally do not transform the 
bone marrow to a leukemia. Instead it is believed to be a combination of a type I and a type II 
mutation that causes this transition. For example the t(15;17) is often found in combination 
with FLT3-ITD, the NPM1 mutation together with FLT3-ITD and inv(16) together with 
NRAS or c-KIT mutation (71). 
 
The differentiation block that occurs, as a consequence of the by translocation formed 
pathological fusion protein PML-RARα, stops the maturation of the myeloid cells at the 
promyelocyte-stage. The abnormality of RARα is the crucial step as it can be fused to other 
genes such as PLZF, STAT5 and NuMA with the same result, a promyelocytic leukemia. The 
block in differentiation caused by these fusion protein is released by the exposure to ATRA 
(all-trans-retinoic acid) which is now used in the standard treatment of the disease (68,72). 
 
Epigenetic changes 
Mutations have been established as the basis for the etiology of malignancies. They are of 
constitutional origin, when inherited, or more common of an acquired type when the origin is 
a genetic abnormality, occurring as a random event within the body or as a result of external 
mutagenic impact on the DNA. There are also non mutagenic effects regulating the gene 
expressions called epigenetic effects. The term epigenetic stands for a heritable change in the 
pattern of gene expression that is mediated by mechanisms other than alterations in the 
primary nucleotide sequence of a gene. Evidence has been shown of an abnormal silencing of 
genes in cancer cells. This change in gene expression involves the methylation of DNA in 
promoter regions of genes, where the transcription of DNA to RNA starts. One important 
effect of the methylation mechanism is that it inactivates tumour-suppressor genes. The 
mechanism of gene-silencing is the creation of a base in excess of the normal bases, adenine, 
guanine, cytosine and thymin, which spell out the primary sequence of DNA. There is a 
modification of postreplicative DNA using S-adenosyl-methonine as a methyl donor and 
catalyzed by enzymes called DNA methyltransferases (DNMTs). There is little or no 
methylation in simple organisms such as yeast and Drosophila, but studies in mammals have 
linked patterns of DNA mehylations to gene expressions: methylation in a gene promotor 
region generally correlates with a silenced gene. There is a critical difference between 
mutations and epigenetic gene-silencing: the former is irreversible and the second is 
potentially reversible. The DNMTs catalyzes the methylation of the 5 position of the cytosine 
ring, using S-adenosyl-methionine as the donor molecule for the methyl group. This reaction 
can be blocked by drugs as the 5-azacytidine. When it is integrated in the DNA, replacing the 
natural base cytidine, it acts as a direct and irreversible inhibitor of the DNMTs, as it contains 
nitrogen in place of carbon at the 5 position of the cytidine ring. In experimental settings 
demethylating agents as 5-azacytidine can induce re-expression of silenced genes in cancer 
cells. As many of the hypermethylating events occur early in tumour progression, inhibiting 
or reversing these changes has a potential for cancer prevention. The use of hypermethylated 
CpG islands as tumour markers has been used in extremely sensitive assays as the 
polymerase-chain-reaction (PCR) methods to detect methylated DNA sequences in the early 
detection of cancer (73,74). 
 
Gains and losses of chromosomal regions can alter gene expression. Trisomy of a specific 
chromosome in a cell may increase the expression of a gene by changing the gene-dosage, 
which can play a role in the etiology of the disease. When studying trisomy 8 in AML and 
comparing these with AML with “normal” karyotype, the results show that the genes on the 
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extra chromosome eight are over-expressed, when tested with oligonucleotide microassay 
(75).   
   
Etiology  
 
Primary leukemias 
AML can arise spontaneously but also after exposure to benzene, irradiation or other 
mutagens, as described earlier (1-3,52). 
 
Secondary/therapy-related leukemias 
After treatment with alkylating drugs there is an increased risk of developing AML, often 
preceded by myelodysplasia. It represents about 15% of the AML. The mean latency period is 
about six years. Deletions of chromosomes 5 and 7 are often seen. The risk is related to the 
cumulative dosage of the drug. Cisplatin, often used in the treatment for ovarian cancer, is as 
well linked to an increased risk of AML. Exposure to topo-isomerase inhibitors is 
accompanied by an increased risk of AML. Re-arrangements of chromosome 11q32 with the 
gene MLL are described. Other observed chromosome aberrations are the inv(16), an 
uncommon aberration in secondary AML, and balanced aberrations of chromosome regions 
11q, 21q22, t(15;17). The latency period after exposure to topoisomerase-II inhibitors is 
evaluated to be approximately two years (19,29).  
 
Treatment modalities 
 
Chemotherapy 
The basic principles of treatment for AML have remained unchanged the last thirty years, 
using antra-cyklines and cytosine arabinoside in most treatment-protocols. The aim is to 
obtain a remission with the induction therapy. New agents are under investigation such as 
troxacitabine, an isomer of cytarabine in combination with cytosinarabiboside, idarubicin 
ortopotecan (LB1201). The antracycline antibiotics WP744 may overcome drug-resistance in 
MDR-positive cells. Temozolomide and clofarabine are used to induce responses in refractory 
or relapsed acute leukemias. A long time used treatment with hydroxyurea in high dosages 
has been shown to be able to induce remission in about 40% of patients with relapsed or 
resistant leukemia using 100mg/kg/day until marrow aplasia or for a maximum of 30 days. 
Methylation of DNA at critical gene regions can cause transcriptional inactivation of genes 
and chromosomal instability. These genes are in vivo targets for demethylation agents such as 
5-azacytidine or decitabine. Decitabine a potent hypomethylating agent can induce maturation 
and growth arrest of AML cells. It may have synergism with interferon and retinoids. It exerts 
an effect as a sole agent but also in combination with antracyclines, giving rise to a response-
rate of 30 to 50%. Histone deacetylase inhibitors can restore retinoic-acid-dependent tran-
scriptional activation and maturation in AML-blasts. Other agents are the topoisomeras-II 
inhibitors as for example epipodophyllotoxins (VP16, etoposide) and VM26 (teniposide) (76-
78). 
 
Chemical compounds 
The effects of arsenic trioxide (As2O3) in vitro have been extensively investigated by 
Lehmann et al. Arsenic trioxide induces complete remission in up to 90% of the patients with 
APL in relapse after treatment with ATRA and chemotherapy. The effect on blast cells of 
patients with non-M3 AML by As2O3 in therapeutic concentrations induces apoptosis and 
cytotoxic effects. It differs from conventional AML drugs with respect to the mechanisms that 



 

 

20

20

confer resistance to the drugs. The cells of FAB-M4 and M5 AML were more sensitive than 
the ones of M1 and M2. Chemo-resistant cells are not cross-resistant to As2O3. The compound 
seems to be effective also in myeloma and in myelodysplasia.. Its mechanism of action 
remains obscure. It is readily converted to methylated derivatives and promotes free radical 
production. It induces maturation and promotes apoptosis in APL cells and the accelerated 
degradation of the PML-RAR fusion protein.  In addition it has anti-angiogenic effects and it 
binds to cystein rich sequences of numerous proteins. It alters many signal transduction 
pathways, up-regulating p53 and other gene-products, including caspases, associated with 
apoptosis. It promotes degradation of NF-κB, a transcription factor that responds to cell 
damage. When administered intravenously in small amounts it is excreted in the urine, the rest 
is residing in the body (79,80).  
 
Vitamins 
Retinoic acid (RA) is a potent regulator of cell growth and differentiation and plays a central 
role in normal embryonic development. It is mediated by two types of nuclear receptors, RAR 
and RXR, belonging to the steroid superfamily and each consisting of α, β and γ subtypes. 
Trans-retinoic acid (ATRA) induces complete remission in 75 to 95% of patients with acute 
promyelocytic leukemia (M3). ATRA and RA exert a slight but clear cytotoxic and apoptotic 
effect on AML blast cells in vitro after incubation. Retinoids can have an additive or 
synergistic effect on cell toxicity when added to daunorubicin (81,82).  
 
Immune therapy 
A humanized mouse antibody covalently linked to a chemical toxin (Myelotarg®, 
gemtuzomab ozogamicin) is the most successful example of this type of concept. The 
antibody recognizes the CD33 antigen, which is expressed by the majority of AML cells, but 
is not present on normal hematopoietic stem-cells. The toxin calicheamicin dimethyl 
hydrazide is cleaved from the antibody inside the cell and binds to the minor groove of DNA, 
producing strand breaks and caspase-9-dependent apoptosis (83). 
 
Tyrosine-kinase inhibitors 
Tyrosine-kinase inhibitors are targeted to signal transduction mediators, as the FLT3-gene. 
About 30% of the patients with AML have this abnormality. Several molecules aimed to 
inhibit FLT3 have been described and many of those are under clinical evaluation. In vitro 
they can induce apoptosis and are able to induce maturation in leukemic cells. KIT tyrosine 
kinase inhibitors, such as imatinib mesylate, that is active in CML, aims at the BCR-ABL 
fusion gene. Activation of the KIT thyrosine kinase by somatic mutation has been 
documented in a minority of AML cases. It inhibits the activity of the protein-derived growth 
factor receptor (PDGF-R) and mutant tyrosine kinase (BCR-ABL). There are other types of 
tyrosine kinas inhibitors such as AG1296 that inhibit wild-type FLT3, PDGFR and KIT-
receptors. SU5416 is a small molecule inhibitor of phosphorylation of VEGFR-1, VEGFR-2, 
KIT and FLT3 and has been shown to induce remissions. It is also found to be anti-
angiogenic. Small molecule mitogen-activated protein kinase (MEK) inhibitors can also 
inhibit growth and survival of AML cell-lines (84).  
 
Gene therapy 
Gene therapy is still not an option in the clinic for treatment of hematologic malignancies, but 
clinical gene-marking studies have proven that genes can be transferred to bone marrow cells 
and blood stem cells in leukemia and myeloma to trace the cause of relapse following 
autologous stem cell transplantation (85).  
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Transplantation 
Stem-cell (86) and cord-blood transplantations (87) have a broad application in AML in cases 
younger than 60 to 70 years of age with suitable related or unrelated donors. Before 
transplantation the AML should be in remission to minimize the risk of relapse. It is of great 
importance to match the risks of transplant procedures with the result of non-transplant 
treatments and the estimated prognosis to obtain the right indications for the choice of patients 
with the need of transplantation.  
 
Aims of this thesis 
 
The aims of this thesis are to evaluate environmental factors in the etiology of acute leukemia 
especially professional exposures to gasoline, diesel and their combustion-products as well as 
the exposure to organic solvents and to correlate found leukemogenic agents with the result of 
cytogenetic analysis in order to investigate whether there is a correlation between an inducing 
agent of AML and a clonal chromosome aberration.  
 
Papers I and II:      
I: Increased Risk of Developing Acute Leukemia after Employment as a Painter

  
II: Acute Leukemia in Professional  Drivers Exposed to Gasoline and Diesel 
 
Background 
The development of acute leukemia is associated with exposure to known mutagenic factors 
as radiation (52), chemotherapy (19,29,88) and to certain chemical compounds (1,2). Benzene 
has been suggested as a leukemogenic agent in mice and humans (1).  
It is important to study and evaluate environmental exposures in the etiology of acute 
leukemia in Sweden to be able to eliminate toxic compounds and to take action by means of 
protection. Exposures to organic solvents in paints and glues and to gasoline, diesel and its 
combustion products are prominent environmental exposures in certain professions but also 
present non-occupationally as a result of the handling of such chemical compounds and from 
traffic. In gasoline organic solvents are added for octane raising purposes. Mutagenic agents 
in diesel are the poly-aromatic hydrocarbons as benzopyrenes and carbon-particles formed by 
the combustion of the fuels, distributed as exhaust (2). 
 
The aim of paper I and II 
The aim is to explore the risk of developing acute leukemia after exposure to environmental 
factors and medical treatments and to estimate the dose and duration of the exposures in a 
case-control study.  
   
Material and methods 
 
Patients 
In order to obtain information about environmental factors 125 adult patients and 125 controls 
were interviewed in person according to a questionnaire that was presented word by word by 
the interviewer. The patients were all admitted to one of the five hospitals participating in the 
collaboration studies of treatments in the Leukemia Group of Middle Sweden (LGMS) (89). 
Before the investigation started the doctors of all the hospitals permitted the interviewer to 
have access to their patients, who were interviewed in the hospitals after personal introduction 
by the attending doctors. The hospitals of the LGMS cover a population of 1.4 million 
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inhabitants and practically all patients with acute leukemia were admitted to these hospitals. 
The patients had given their informed consent and permitted the investigator to do the 
interview. The patients were of urban and rural origin. Fourteen patients, who were in too 
poor a condition to take part or who had lost their ability to recapitulate information, were 
excluded. One patient refused to take part. Seventy-six were men and fourty-nine women. The 
mean age was 49 years (range15-84). The mean age of the women was 51years (range 16-84) 
and of the men 48 years (range 15-84). 
 
Controls 
The controls were interviewed in person and in the same manner as the patients according to 
the questionnaire. The controls were taken from the taxation authority registers and were 
matched for age (+ 4 years), residence and sex.  
 
Questionnaire 
The patients and the controls were all interviewed in person and in the same manner by the 
same investigator according to the questionnaire. Life-time history was assessed, containing 
questions about medication, x-ray exposure, professional and non-professional environmental 
exposures, living conditions, tobacco-use, previous diseases and treatments. The same 
information was given to the patients and the controls, i.e. the study was initiated to gather 
knowledge about environmental exposures with regard to the origin of acute leukemia. The 
questions were addressed to all persons in exactly the same words. A complete checklist of 
specific occupational categories in accordance with the principles of the Swedish Central 
Bureau of Statistics (90) was consulted to give all interviewed persons the same opportunity 
to recapitulate former occupations. The patients and the controls were interviewed at time-
points as closely associated as possible. The minimum time of occupation to be registered was 
one month. Specific questions about particular occupational exposures were addressed to each 
subject concerning all given occupations. The type of exposure in each occupation, such as to 
specific chemical compounds was then listed. For petroleum products there were specific 
questions concerning the exposure to diesel, gasoline, motor-exhaust, machine oils and 
aircraft-fuels. The frequency and intensity of the exposures were registered. A description of 
the tasks within the professions was also given by the subjects. The obtained information was 
specified for quality and quantity to suite computer analyses.  
 
Statistical methods 
The analysis of the material was done by comparing bound, matched patient-control pairs. 
Odds ratios (OR) were estimated and tested according to Breslow & Day (91). OR was 
calculated with discordant (concerning a specific exposure) bound patient-control pair which 
means, that pairs with the same exposure of both patient and control were excluded (table 1). 
The 95% confidence intervals (95%CI) were calculated by binomial distribution. Multivariate 
analysis with logistic regression on matched data was performed.  
 
Table 1: Definition of odds ratio (OR): 
 
Patients  Controls  Cordant pairs    Discordant pairs 
___________________________________________________________________________ 
Exposed  Exposed  a   
Exposed  Non-exposed       b 
Non-exposed  Exposed       c 
Non-exposed  Non-exposed  d 
___________________________________________________________________________ 
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OR = b/c 
  
Morfological classification 
The leukemias were classified into the FAB-classes according to Bennet et al. (64). The 
numbers of patients of the different leukemia classes were: M1:14, M2:41, M3:4, M4:17, 
M5:21, ALL: 24 and AUL: 4. 
 
Definitions 
The exposure to organic solvents is defined as constant daily occupational exposure to paints 
and/or organic solvents and/or organic solvent containing glue(s) during a defined period of 
time and is termed professional exposure. Skin exposure is defined as skin cleaning with a 
mixture of aromatic and aliphatic solvents.   
With petroleum-products is meant fuels, i.e. diesel, aircraft-fuels, gasoline and their 
combustion products. Professional exposure to petroleum products is defined as occupational 
daily handling of fuel and inhalation of its vapours and combustibles. Professional painters 
and drivers were full time employees. 
Therapeutic x-ray is defined as low-dose gamma irradiation for joint and back-pain, e.g. 2500 
rads as surface dose, divided into four treatments. 
 
Results 
 
Exposure to organic solvents 
Thirteen patients and one control were or had been painters (table 2). All reported daily 
exposure to organic solvents by vapours, when in occupation. All cleaned their skin with a 
mixture of aromatic and aliphatic organic solvents. Eleven of the thirteen painters (patients) 
and the control were exposed by direct skin application one or more times daily (table 3). 
 

Table 2: Occupational exposure to organic solvents: Median time of exposure (years), the 
median time from end of exposure to the diagnosis of leukaemia or to interview (years) and 
odds ratios are given.  
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Table 3: Frequency of skin exposure to organic solvents in professionals and non-
professionals.  
 
Two painters were exposed at least by direct skin application every week and by other means 
of skin cleaning daily. The estimated OR, for developing acute leukemia in painters, was 13 
with the confidence interval (CI), (binomial distribution) of 2.0-554. The median duration of 
exposure for patients who were painters was 16 years (range: 1-50 Years) and the median 
interval from end of exposure to disease was two years (range: 0-28 years). Five were still 
working as painters at the time of diagnosis. The control was exposed as a car-painter for six 
years. He stopped his professional activity as a painter 12 years before the interview as a 
control-person, changing profession to be an assistant nurse (table 2). There was no overall 
statistical difference between the non-professional painting activities of patients and controls. 
In fact 77 patients and 89 controls had been exposed to organic solvent containing paints. The 
more intense exposure, with frequencies of exposure once a week to daily activity was seen 
significantly more often among discordant pairs of patients compared to controls (P=0.03) 
(table 4) 
   
 

Table 4: Frequency of non-professional painting activities in patients and controls. 
 
Exposure to petroleum products 
Occupational exposure to petroleum products was noted in different professions such as 
drivers, car-mechanics, gasoline-service station-attendants and aircraft associated occupa-
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tions. Exposure comparable to occupational exposure was also found in activities such as rally 
driving. Eighteen patients and six controls had been professional drivers. One further pair was 
concordant and disregarded. The OR was 3 (CI: 1.1 - 9.2) with P-value = 0.02 (1-3). The 
median time of exposure in drivers was 9.5 (range: 0.5 - 42) years in patients and 1.5 (range: 
0.2 - 27) years in the controls.  The median time from end of exposure to the diagnosis of 
leukemia in patients was 5.5 (range: 0 - 45) years and in the controls to interview 3.5 (range: 0 
- 20) years. Mono-cytoid cell differentiation was significantly more often found in patients 
exposed to organic solvents. 
 

 
Table 5: Drivers: Numbers of discordant pairs of patients and controls, median ages, median 
times as drivers and times from end of exposure to disease or interview, respectively, in 
professional drivers and in rally drivers as hobby activity.  
 
Discussion 
The results show that professional exposure to organic solvents in painters according to the 
definitions and the exposure to petroleum products in drivers are associated with an increased 
risk of acute leukemia based on the calculation of OR. Heavily exposed patients as painters 
exhibit the greatest risk, OR = 13, while solvent-exposed persons other than painters have an 
excess risk of 3.7 when compared to non-exposed persons. Multivariate analysis showed no 
interaction between solvent exposure, tobacco use, therapeutic X-ray (according to the 
definition) or petroleum products. FAB-classes M4 and M5, that is AML with monocytoid 
cell differentiation, were significantly more often seen in organic solvent exposed patients 
(P=0.02).  
 
Benzene is an additive in gasoline, a content of organic solvents in paints, solvents and glues. 
Data from the Swedish National Board of Occupational Safety and Health show that in the 
products that painters used in Sweden at the time of exposures, there was a benzene-content 
of the used solvents and organic solvent-containing paints (92,93). Benzene is metabolized in 
the human body to phenol and hydroquinone. Toluene (methyl-benzene) and xylene 
(dimethyl-benzene) can be metabolized to the same metabolites, but to a much minor extent. 
Benzene is prohibited to use as a pure solvent but is often present as an impurity in organic 
solvents for cleaning purposes and as a solvent in paints and glues. It is also present as an 
impurity in methylated aromatic solvents (37). Often cleaning solvents consist of a mixture of 
aliphatic (saturated) and aromatic solvents. Benzene has a low molecular weight and is 
volatile at room temperature. The smell is weak and light and can be overseen which makes it 
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an environmental hazard. When entering the body mostly by inhalation it concentrates in 
tissues containing lipids, among them the bone-marrow. The metabolism then takes place just 
at the position of the bone-marrow cells, which then are exposed to the toxic metabolites. The 
tobacco use was the same in both patients and controls, however there was a trend towards 
more amount of tobacco used in the patient group (table 6).  
   No.of  No. of 
Category  patients  controls 
 
Cigarette smokers 63  62 
Pipe smokers  20  20 
Snuff takers  18  19 
Nonsmokers  52  60 
 
Table 6: Tobacco-use during any period of life in patients and controls. 
 
 
Paper III: 
  
Mutagen Exposures and Chromosome 3 Aberrations in Acute Myelocytic Leukemia 
 
Background 
About 3-7 % of patients with de-novo AML have aberrations involving chromosome 3 (94). It 
has been reported that aberrations of chromosome 3 are found in therapy-related AML (29). 
 
The aim of the study 
The aim of this study was to describe the different types of chromosome 3 aberrations in 
AML and futhermore to analyze the relationship between these specific chromosome 3 
aberrations and the exposures to antineoplastic agents and/or radiation and/or the exposure to 
occupational mutagens before the diagnosis of AML.  
 
Material and methods  
 
Patients 
Out of a series of 179 patients with AML, there were 13 patients with chromosome 3 
aberrations. Six were males and seven were females with a median age of 62 (range: 16-84) 
years. Bone-marrow samples were taken prior to treatment for AML. Treatment protocols 
according to the Leukemia Group of Middle Sweden (LGMS) were used (89). 
 
Morphology and cytogenetic analysis 
Bone-marrow analysis was performed by one investigator (ÅÖ), without his knowledge of the 
result of chromosome analysis. The FAB-classification was done according to Bennet et al. 
(64). The karyotypes were analysed according to Caspersson et al. by Q-banding technique 
(95,96). The System for Human Cytogenetic Nomenclature (1985) was used for the 
chromosome classification (97). 
 
Mutagen exposures 
Information of occupational, environmental and medical exposures before the diagnosis of 
leukemia was obtained from the patients´ records and from interviews with patients or next of 
kin. Occupational exposure to professional environmental factors was defined as daily 
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exposure to the environmental factor such as organic solvents and/or paints and/or glues 
containing organic solvents and/or gasoline, diesel and/or aircraft fuels and their exhausts.  
 
Results 
 
Chromosome analysis 
Clonal chromosome 3 aberrations were found in bone-marrow cells in 7% of the patients. 
Exposures to mutagens prior to the disease were found in all patients with monosomy 3 and/or 
structural aberrations of chromosome 3. Abnormalities of chromosome 3 were found to be 
part of complex karyotypes in 11 out of 13 patients. All five patients with structural 
aberrations of 3q had breakpoints in the region 3q21 as part of complex karyotypes (table 1).  
 

 
 
Table 1: Karyotypes of the 13 patients with AML and chromosome 3 aberrations.  
 
 
Morphology 
Dysmegakaryocyto-poiesis was found in four patients, one with monosomy 3 and three with 
break-points in at 3q21, in one of them in combination with a breakpoint in the region 3q25-
29. No preferential FAB-class was found in chromosome 3 aberrations.  
 
 
Clinical outcome – prognosis 
In patients with monosomy 3 or structural aberrations of chromosome 3 only two of nine 
patients went into remission. The length of the remission was 90 and 96 days respectively, 
while the median survival time was 72 days. In patients with trisomy 3, three of four patients 
went into remission. The patient that did not enter remission died at the first day of admission, 
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before treatment was administrated, which meant that she could not be evaluated with respect 
to prognosis (table 2).  
 

 
Table 2: Clinical data: Blood values, morphological data, survival, time of remission and 
treatments in 13 patients with AML and chromosome 3 aberrations. 
 
 
 

 
 
 
Table 3. Mutagen exposures: Occupations, chromosome 3 aberrations, types of professional 
exposure and treatments with chemotherapy and/or radiation in 13 patients with clonal 
chromosome 3 aberrations. 
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Discussion 
All patients with structural aberrations of chromosome 3 or monosomy 3 had been 
occupationally exposed to organic solvents and /or petroleum products, or had been treated 
with therapeutic radiation, chemo-therapy or radioactive iodine, thus they were exposed to 
mutagens (table 3). They all had short survivals and only two out of nine patients went into 
remission, but only for 90 and 96 days respectively.  
 
Constitutional fragile regions in the genome have been described and suggested as possible 
targets for mutagens (98,99). Two of the patients exposed to organic solvents containing 
benzene had break-points in the 3p14.2 region. Four of the patients had breakpoints in the 
3q21 region. They were exposed to iodine-131, radiation, chemotherapy, petroleum products 
and organic solvents. The question, whether fragile sites exist in the genome, is a controversy, 
which needs to be further investigated (fig. 1)  
 
 

 
Fig. 1: Chromosome 3 
The localization of the FHIT gene, the regions of aberration in dysmegakaryocytopoiesis, the 
EVI1 gene, the MDS1 gene and the trombopoietin-gene, the common fragile sites and the 
regions of structural aberrations of chromosome 3 in 13 patients with AML.  

 
Paper IV:  
 
Numerical Chromosome Aberrations, Especially Trisomy 8, in Acute Myeloid 
Leukemia, are Related to Professional  Exposure to Benzene  
 
Background 
The etiology of the AML in humans has been investigated in epidemiological studies. In 
previous studies we (100-101) and others (1,102) have reported a correlation between 
occupational exposure to organic solvents and the development of acute leukemia. Another 
group of patients with previous exposure to known mutagenic compounds such as 
chemotherapy and radioactive radiation consists of those, who prior to the diagnosis of acute 
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myeloid leukemia, were treated for a malignant disease (t-AML). This type of leukemia is 
associated with specific chromosome aberrations (19, 29).  
 
The aim of this study  
The aim is to investigate whether there is a relationship between AML associated with 
benzene-exposure and specific cytogenetic aberrations. 
 
Materials and methods 
 
Patients 
One hundred seventy-nine consecutive AML patients, who were admitted to one of five 
collaborating hospitals, The Leukemia Group of Middle Sweden (LGMS), were included in 
the study. Mean age of the patients were 56.6 years (range: 14-86). There were 93 males and 
86 females. Epidemiological data concerning professional exposures to chemical compounds 
and to radiation and the exposures to treatments with chemotherapy and/or radiation, were 
gathered. Occupational exposure is here defined as daily professional exposure to compounds 
known to be leukemogenic such as organic solvents, paints, glues, gasoline, diesel and motor-
exhaust. In five patients information about professional exposures could not be obtained. Two 
patients were exposed to radiation professionally as x-ray assistants. Twenty-one patients 
were previously exposed to chemotherapy and/or radiation-therapy and had by definition t-
AML, as they were exposed to mutagenic treatments before the diagnosis of AML. These 
three categories of patients were not included in the calculations. The comparison was made 
between benzene-exposed patients and non-exposed patients. The epidemiological 
information was taken from the patient records and if not sufficient information was available, 
by direct interview with the patient or next of kin. The study was approved by the ethical 
committees of the participating hospitals.  
 
Morphology and FAB-classification 
The classification of the leukemias was done by the same investigator (ÅÖ) without his 
knowledge of the results of the chromosome analyses. The French-American-British (FAB) 
system was used for classification (64).  
 
Cytogenetic analysis 
The cytogenetic analysis was performed on bone-marrow and blood specimens taken at 
diagnosis before treatment and was performed ad modum Caspersson (95,96). Classification 
was done according to the Nomenclature for Chromosome Aberrations proposed by ISCN 
(1985) (97). A complex karyotype is defined as the presence of three or more clonal 
aberrations in the same cell.  
 
Statistics 
Statistical calculations including unconditioned logistic regression were done according to 
Breslow and Day (91). 
 
Results 
In the 179 patients, 109 (61%) had at least one clonal chromosome aberration. Of the men in 
the whole cohort 56% had clonal chromosome aberrations and of the women 66%. There 
were no constitutional aberrations found in the patients here presented.  
 
Fifty-seven patients were benzene-exposed and they had a mean age of 55 years (range 23-86) 
compared to 54 years (range 14-86) in the non-exposed. The exposure to benzene was present 
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in different professions such as painter, driver, chemist, turner, printer, metal-worker, stoker, 
sailor, shoe-worker, book-binder, mechanic, typographer and others. The exposure to organic 
solvents was present daily and constantly. Exposure to benzene was significantly more 
common in men compared to women with 47 (82%) men and 10 (18%) women (P<0.001). 
The mean age of the exposed women was 47 years (range 23-76), compared to 57 years in 
men (range: 1-51). The median time of exposure was in women 12.1 years and in men 27.8 
years (P=0.003). The median time from end of benzene-exposure to diagnosis of the leukemia 
was 0 years, reflecting that most patients were diagnosed when still in professional activity 
with exposure to benzene.  
 
Benzene-exposure was significantly correlated to the presence of trisomy 8 with 14 (24%) 
cases in the exposed group compared to 4 (4%) in the non-exposed (P<0.001). Also when 
testing the correlation in between the exposure to benzene and trisomy 8 with logistic 
regression corrected for sex and age, the correlation was statistically significant (P=0.002). 
Numerical aberrations in general were significantly more often found in exposed patients with 
29 cases (51%) in the exposed group compared to 27 (29%) in the non-exposed group 
(P=0.002). The statistical significance was retained in logistic regression calculations 
corrected for sex and age (P=0.004). A different pattern was found regarding patients with 
deletions of chromosome 8q, which was found to be more common in non-exposed patients 
with six patients compared to none in the exposed group (P=0.057).  
 
Interestingly benzene-exposure was not statistically significant linked to either the presence of 
complex karyotype (more than three clonal aberrations in one cell) or deletion or 
translocation. Neither were there any statistically significant differences in chromosome-
aberrations involving chromosomes 1, 3, 5, 7, 11, 15, 16, 17, 18 and 19 between exposed and 
non-exposed patients although the number of patients was small in some of the groups. 
“Normal” karyotype, that is no detected clonal chromosome aberrations with cytogenetic 
analysis, was significantly more common in non-exposed patients compared to exposed with 
17 (30%) compared to 51 (54%) respectively (P=0.038).  
 
Benzene-exposed AML patients had significantly (P=0.038) more often monocytoid-
differentiation (FAB-M5) of their bone-marrow cells than the non-exposed patients. 
 
The patients, who were prior to diagnosis exposed to chemo-therapy and/or radiation were 
considered as t-AML. Mean-age for these patients was 65 years (range: 23-84), in women 60 
years (range: 23-81) and in men 68 years (range: 56-84). This group of patients was exposed 
to other types of mutagens than benzene and was thus excluded from the calculations of 
benzene exposed and non-exposed patients.  
 
 
Discussion 
The etiology of acute myeloid leukemia has been related to the exposure to chemo-therapy 
(19,29,88,103) and radiation (52,88,103) as well as to the exposure to organic solvents 
containing benzene (1,100-102). In t-AML aberrations involving band 11q23 and 
chromosomes 5 and 7 have been found, suggesting a relationship in between a specific 
mutagen and a specific chromosome aberration (19). Chromosomal aberrations that could be 
found after exposure to benzene have been less studied. This study compares the karyotypes 
of patients exposed to benzene prior to the diagnosis of acute myelocytic leukemia and 
patients not exposed to known mutagens. Numerical chromosome aberrations, especially 
trisomy 8, are here shown to be significantly related to benzene-exposure. There are 
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significantly more men than women exposed and the majority of patients are exposed until the 
time of leukemia. On the other hand structural chromosome aberrations of chromosome 8q 
were more often found in non-exposed (n = 6) than in exposed (n = 0), (P=0.057).  
 
The exposure to benzene and its metabolites has been studied in China in healthy workers 
(38,39,104). The results show an increased level of non-clonal numerical aberrations in 
exposed workers compared to non-exposed. In vitro studies of human lymphocytes exposed to 
benzene show the same pattern with the induction of numerical aberrations, indicating a 
disturbing effect on the mitosis (105). These results support the results obtained in patients 
with AML here presented, as the exposure to benzene could induce numerical aberrations of 
bone-marrow cells and when not corrected could be selected as a clonal group of malignant 
cells in the bone-marrow. Benzene-exposure is found in blue collar workers in whom benzene 
is inhaled as a gas and/or benzene is penetrating the skin as a gas/fluid. It is metabolized in 
humans to benzene-oxide, which transforms non-enzymatically to phenol, which can be 
hydroxylated to catechol and hydroquinone. The active mutagen derived from benzene is 
suggested to be 1,4-benzoquinone, a metabolite of hydroquinone (37,106,107).  
 
Interestingly, the women in this study have significantly shorter time of exposure to benzene 
(12.1 years) than the men have (27.8 years) (P=0.003), which could indicate that women are 
more sensitive to benzene exposure, considering the risk to develop AML than men.  
 
General discussion 
 
General comments – links between the exposure to organic solvents and leukemia 
There is a link inbetween the exposure to organic solvents (1,100), gasoline and diesel and 
their exhausts (2,3,101,102) and the origin of acute leukemia. One common ingredient of 
these compounds is benzene. The metabolism of benzene in humans occurs after the uptake of 
benzene in the body by inhalation and/or by skin penetration. The amount of exposure is 
dependent on the concentration of benzene in air, air temperature, the pulmonary ventilation 
capacity of the individual and the intensity of performed work and if present the amount of 
benzene taken up by skin penetration. Benzene is a solvent that is able to solve lipids and is 
thus prone to accumulate in the lipids in the body e.g in the lipid-rich bone-marrow. The 
metabolism of benzene and the mode of action on the DNA is complex. The mutagens are 
considered to be phenol and hydroquinone, which are the major metabolites. The significance 
of the formation of glutathione conjugates, the activity of NAD(P)H:quinone oxidoreductase 
(NQO1) and the ring opening products are important factors for the toxicity. Results suggest 
that oxidative stress induced by benzene metabolites is likely to be a significant factor in 
damaging DNA in bone marrow cells (108,109). The metabolism of benzene can lead to a 
covalent binding of benzene metabolites to cellular macromolecules as DNA or other proteins 
and can also lead to the generation of oxygen-stress via any of several mechanisms including 
the effect of the formation of aromatic glutathionyl metabolites and interactions of specific 
metabolites such as p-benzoquinone and muconaldehyd. It is further suggested that failure to 
repair damage produced by any of these mechanisms may play some role in the generation of 
bone-marrow impairment. It has also been suggested that factors such as high levels of 
CYP2E1 in liver, low levels of NQO1 in bone-marrow and high levels of myeloperoxidase in 
bone-marrow and low levels of glutathione transferase in liver could contribute to increased 
susceptibility to benzene toxicity. The here presented data may suggest an impact on the 
mitotic activity of the cells. However the exact mechanism how benzene toxicity is mediated 
is still not fully understood. The knowledge of involved enzymatic systems in the body could 
possibly allow individual tests to predict the susceptibility for mutagen effects to discriminate 
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in between high risk of toxic/mutagen bone-marrow impact and low risk. Individual variation 
in the genes that metabolize benzene may be associated with risk of leukemia such as 
CYP2E1, MPO, NQ01 and GSTT1 genes (110,111). 
 
In 2004 hematotoxicity was studied in workers exposed to low levels of benzene, i.e. less than 
1ppm. The exposed had lower white blood cell and platelet count than the controls. Progenitor 
cell colony formation was significantly reduced with increasing benzene-exposure. The 
progenitor cells were more sensitive to benzene exposure than was the mature blood cells. 
Two genetic variants in key metabolizing enzymes, myeloperoxidase and NAD(P)H:quinine 
oxidoreductase, influenced susceptibility to benzene hematotoxicity, which occurred at air 
levels at 1ppm and less and may be particularly prone to harm genetically susceptible 
subpopulations of humans (112).  
 
Since 1990, in Sweden, the maximum level of allowed benzene-concentration is 0.5 parts per 
million (ppm) and 1.5mg/m3. The upper limit of top-concentration of exposure is not given 
but a short-time value should not exceed 3 ppm corresponding to 9mg/m3. Benzene is present 
as an impurity in many products as for example, organic solvents, paints and glues. The 
exposure is a product of the concentration of benzene in air and the temperature, the amount 
of pulmonary ventilation, heart frequency, time of exposure and in addition the skin-exposure. 
  
Occupational exposure to benzene is common in China where it is currently under 
investigation. There is a collaboration of the Chinese Academy of Preventive Medicine, the 
National Cancer Institute and a number of American collaborators (University of California at 
Berkley, the University of North Carolina at Chapel Hill and New York University) to 
investigate benzene and its effects to humans. The opinion is that the risk of leukemia and 
lymphoma is significantly increased in individuals exposed to >10 ppm, but also to <10 ppm. 
The benzene permissive-level is in China set to 1.8 ppm corresponding to 6mg/m3.  
The benzene permissive-level in the USA is 1ppm, but is suggested to be lowered to 0.5 ppm 
(113,114).  
Thus the knowledge of benzene metabolism and its mutagen impact on bone-marrow cells is 
confirmed in studies of patients with acute myeloid leukemia (1,100), in healthy workers 
exposed to benzene (38,39) and in vitro exposed lymphocytes of healthy individuals (105). It 
is necessary to minimize the usage of benzene-containing compounds. In situations where 
individuals are exposed to benzene, professionally or non-professionally, it is necessary to use 
proper protective clothing and breathing protection. Instructions for workers have been 
proclaimed by the Swedish National Board of Occupational Safety and Health.  
 
Impact of the research results of this thesis 
Papers I and II of this thesis show an association between the exposure to organic solvents 
and acute leukemia in certain professions. Such results are of general interest to the public as 
well as to fields outside the medical community such as for issues dealing with safety at 
workplaces and jurisdiction in liability cases. As such the results in paper I and II drew 
attention when they were published. Paper I, “Increased Risk of Developing Acute Leukemia 
after Employment as a Painter”, is referred to in the publication Monographs on the 
Evaluation of Carcinogenic Risks to Humans, some organic solvents, resin monomers and 
related compounds, pigments and occupational exposures in paint manufacture and painting 
Vol.47, 1989; page: 416 from the International Agency of Research on Cancer (IARC) in 
Lyon, a WHO agency (1). It was postulated in the WHO-Monographs that there is sufficient 
evidence for the carcinogenicity of occupational exposure as a painter. This conclusion was 
based partly on the results in paper I as well as in other cohort and register studies, showing 
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an increased risk of all cancers of about 20% above the national average. The excess-risk of 
lung-cancer, of about 40% above the national average, could not be explained by smoking 
alone.   
 
After the publication of paper I, interviews with the authors in television and in radio were 
performed. Daily newspapers all over the country cited the information presented in the study. 
The increased risk of acute leukemia in painters was observed and discussed by Swedish and 
foreign paint-manufacturers, by the Painter´s Union and the Society of Masters of Painting, 
where the authors were invited to hold lectures. The Swedish National Board of Occupational 
Safety and Health for the Protection of Workers paid interest as did the Health Organization 
of the Building and Painting industry. The authors were invited to hold lectures at these and 
other institutions such as the naval-base at Berga Örlogskolor and at courses of the Navy. The 
latter were explained by their use of a broad range of compounds containing organic solvents 
to maintain ships, boats and equipment. The Industrial Inspection of Sweden 
(Yrkesinspektionen) collaborated with the Naval Forces for a review of the work-environment 
in the shipyard at the base, Berga Örlogskolor. Excellent advices were given for improvement 
of the work-environment for the personnel. The results have also been used together with 
other scientific publications in legal proceedings of the labourer´s right to economic 
compensation when exposed to mutagens and developing acute leukemia. 
 
Results published after 1991 
Since paper I and II were published, several studies evaluating the relationship between 
occupational exposure to organic solvents such as benzene and other aromatic hydrocarbons 
and the incidence of AML have been published. Cohort and case-control studies evaluating 
the role of benzene exposure have confirmed the increased risk of mainly AML, showing a 
strong dose-dependent risk increment (115,116). But also low-dose exposure has been shown 
to increase the risk of acute leukemia (117-119). Several studies have investigated the 
exposure of aromatic organic solvents in general, including benzene, in industries like the 
petrochemical industry. These studies have confirmed the association of exposure to the 
occurrence of acute leukemia (120-123). However one large cohort study did not find any 
increased risk (124). In summary the reports published after 1991 regarding the occupational 
exposure to organic solvents and acute leukemia confirm the increased risk in exposed 
individuals. 
 
General conclusions 
 
Paper I 
Exposure to organic solvents was found to increase the risk of acute leukemia. Painters were 
shown to have the highest risk.  Furthermore an increased risk of acute leukaemia was found 
in many other professions exposed to organic solvents such as shoe-factory worker, rubber 
industry worker, pharmaceutical industry worker, upholsterer, car wax cleaner, printing 
worker, dry cleaner, car-repairman, wood-worker, book-binder, textile printing worker, 
train/bus repairman, shipyard worker, sign-painter, new building cleaner, isolation worker, 
metal industry painting worker, dispensing chemist and nurse with laboratory work. Increased 
risk of acute leukemia was found in daily skin exposure to organic solvents in professional 
and in non-professional activities. The exposure to organic solvents was found to be an 
independent risk-factor for developing acute leukemia. Multivariate analysis using logistic 
regression on matched data showed that the significance remained after consideration was 
taken to the exposures to petroleum products, tobacco and radiation-therapy. Weekly and 
daily non-professional painting activity in patients and controls was shown to increase the risk 
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of acute leukaemia, but less frequent painting activity did not show any risk.  Smoking habits 
were the same in patients and in controls.  
 
Monocytoid cell differentiation (FAB-types M4 and M5) was significantly over-represented 
in patients exposed to organic solvents and myeloid cell differentiation (FAB-types M1 and 
M2) was significantly underrepresented. 
 
Paper II 
Drivers are exposed to gasoline, diesel and motor exhaust. They were found to have an 
increased risk of developing acute leukemia. This risk was an independent risk-factor as no 
interaction between exposure to organic solvents, tobacco and therapeutic radiation was 
found. The median time of exposure in drivers was in patients 9.5 years and in controls 1.5 
years. Exposure to non-volatile petroleum products as motor-oil was not linked to increased 
risk. Professional exposure to petroleum products was noted in other professions than in 
drivers as in service station attendant, car repairer, air-hostess and military airfield employee. 
There were very few patients and controls with such professions, why calculations 
considering OR could not be done.   
 
The use of different types of means of communication (car, bus, train, tram, bicycle), in 
patients and controls, did not show any significant difference. This is valid also with respect 
to non-professional use of gasoline-driven motors such as lawn mowers and motor-boats.  
 
No significant preferential FAB-class was found in drivers.  
 
Paper III 
Cytogenetic analysis was performed in 179 patients with AML. Seven percent of them had 
clonal chromosome 3 aberrations. Exposures to mutagens prior to the AML were seen in all 
patients with structural aberrations of chromosome 3 and with monosomy 3. Chromosome 3 
aberrations were found to be part of complex karyotypes in 11 out of 13 patients. Structural 
aberrations of 3q were associated with breakpoint at 3q21 as part of complex karyotypes, in 
one patient found in combination with a breakpoint at 3q25-29. Breakpoints of chromosome 3 
in patients exposed to benzene are located in regions 3p21, 3q21 and 3q25-29. 
 
The complete remission rate was low and over-all survival was short in patients with 
structural chromosome 3 aberrations and monosomy 3. Only two of nine patients went into 
remission. The remission-times were 90 and 96 days respectively, while the median time of 
survival was 72 days. However in three patients with trisomy 3, all went into remission. The 
fourth with trisomy 3 died the day of admission, without therapy and could not be evaluated 
concerning prognosis. The results could indicate that trisomy of chromosome 3 constitutes a 
different subtype of AML with better prognosis than in patients with monosomy 3 and 
structural aberrations of chromosome 3. 
 
No preferential FAB-class was found in chromosome 3 aberrations. Dysmegakaryocyto-
poiesis was diagnosed in four patients, one with monosomy 3 and three with breakpoints at 
3q21, in one of them in combination with a break-point in the region 3q25-29. 
 
Paper IV 
Professional exposure to organic solvents containing benzene, before the diagnosis of acute 
myeloid leukemia, is significantly associated with numerical chromosome aberrations, 
especially trisomy 8 of the leukemia cells. When testing the correlation in between the 
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exposure to benzene and trisomy 8 with logistic regression, corrected for sex and age, the 
significance remained which was also the case in numerical aberrations. The result suggests a 
relationship between the exposure to benzene and the occurrence of numerical aberrations, 
especially trisomy 8, in AML. Benzene-exposure was not significantly associated with the 
occurrence of complex karyotypes, deletions, translocations or aberrations of chromosomes 1, 
3, 5, 7, 11, 15, 16, 17, 18 or 19. Aberrations of these chromosomes were found both in 
benzene-exposed and in nonexposed without any statistically significant difference in 
frequency. Structural aberrations of chromosome 8q were more often seen in non-exposed 
patients. Patients with no detectable clonal chromosome aberration of the AML-cells were 
found to be significantly more often not exposed to benzene. There are significantly more 
men than women exposed and the majority of patients are exposed until the time of leukemia. 
The time of benzene-exposure in patients with AML was significantly shorter in women 
(mean-time: 12.1 years) compared to men (mean-time: 27.8 years), suggesting a greater 
sensitivity to the mutagenic effects of this exposure in women. 
 
Benzene-exposure was found to be significantly correlated to AML of monocytoid 
differentiation (FAB-M5). 
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Future perspectives 
 
 
 
 
The relation between an environmental exposure and a specific chromosome aberration 
 
It is an interesting question, whether a certain environmental exposure is linked to a specific 
chromosomal aberration in AML. This is important in the understanding of the mechanisms 
that can induce the DNA-abnormality or have an impact on the cell-cycle to transform a 
normal cell to a leukemic. It could be the basis for further improvements of prevention and 
treatment for the disease, which will benefit the patient. Therapy could be targeted to these 
mechanisms creating possibilities for individualized treatments. 
 
 
 
 
The genetic mechanisms in numerical aberrations 
 
New insight in the genetic mechanisms of aneuploidy, especially in trisomy 8, is crucial. The 
mechanisms that regulate these gene rearrangements and change the expression of important 
genes are of great importance for the understanding of the etiology of the leukemia and for the 
creation of treatments that can target abnormal gene-expression.  
 
 
 
 
The need of case-control studies for the detection of new leukemogens 
 
The fact that hundreds of new molecules are introduced yearly in the environment of human 
professional and private activities requires an increased knowledge of these agents. Further 
case-control and cohort-studies of persons in different occupations are necessary to perform 
with the aim to search for compounds that increase the risk of acute leukemia, which is 
important in the ambition to minimize the incidence of the disease.  
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